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FAIRFAX CONVERSION FINAL EIR ERRATUM 
May 3, 2012 

 
The Fairfax Conversion Final EIR was released on February 9, 2012 pursuant to Public 
Resources Code (PRC) section 21092.5(a) to those agencies who commented on the 
Draft EIR and Partially Recirculated Draft EIR.  In addition, a digital copy of the Final 
EIR was posted on the CAL FIRE web page and a Notice of Availability (NOA) of the 
Final EIR was mailed to all of the agencies, individuals, and organizations who 
commented on the Draft EIR and/or Partially Recirculated Draft EIR. In addition to 
providing the CAL FIRE website address where the Final EIR was made available, the 
NOA provided the physical locations where the Final EIR could be reviewed.  Since the 
release and notification of the availability of the Final EIR, several comment letters, 
petitions, petition based letters and e-mails have been submitted to CAL FIRE, public 
officials, media, and others.  The Department has made extensive efforts to review all of 
these additional comments and include them in the official record associated with this 
EIR.  In addition, while these letters, e-mails, petitions, etc.  were received after the close 
of the public comment period, to the extent that the Department had knowledge that a 
comment had been sent, the Department reviewed all comments received between the 
close of the public comment period and the certification of the Final EIR, to evaluate 
whether or not these late comments raised new significant issues or impacts that had not 
been addressed in the EIR.  The letters were also reviewed as they related to questions 
raised regarding factual content of the responses to comment letters or EIR content.  The 
content of letters and issues raised are addressed in this final EIR erratum.   
 
Additional Letters from Starcross Community 
 
Starcross Community has submitted a number of follow up comment letters and 
comments focused primarily on noise issues associated with the location of the 
Corporation Yard. Starcross has also published a short editorial on the project in the 
Santa Rosa Press Democrat, dated April 10, 2012 (See Attachment 1 for Starcross’ 
comments). A letter dated February 14, 2012 submitted by Starcross requires minor 
clarifications to Response to Comment (RTC) 17-5 of the Final EIR, specifically, the 
final paragraph of RTC 17-5, on page 3-500 of the Final EIR:  
 

It is also important to note that since the release of the DEIR the applicant has 
personally worked with Starcross Monastery and property owner Wellman to 
address their concerns regarding the proposed location of the corporation yard for 
the project. In response, as illustrated in Figure 1-1 of this Final EIR, the 
corporation yard has been reduced in size and relocated to the satisfaction of both 
Starcross and Wellman. the originally proposed location of the corporation yard 
was in vineyard Unit 1c, just west of the proposed irrigation reservoir for the 
project. Concerns regarding the original corporation yard location were expressed 
to the project applicant by both property owner Wellman to the west of the project 
site and Starcross Community to the north. As a result of these joint concerns, 
Artesa met individually with Wellman and Starcross in Annapolis on more than 
one occasion so that Artesa could fully understand the neighbors’ concerns and 
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try to identify a solution that would be acceptable to both parties. The currently 
proposed location was chosen in an effort to address both Starcross’ and 
Wellman’s concerns to the maximum extent feasible. As a result of the 
discussions with both neighboring property owners, Artesa relocated the proposed 
corporation yard to vineyard Unit 6, immediately behind (i.e., south) the proposed 
irrigation reservoir. In addition, Artesa reduced the size of the corporation yard 
from approximately 1-acre in size to approximately 2/3-acre, as shown on the 
latest Vineyard Plan (See Figure 1-1 of the Final EIR). In its newly proposed 
location, the corporation yard will not be visible to Wellman or Starcross, and 
because it is out of the direct line-of-sight of both property owners, noise impacts 
would be greatly minimized, so as not to cause adverse impacts.  

 
After review of the letters submitted by Starcross, it is the Department’s determination 
that other than the clarification issue regarding agreement on final location of the 
Corporation Yard, the Final EIR had considered and adequately addressed the potential 
for noise to violate County noise standards and that information in the Starcross 
correspondence did not provide any new information regarding potential for impacts that 
had not been addressed in Chapter 3.10 of the DEIR on pages 3.10.1-3.10-10, and in 
Final EIR Responses to Comments 1-63, 10-64, 10-65, and 17-5. 
 
However, in deference to Starcross’ concerns that additional assurance be provided that 
the project would comply with County sound standards, the Department has included the 
following revision to Mitigation Measure 3.10-3 on page 3.10-9 of the Noise Chapter of 
the DEIR: 
 

3.10-3(a) In order to minimize noise impacts to residences surrounding the 
project site during grape harvest season, mechanical harvesting 
operations shall be limited as follows:   

 
• Daytime mechanical harvesting operations shall be limited 

to areas at least 280 feet from residences in existence at the 
time of EIR certification; and 

• Nighttime mechanical harvesting operations shall be 
limited to areas at least 500 feet from residences in 
existence at the time of EIR certification. 

 
These criteria shall be included in the improvement plans 
submitted to the Sonoma County Permit and Resource 
Management Department prior to initiation of construction. These 
criteria shall be implemented unless it can be demonstrated 
through noise level measurements conducted by a qualified 
environmental noise consultant that such activities do not result in 
exceedance of the Sonoma County interior noise level standards. 

 
3.10-3(b) The applicant shall retain a qualified acoustical consultant to 

perform noise level monitoring from the property line, residence, 
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and chapel area of the Starcross Community during the first 
harvest season to verify that the Sonoma County noise standards 
are satisfied. In the event that corporation yard noise levels exceed 
the County’s nighttime Noise Element standard of 45 dB L50 at the 
property line of the Starcross property, assuming this property line 
is considered to be sensitive, additional noise control measures 
such as the following could be implemented to further reduce noise 
levels from this area and ensure compliance with Sonoma County 
noise standards: 

• Portable noise barriers 
• Suspended acoustic curtains 
• Improved mufflers on mobile equipment 
• Modifications to nighttime operations 
• Procurement of quieter equipment 

 
Starcross’ commentary in the Santa Rosa Press Democrat also expresses concerns as to 
whether CAL FIRE has exercised its independent judgment in preparation and review of 
the EIR. In making all of its determinations in the Fairfax Conversion DEIR, Partially 
Recirculated DEIR, and Final EIR, CAL FIRE has appropriately relied upon the technical 
analyses performed by expert consultants working with the lead EIR consultant.  The 
project applicant has no special relationship with CAL FIRE, and no such relationship 
has influenced CAL FIRE’s independent judgment in the process of reviewing and 
analyzing the proposed project.  In addition, all of the comments submitted to date by 
Starcross Community have been carefully considered and addressed by CAL FIRE, as in 
the responses provided to Letters 10 and 17 of the Final EIR, as well as responses 
contained within this Erratum.  
 
Bollard Acoustical Consultants Technical Memo 
 
Also in response to Starcross’ February 14, 2012 comment letter on the Final EIR and its 
April 10, 2012 Press Democrat editorial comments, as well as other letters from 
Starcross, the Noise Consultant for the proposed project, Bollard Acoustical Consultants 
(BAC), has prepared a technical memorandum, dated April 13, 2012, which provides the 
following technical analysis concerning the proposed corporation yard (See Attachment 2 
for BAC’s technical memo).  This memo is summarized as follows: 
 
Applicable Noise Criteria 
 
Policy NE-1c of the Sonoma County 2020 General Plan Noise Element provides the 
applicable noise criteria for the corporation yard operational activities. Policy NE-1c 
states the following: 
 

Control non-transportation related noise from new projects. The total noise 
level resulting from new sources shall not exceed the standards in Table 
NE-2 as measured at the exterior property line of any adjacent noise 
sensitive land use. 
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As identified in Table NE-2 of the Sonoma County Noise Element, the level of noise 
allowed at a noise-sensitive use depends on the duration of time the noise is being 
generated at a given level. More specifically, higher noise levels are allowed to be 
generated provided those higher levels are only generated for relatively short periods. 
The standards are specific to the duration of time a certain noise level is generated, not 
the duration of time a certain activity is taking place. 
 
Proposed Corporation Yard Location 
 
According to project site plan, the proposed corporation yard would be located 
approximately 430 feet from the southern boundary of the Starcross property. It should be 
noted that the Starcross-owned land to the south of Annapolis Road, nearest to the project 
site, is essentially undeveloped, and that the buildings referenced as the locations of 
concern in the Starcross comment letter are located approximately 1,500 to 1,900 feet 
from the proposed corporation yard. In addition, a 14-foot tall berm along the southern 
boundary of the proposed corporation yard would effectively screen corporation yard 
equipment from view of those sensitive areas, even with their elevated position relative to 
the corporation yard. A cross-section illustrating line-of-sight developed by the project 
engineer is reproduced below. 
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Operations at the Proposed Corporation Yard 
 
Activity at the corporation yard during the non-harvest season would be extremely 
limited, with the yard used primarily for the parking of vineyard vehicles. However, daily 
activities at the corporation yard during the worst-case harvest season would consist of 
the following: 
 

• Two or three tractors would be utilized for daily harvesting. 
• The tractors would leave the corporation yard with trailers that would be loaded 

with grapes by vineyard workers during the harvest. 
• The loaded tractors would return to the corporation yard/staging area to be 

unloaded with a forklift onto trucks for delivery to wineries. 
• Three large double gondola trucks would be used to transport the grapes to 

wineries. 
• Harvest employees arriving at the site would result in approximately 11 cars being 

parked at the corporation yard, or approximately 22 automobile trips per day to 
and from the corporation yard/staging area. 

• Two all terrain vehicles (ATVs) would also stage at the corporation yard, for use 
in transporting supervisors and employees. 

 
Sound Propagation from the Corporation Yard to the Starcross Residences and Chapel 
 
The February 14, 2012 comment letter refers to the “echo” effect of sound travelling 
from the project area to the Starcross Community structures. As shown in the above 
cross-section, the Starcross Community is elevated relative to the project site. This 
elevated position results in reduced ground absorption of sound, which translates to 
higher received noise levels. Normally, sound propagation calculations include an 
additional factor to account for the reduction in noise due to excess ground attenuation. 
Due to the elevated position of the Starcross chapel and residences relative to the 
proposed corporation yard, the calculations of corporation yard/staging area noise levels 
for this assessment specifically did not include that factor. In summary, the concerns 
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expressed regarding the way sound travels between the project site and Starcross 
Community have been accounted for in this supplemental analysis of corporation yard 
noise generation. 
 
Noise Generation of the Proposed Corporation Yard 
 
Noise-generating operations at the corporation yard would consist of employee vehicles 
and transfer trucks arriving and departing the staging area, ATV’s shuttling vineyard 
personnel between the harvest area and staging area, tractors taking empty trailers into 
the vineyard and returning loaded with grapes, and a forklift transferring the grapes onto 
the transfer trucks. 
 
It is unlikely that all of the aforementioned activities would occur simultaneously. For a 
conservative assessment of the potential noise generation of the staging area BAC 
assumed combined noise generation of each of these sources. The Federal Highway 
Administrations traffic noise prediction model (FHWA-RD-77-108) was used to predict 
sound generated by employee vehicles and trucks arriving and departing the staging area, 
and the FHWA Roadway Construction Noise Model was used to predict noise generated 
by tractors, fork-lift operations, and ATV’s. 
 
Corporation Yard noise levels were predicted for each source identified above and 
combined to yield a cumulative noise level at the nearby project boundary of the 
Starcross site located approximately 430 feet away, at the nearest residence on the 
Starcross site located approximately 1,300 feet away, and at the chapel of the Starcross 
site, located approximately 1,900 feet away. A -10 dB adjustment was applied to the 
predicted values to account for shielding of the corporation yard area provided by the 
proposed 14-foot tall embankment of the adjacent reservoir. The predicted worst-case 
corporation yard noise levels at each of these locations are shown in the following Table. 
 

 
 
The Table 1 data, which represent conservative assumptions regarding noise-generating 
activities at the proposed corporation yard/staging area of the Fairfax Vineyard site, 
indicate that operations at that location would satisfy the Sonoma County daytime noise 
standards at all three locations, and that the County’s nighttime noise standards would be 
satisfied at the existing residence and chapel area of the Starcross community. 
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Because the predicted median (L50) levels shown in Table 1 assume all corporation 
yard/staging area noise sources would be present at the same time, the predicted levels 
are believed to be conservative. Given this conservatism, and the shielding provided by 
the proposed reservoir berm, the County’s nighttime noise standard would likely be 
satisfied at the project property line as well. 
 
While there is no question regarding the sensitivity of the residence and chapel areas of 
the Starcross Community, the sensitivity of the undeveloped Starcross property south of 
Annapolis Road during nighttime hours is questionable. Nonetheless, BAC recommends 
that a project condition of approval be added to require monitoring of staging area noise 
generation from the property line, residence, and chapel area of the Starcross Community 
during the first harvest season to verify that the County’s noise standards are satisfied. 
 
The BAC memo confirms the accuracy of the information and conclusions in the EIR. 
Specifically, this memo confirms the determination by the Department that the 
information in the EIR provided sufficient evidence, analysis, and factual information for 
the Department to conclude that noise impacts will be less than significant and that with 
the mitigation included in the final EIR and in this erratum, will meet County noise 
standards. Further, it is the Department’s conclusion that the additional mitigation 
included in this erratum represents a clarification of the recognition in the noise chapter 
(Chapter 10) that the project must comply with County noise standards. 
 
Upon review of the above-discussed April 13, 2012 technical noise memo prepared by 
BAC, Starcross submitted a comment letter, dated April 27, 2012 (See Attachment 3). 
The following responses have been provided to the eight points included in the letter.  
 

1. The commenter states that a 10dB reduction in noise levels as a result of the 
irrigation reservoir berm may be too high. In support of this claim, the commenter 
cites Federal Highway Administration (FHWA) guidance, which states that a 
noise barrier can achieve a 5dB noise level reduction when it is tall enough to 
break the line-of-sight from the highway to the receiver. The commenter, 
however, does not include a full citation of FHWA guidance, which states in 
reference to a noise barrier, “A noise barrier can achieve a 5 dB noise level 
reduction, when it is tall enough to break the line-of-sight from the highway to the 
home or receiver. After it breaks the line-of-sight, it can achieve approximately 
1.5dB of additional noise level reduction for each meter of barrier height 
(emphasis added).” Furthermore, elsewhere on the FHWA website, it is stated that 
“Effective noise barriers typically reduce noise levels by 5 to 10 decibels (dB).”1

                                                      
1 Cf. 

 
The proposed irrigation reservoir berm is 14 feet in height, and as demonstrated 
by the diagram included in BAC’s April 13, 2012 technical noise memo, the berm 
would be well above the elevation of the proposed corporation yard, thereby 
justifying BAC’s assumption that the berm could provide noise attenuation of 10 
dB. 

http://www.fhwa.dot.gov/environment/noise/noise_barriers/design_construction/keepdown.cfm; 
accessed April 30, 2012.  

http://www.fhwa.dot.gov/environment/noise/noise_barriers/design_construction/keepdown.cfm�
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2. The comment states that it does not appear that an adequate computer model was 

used to predict sound levels. Page 4 of BAC’s April 13, 2012 technical noise 
memo clearly states that the FHWA traffic noise prediction model (FHWA-RD-
77-108) was used to predict sound generated by employee vehicles and trucks 
arriving and departing the staging area, and the FHWA Roadway Construction 
Noise Model was used to predict noise generated by tractors, fork-lift operations, 
and ATVs.    
 

3. The comment states that an effective study would need to consider Starcross’ 
actual land topography. Page 3 of BAC’s April 13, 2012 technical noise memo 
explains how the topography of Starcross’ land was factored into the noise 
modeling. Specifically, the noise memo states,  

 
“Normally, sound propagation calculations include an additional factor to 
account for the reduction in noise due to excess ground attenuation. Due to 
the elevated position of the Starcross chapel and residences relative to the 
proposed corporation yard, the calculations of corporation yard/staging 
area noise levels for this assessment specifically did not include that 
factor. In summary, the concerns expressed regarding the way sound 
travels between the project site and Starcross community have been 
accounted for in this supplemental analysis of corporation yard noise 
generation.” 
 

4. The sump pump noise levels at Starcross’ property line are negligible as 
demonstrated by BAC’s prediction that typical sump pump noise levels would be 
24-38 dB L50 at Starcross’ property line. This predicted range is well below 
Sonoma County’s daytime and nighttime standards. BAC has confirmed that 
combining these periodic noise levels with the noise levels predicted for the 
corporation yard during the harvest season would not change the conclusions in 
BAC’s technical noise memo.  
 

5. The comment states that the nighttime harvest noise could exceed Sonoma 
County standards. For clarification, BAC’s April 13, 2012 technical noise memo 
concluded that, assuming worst-case operations at the corporation yard during the 
harvest season, there is a remote possibility that nighttime noise levels generated 
at the corporation yard could exceed the Sonoma County General Plan nighttime 
standard of 45 dB L50 only at the Starcross Property line. Given this possibility, 
which is remote given the worst-case conservative assumptions of the corporation 
yard noise analysis, which assumes that all equipment/staging area noise sources 
would be present at the same time, a requirement has been included in this 
Erratum, which commits the applicant to performing noise level monitoring from 
the property line, residence, and chapel area of the Starcross Community during 
the first harvest season to verify that the Sonoma County noise standards are 
satisfied. In the event that corporation yard noise levels exceed the County’s 
nighttime Noise Element standard of 45 dB L50 at the property line of the 
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Starcross property, additional noise control measures such as the following could 
be implemented to further reduce noise levels from this area and ensure 
compliance with Sonoma County noise standards: 

• Portable noise barriers 
• Suspended acoustic curtains 
• Improved mufflers on mobile equipment 
• Modifications to nighttime operations 
• Procurement of quieter equipment 

 
Compliance with the above requirement would ensure that nighttime noise levels 
from the corporation yard would not exceed Sonoma County General Plan noise 
standards anywhere on the Starcross property, resulting in a less-than-significant 
impact.  

 
6. Please see Response to #5 above. 

 
7. Please see Response to #5 above. 

  
8. The comment states that the memo does not mention the location of the 90 dB 

sump pump. Page 5 of BAC’s April 13, 2012 technical noise memo states that, 
“The distances from the proposed sump pump to the Starcross community 
property line and structures are similar to those shown above for the corporation 
yard/staging area.” In addition, the sump pump is clearly identified in Figure 1-1 
of the Final EIR. The Final EIR has been made available to Starcross for review 
as evidenced by Starcross’ February 14, 2012 on the Final EIR.   

 
Peter Baye Comment Letter (April 12, 2012) 
 
The commenter refers to recent propane fan use by Putnam Vineyards for frost protection 
purposes (See Attachment 4 for the commenter’s letter). Given the recent use of propane 
fans by Putnam Vineyards in the vicinity of the project site, the commenter states that 
propane fans would likely be used by the Fairfax Conversion project in the event of a 
frost and that such use would generate a potentially significant noise impact to 
surrounding receptors. The commenter has already submitted concerns regarding the 
project’s potential use of propane fans and resultant noise impacts in his July 28, 2009 
comment letter on the DEIR (See Comment 7-23 in the Final EIR), and his April 27, 
2011 comment letter on the Partially Recirculated DEIR (See Comment 38-9 in the Final 
EIR). The responses provided in the Final EIR for Comments 7-23 and 38-9 clearly state 
that propane fans would not be utilized for frost protection purposes as part of the 
vineyard’s operational activities.  In addition, page 2-24 of the DEIR Project Description 
chapter states that frost protection irrigation is believed unnecessary at this high-elevation 
ridgetop location with good air flow. In the unlikely event that frost protection irrigation 
would be utilized at the Fairfax Conversion site, pages 2-24 and 2-25 of the Project 
Description are hereby clarified to explain that the irrigation water would come from the 
proposed on-site irrigation reservoir, which has been oversized and would therefore have 
sufficient water supply for limited frost protection irrigation purposes. Pages 2-24 and 2-
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25 of the EIR Project Description have also been revised as follows to state that propane 
fans would not be utilized for frost protection purposes:    
 

Irrigation 
 
The grapevines would be expected to utilize stored soil moisture from the winter 
until roughly June of each year. In summer months during the vine establishment 
phase (approximately the first three years), the vineyard would be irrigated by 
means of a drip system supplied by the proposed 73 acre-foot on-site reservoir. 
The reservoir would capture sheet flow runoff from vineyard Blocks 2 and 3, as 
well as capturing direct precipitation. Soil moisture monitoring would indicate the 
proper time to begin drip irrigation each season, taking into account the specific 
soil characteristics of each vineyard block. As noted in the ECP, during vineyard 
establishment, small vines do not normally require the full design application rate. 
Additionally, vine growth during the summer months has undesirable effects on 
grape characteristics; therefore, only the minimum amount of water needed to 
keep the leaves healthy would be used.  The ECP notes that in the event of 
unfavorably dry conditions during the establishment phase, sub-optimal irrigation 
practices would conserve water, yet still result in healthy vines and good 
productivity. Frost protection irrigation is believed unnecessary at this high-
elevation ridgetop location with good air flow.   
 
According to the applicant, irrigation runoff would not occur with use of the drip 
system, and the ECP notes that water losses due to reservoir seepage would be 
eliminated through the use of a synthetic liner. Annual evaporation losses are 
estimated at 40 inches in the ECP; however, because evaporative losses are 
factored into the reservoir design, viticultural demand can be met throughout the 
season under such conditions. The ECP calculated annual water demands using 
the following assumptions regarding the proposed vineyard:  approximately 1,090 
vines per acre would be planted based on an estimated 8-foot by 5-foot vine 
spacing. The row layouts would generally be at an angle relative to slopes, with 
regularly spaced, intermittent cross-slope drainage ditches provided in some 
blocks and sheet flow controls in other blocks. The applicant estimates that 
irrigation would be necessary every one to three weeks. According to data in the 
ECP, total annual irrigation demand during the vine establishment phase would 
come to approximately 53 acre-feet per year (afy), resulting in residual storage 
volume at the end of the irrigation season.  Irrigation at 4.7 gal/vine/week over a 
17 week irrigation season extending from June 1 to mid-October results in a 
maximum annual demand of about 80 gal/vine and 0.267 acre feet (ac-ft) per 
planted acre per year.  The plantable area is about 116 acres, resulting in an 
annual irrigation water demand of approximately 31 ac-ft.   

 
The design irrigation demand is approximately 31 ac-ft, the evaporation demand 
approximately 12.7 ac-ft, and the seepage demand negligible.  The capacity 
required to meet annual design needs is therefore approximately 43.7 ac-ft.  The 
combined reservoir and sump have a capacity of approximately 73 +2 = 75 ac-ft, 
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with the annual irrigation and evaporation demand at about 58.3% of that total. 
Therefore, annual reserve capacity is approximately 41.7% of design storage 
volume.   

 
Frost Protection  
 
According to the Vineyard Water Availability Evaluation prepared for the 
proposed project, frost protection irrigation is believed unnecessary at this high-
elevation ridgetop location with good air flow.  In an unlikely weather event at the 
site requiring implementation of frost protection measures, frost protection by 
irrigation methods can be accomplished using specialized emitters that provide an 
in-row spray pattern and that operate at a rate of 20 gpm/acre. Propane fans would 
not be utilized at the project site for frost protection purposes. 

 
Utilization of some of the reservoir’s reserve capacity is considered feasible from 
a frost protection standpoint.  Frost protection may be desirable in some years in 
selected areas at the base of vineyard slopes where adjoining trees reduce 
effectiveness of natural cold air drainage.  For a 50-foot high tree canopy on 15% 
sloped ground, the zone of influence would extend approximately 80 feet into the 
vineyard.  Review of the vineyard map indicates a perimeter length of 
approximately 5,500 feet that might be considered desirable for frost protection.  
The perimeter area benefiting from frost protection is therefore on the order of 10 
acres.   

 
Assuming an 8-hour midnight to 8AM irrigation set results in a nightly demand of 
9,600 gal/ac => 0.029 ac-ft/ac.  Frost protection for 10 acres would therefore 
require approximately 0.29 ac-ft per night, and an acre foot of storage would 
provide 3.4 nights of coverage.  A frost protection season of 14 days would be 
considered high, and would consume only approximately 4.1 ac-ft of the surplus 
storage volume. 
 
Drought-Conditions Operation   

 
The irrigation system is conservatively sized and will result in prior-year carry 
over under most operating conditions. Minimum replenishment required for 
complete irrigation and evaporation is 44 ac-ft, which can be achieved with less 
than the average year rainfall.  Minimum replenishment required for irrigation, 
evaporation, and 10-ac, 14-night frost protection is about 48 ac-ft, achievable with 
less than average year rainfall.  According to the Vineyard Water Availability 
Evaluation, rainfall over 35 inches per year would be expected to provide 
adequate recharge. 
 
Rainfall at less than the break-even performance criteria of 35 inches with +-30% 
runoff has an estimated less than 10% probability of occurrence, using NOAA 
data as the 50% probability value. Should drought conditions prevail, sub-optimal 
irrigation can be practiced that will still result in healthy vines and good 
productivity. For example, a minor 10% incremental reduction in the design 
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application rate of 4.7 gal/vine/week (80 gal/vine/season) will reduce demand by 
3.1 ac-ft.  During vineyard establishment, small vines do not normally require the 
full design application rate, providing reserve storage capacity under such 
conditions.  Once vines are established, periodic deficit irrigation can be 
undertaken without significant detriment to the vineyard.   

 
Please see Attachment 5 to this Erratum for an updated Vineyard Water Availability 
Evaluation for the proposed project.  
 
The commenter also references Richard Grassetti’s comments on the Fairfax Conversion 
EIR that suggest the EIR noise analysis mischaracterized the County’s noise level 
criteria. Responses to these comments have already been provided in the Final EIR, 
which confirm that the EIR analysis properly utilized the County’s noise level criteria to 
assess mechanical harvesting noise. Please see Responses to Comments 10-63 to 10-66 of 
the Final EIR.  
  
California Department of Transportation Comment Letter (February 17, 2012) 
 
The California Department of Transportation (“Caltrans”) also submitted a comment 
letter on the Final EIR, dated February 17, 2012 (See Attachment 6), for which the 
following responses have been prepared for clarification and minor correction purposes. 
Caltrans’ first comment, which addresses Response to Comment 3-1 of the Final EIR, 
pertains to the cumulative traffic impact analysis performed for the EIR. The commenter 
is correct that the 9.7% growth rate referenced in Response to Comment 3-1 and on page 
3.9-9 of the Draft EIR was not applied on an annual basis over the 22-year cumulative 
period;2 but rather the 9.7% growth rate was used to estimate total growth in turning 
movements at all study-area intersections over the 22-year cumulative period. The traffic 
consultant selected a total cumulative growth rate of 9.7% based on the best available 
traffic projections, which was Sonoma County’s travel demand model as prepared for its 
Congestion Management Program (“CMP”). The model included all projected growth in 
the County, including the eight vineyard timberland conversion projects referenced in the 
commenter’s letter.3

 

 Several of these timberland conversion projects were never 
approved and are no longer active projects. As a result of the above discussion, Response 
to Comment 3-1 of the Final EIR is hereby clarified to eliminate the inadvertent reference 
to “annual” with regard to the 9.7% cumulative growth rate:  

 

                                                      
2 The commenter references a 25-year cumulative period. In point of correction, the cumulative traffic 
horizon is 22 years (2003 to 2025).  
3 The commenter’s February 17, 2012 comment letter on the Final EIR does not specifically identify the 
eight timberland conversion projects, but rather refers to the list of these projects included in their 
September 13, 2004 comment letter on the Fairfax Conversion Notice of Preparation (NOP). The eight 
timberland conversion projects identified in the commenter’s September 2004 letter include: 1) Codorniu 
Napa Inc. Vineyard Timberland Conversion; 2) Ridgetop Partners LLC Timberland Conversion; 3) 
Campbell Vineyard Timberland Conversion; 4) Pahlmeyer Vineyard Timberland Conversion; 5) Del 
Rancho Timberland Conversion; 6) Putnam Vineyard Timberland Conversion; 7) Sleepy Hollow Vineyard 
Timberland Conversion; and 8) Hansen/Whistler Timberland Conversion.   
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Response to Comment 3-1  
 
The DEIR’s traffic impact study includes a comprehensive cumulative traffic 
impacts analysis that evaluates the proposed project’s traffic impacts over a 2025 
time horizon (See Appendix Q of the DEIR, pages 14 through 20). According to 
the DEIR on page 4-29, the analysis concluded that the proposed project and the 
associated incremental contribution of trips would have a less-than-significant 
cumulative impact to study area intersections and roadways.   
 
The traffic study accounted for future development over this time period utilizing 
a conservative growth factor derived from the County’s Management Plan (CMP) 
(See Appendix Q of the DEIR, page 14 and DEIR, pages 4-23). Specifically, the 
cumulative traffic impacts analysis applied an annual growth factor of 9.7% at all 
study-area roadways and intersections, which include the State Route 1 (SR-
1)/Annapolis Road, SR-1/Stewarts Point, and Annapolis Road/Stewarts Point 
intersections. The assumptions are considered conservative for the area and 
account for all types of growth, including other future development and 
conversion projects in the project vicinity.  
 
The use of the 9.7% growth factor to assess the proposed project’s cumulative 
impacts is expressly permitted under CEQA, which provides that the EIR may 
rely on "[a] summary of projections contained in an adopted general plan or 
related planning document…[that] described or evaluated regional or area-wide 
conditions" (Id. at subd. (b)(1)(B); see also Id. at subd. (d) [allowing lead agencies 
to utilize previously approved land use documents in cumulative impacts 
analysis]). The DEIR complies with these principles by using the 9.7% growth 
factor from the CMP to assess the proposed project’s cumulative impacts.  

 
In addition, page 3.9-9 of the Transportation and Circulation chapter of the Draft EIR, 
under the heading “Scenarios”, is hereby revised to delete the inadvertent reference to 
“annual”:  
 

Scenarios 
 

The following scenarios were evaluated for this study: 
 

• Existing – Intersection and roadway conditions based on existing traffic 
counts and field surveys. 

• Existing Plus Project – Intersection and roadway conditions based on 
existing plus project traffic count estimates. 

• Cumulative Without Project – Future (2025) forecast conditions assuming 
full build-out of the Sonoma County Capital Improvements Program 
(2000) and using an annual growth factor of 9.7 percent.   

• Cumulative Plus Project – Future (2025) forecast conditions with the 
addition of project-related traffic. 
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The above changes serve to clarify the original cumulative traffic analysis and do not 
affect the adequacy of the original analysis. The traffic consultant appropriately relied 
upon the County’s traffic model, which includes vineyard conversion projects in the 
Annapolis area, for determining the proper cumulative growth rate.  
 
The commenter’s second comment requests minor revisions to Mitigation Measure 3.9-2 
of the Draft EIR, which requires that the applicant prepare a Construction Traffic 
Management Plan for the timber harvest phase of the project. In response to the 
comment, Mitigation Measure 3.9-2 on page 3.9-18 of the Draft EIR has been revised to 
specify that the Construction Traffic Management Plan shall also address the vineyard 
development phase of the proposed project:  
 

3.9-2 Prior to any logging taking place on the site, the project applicant shall 
prepare a Construction Traffic Management Plan for review and 
approval by CAL FIRE. The plan should include all plans for 
temporary traffic control, temporary signage and striping, location 
points for ingress and egress of logging vehicles, staging areas, and 
timing of logging activity which appropriately limits hours during 
which large construction equipment may be brought on or off the site. 
The Plan shall also address the vineyard development phase of the 
proposed project.  

 
The commenter’s final comment addresses Figures 5 and 7 of the project Traffic Study 
(Appendix Q to the Draft EIR). These figures are included as Figure 3.9-5 and Figure 4-2 
of the Draft EIR, respectively. The 38 trips going from southbound SR-1 to eastbound 
Annapolis Road, as shown on the figures, are the result of an inadvertent graphical error. 
As demonstrated in the technical appendices to the Traffic Study (cf. Appendices C and 
F), the 38 trips were not included in the traffic modeling. Therefore, the LOS results as 
reported in the project Traffic Study and Draft EIR remain valid.  The above-referenced 
minor graphical errors have been fixed in the following revised versions of Figure 3.9-5 
and 4-2 of the Transportation and Circulation chapter and Cumulative Impacts chapter of 
the Draft EIR, respectively.  
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Revised DEIR Figure 3.9-5 
Existing Plus Project Turning Movement Volumes 

 

 



16 
 

 
Revised DEIR Figure 4-2 

Cumulative (Year 2025) Plus Project Turning Movement Volumes 
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Comment Letters Submitted by Public Officials 
 
In addition to the three above-discussed comment letters on the Final EIR, two letters have been 
submitted by public officials: 1) Congresswoman Lynn Woolsey, dated February 18, 2012 (See 
Attachment 7); and 2) Senator Noreen Evans, dated February 16, 2012 (See Attachment 8). The 
comment letter from Congresswoman Woolsey requests that CAL FIRE delay certification of the 
Fairfax Conversion Final EIR to enable interested parties to participate fully in the process.  The 
following response has been provided to clarify that the processing of the Fairfax Conversion 
EIR has been carried out in full compliance with the California Environmental Quality Act 
(CEQA) and its public participation objectives.  
 
The project applicant submitted a revised TCP Application to CAL FIRE for the Fairfax 
Conversion Project on April 30, 2004. Based upon CAL FIRE’s decision to prepare an EIR to 
evaluate the potential environmental impacts of the proposed project, in accordance with CEQA 
Guidelines, CAL FIRE released a Notice of Preparation (NOP) for the proposed project on 
August 20, 2004 for a 30 day public review period. 
 
In addition, a public NOP scoping meeting was held in Annapolis at Horicon Elementary School 
on September 2, 2004. Comments provided by the public and public agencies in response to the 
NOP were summarized in the Introduction Chapter of the Draft EIR (DEIR) and addressed 
throughout the DEIR, as appropriate. The NOP comment letters are provided in Appendix B to 
the DEIR. CAL FIRE spent the next 4½ years working closely with its CEQA environmental 
consultant for the proposed project to prepare a very detailed and fully comprehensive DEIR for 
the Fairfax Conversion Project. During this period of time, extensive on-site technical resources 
surveys and analyses were completed by experts under direct contract with CAL FIRE’s 
environmental consultant for the project. The results of the surveys and technical analyses led in 
many cases to time-intensive adjustments to the vineyard plan. The DEIR determined, based 
upon substantial evidence, that all potential project impacts could be reduced to a less-than-
significant level with implementation of the mitigation measures required in the DEIR.  
 
On May 29, 2009, CAL FIRE released the Fairfax Conversion DEIR through the State 
Clearinghouse for public review and comment. While CEQA Guidelines Section 15105(a) 
typically requires a minimum 45-day public review period for EIRs, CAL FIRE extended the 
public comment period by another 15 days, for a total length of 60 days: May 29, 2009 to July 
28, 2009.  In accordance with CEQA Guidelines, a Notice of Availability (NOA) of the DEIR was 
sent to property owners within 1,000 feet of the project site and to all of those who commented on 
the NOP for the proposed project. The NOA informed the public that the Fairfax Conversion DEIR 
had been posted on CAL FIRE’s website and made available for review at four physical locations: 
1) CAL FIRE – Santa Rosa Office; 2) CAL FIRE – Sonoma-Lake-Napa-Unit; 3) Santa Rosa 
Central Public Library; and 4) Horicon Elementary School in Annapolis, CA. In addition, though 
not required by CEQA Guidelines, CAL FIRE held a public comment meeting on the DEIR on 
June 27, 2009 at Horicon Elementary School in an effort to maximize the opportunities for the 
public to provide comment on the DEIR.   
 
In March 2011, CAL FIRE circulated for public comment a Partially Recirculated DEIR to 
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update two DEIR sections: Chapter 3.5, Cultural Resources; and Impact Discussion 4-3, 
Cumulative Contribution to Global Climate Change, in the Cumulative Impacts chapter of the 
DEIR.  In response to comments, CAL FIRE added further discussion and analysis to these two 
DEIR sections, and provided information regarding modifications to the project description that 
generally resulted in a reduction in the plantable vineyard area.  Those changes were described 
comparatively in Chapter 1, Introduction, of the Partially Recirculated DEIR.  While no new 
impacts were identified as a result of these clarifications and amplifications of the information 
provided in the DEIR, CAL FIRE decided to recirculate them separately from the original DEIR 
for a full 45-day period from March 14, 2011 to April 27, 2011. The same noticing procedures 
carried out for the original Fairfax Conversion DEIR, as described above, were carried out for 
the Partially Recirculated DEIR, including posting the Partially Recirculated DEIR on CAL 
FIRE’s website.  
 
A total of 45 comment letters were received during the open public comment period on the 
DEIR, Partially Recirculated DEIR, and Timber Harvest Plan (“THP”) from residents, state and 
local agencies, and organizations.  In addition, comments were provided specifically on the THP 
by the state agencies comprising the THP review team during both the public comment period 
and the pre-harvest inspection.  
 
All of the public comment letters that were received on the DEIR and Partially Recirculated 
DEIR have been fully addressed in the Fairfax Conversion Final EIR. Detailed responses to all 
public comments have been provided in Chapter 3 of the Final EIR (“Responses to Comments”) 
and changes made to the DEIR as a result of public comment have been provided in Chapter 2 of 
the Final EIR (“Revisions to the DEIR Text”).  As indicated in the beginning portion of this 
Erratum, the Final EIR was released on February 9, 2012 pursuant to Public Resources Code 
(PRC) section 21092.5(a) to those agencies who commented on the DEIR and Partially 
Recirculated DEIR.  In addition, a digital copy of the Final EIR was posted on the CAL FIRE 
website and a NOA of the Final EIR was mailed to all of the agencies, individuals, and 
organizations who commented on the DEIR and/or Partially Recirculated DEIR.  
 
The above description of the CEQA process for the Fairfax Conversion Project, which has taken 
nearly eight (8) years to complete, confirms that the public has been afforded extensive 
opportunities to participate in the CEQA process and provide input into the preparation of the 
environmental documents for the proposed project. In many cases, CAL FIRE has gone above 
and beyond the legal CEQA requirements for public review in order to maximize the 
opportunities for the public to comment on the Fairfax Conversion environmental documents.  
Public input has been considered and applied in formulation and refinement of the project 
description as well as mitigation measures, which result in nearly 50% of the project site being 
permanently preserved.   
 
The comment letter submitted by Senator Noreen Evans on the pending certification of the EIR 
for the Fairfax timber conversion lists three specific concerns related to the Fairfax Conversion 
Project. Firstly, the commenter expresses the concern that the Fairfax Conversion EIR is moving 
on a fast track for certification. However, as explained above, the processing of the EIR for the 
Fairfax Conversion Project has been carried out over a period of approximately eight (8) years in 
full compliance with CEQA, with extensive opportunities for public comment provided, some of 
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which went above and beyond the legal CEQA requirement.  Secondly, the commenter expresses 
a concern that CAL FIRE’s certification of the Fairfax Conversion EIR would be contrary to 
Sonoma County’s current efforts to modify its Vineyard Erosion and Sedimentation Control 
Ordinance (“VESCO”). In January 2012, the Sonoma County Board of Supervisors adopted a 
temporary moratorium pursuant to VESCO in order to consider potential changes to the 
ordinance to address erosion and sedimentation potentially caused by tree removal in connection 
with Level I and Level II vineyard and orchard site development, particularly on slopes 
exceeding 15%.  Tree removal on the Fairfax Conversion project site is subject to State 
regulation pursuant to an approved Timber Harvest Plan and Timber Conversion Permit, and is 
exempt from local regulation in that regard.  (See, e.g., Pub. Resources Code, §§ 4516.5, 4527.)  
In addition, approximately 80% of the proposed vineyard involves minor slopes of only 5 to 
15%.  With application of identified mitigation measures, the proposed project would not result 
in adverse impacts related to erosion and sedimentation and instead likely would result in a net 
reduction of sediment flowing to area waterways.  To the extent VESCO applies to project 
grading and site development activities, the project fully complies with its requirements, as 
discussed in the EIR.  
 
The third concern identified in Senator Evans’ letter pertains to the recent comments by two 
federally recognized tribes concerning the adequacy of the EIR’s conclusions on Native 
American cultural heritage sites and archaeological resources.  However, as explained in detail in 
Chapter 3.5, Cultural Resources, of the Partially Recirculated DEIR, and responses to Letters 13 
and 21 in the Final EIR, all known archaeological sites on the Fairfax Conversion project site are 
being preserved in perpetuity, as required by Mitigation Measures 3.5-2(a,b) and 3.5-2(d,e). In 
addition, Mitigation Measure 3.5-3(a) requires the preparation of an archaeological monitoring 
plan for approval by the CAL FIRE Northern Region-Coast Area Archaeologist and the Stewarts 
Point Rancheria THPO, which requires either avoidance of newly discovered resources, or if 
resources cannot remain in situ, data recovery, as set forth in detail in Mitigation Measure 3.5-
2(c). It is also important to note that Mitigation Measure 3.5-3(a) requires that Native American 
monitor(s) (representing the Stewarts Point Rancheria tribe and designated by the Stewarts Point 
Rancheria THPO) and an archaeological monitor(s) shall be present during all earth-moving 
activities associated with the proposed project. As a result of the EIR’s rigorous mitigation 
measures pertaining to the protection of all on-site archaeological resources, the EIR concluded 
that the proposed project would not result in any significant impact to archaeological resources.  
 
Petition Emails 
 
In addition, CAL FIRE has received over 7,500 petition emails since September 2011. These 
petition emails were submitted to CAL FIRE outside of the formal CEQA comment periods for 
the project environmental documents (May 29, 2009 to July 28, 2009 for the DEIR; and March 14, 
2011 to April 27, 2011 for the Partially Recirculated DEIR). All of the petition emails are 
substantially the same in content. The emails express generalized concerns regarding both the 
proposed Fairfax Conversion Project and the Preservation Ranch Project. The majority of points 
raised in the petition emails express opposition to these two projects. Those few comments that 
express concern regarding potential environmental impacts that could result from the Fairfax 
Conversion Project have already been clearly addressed in the Final EIR, as demonstrated in the 
following table:  
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Issue Responses to Comments in Final EIR 

addressing the Issue 
Impacts to salmon and steelhead 1-7, 12-7, 12-11, 12-41 
Impacts to water quality of the Gualala River 1-7, 4-6, 8-1, 12-7, 15-8 
Conversion impacts to stream flows 8-3, 12-5, 12-7, 12-11 
Impacts to cultural and archaeological 
resources 

See Responses to Letters 13,14, 21, and 31 
 

Impacts to rare and sensitive plants and 
animals 

1-8, 1-9, 1-15 to 1-17, 1-23, 4-5, 7-17, 7-21, 
39-10 
 

Impacts related to increases in greenhouse gas 
emissions 

See Responses to Letters 6 and 37 

Selection of an offsite alternative 4-21, 10-87, 19-14, 40-40 
Cumulative impacts 7-11, 8-1, 10-71, 10-72, 12-15, 12-17, 12-20, 

12-35, 15-13 
Note: the above list of responses is not meant to be exhaustive. Rather, the responses listed in the above 
table are a mere sampling of responses in the Final EIR that adequately address the particular concerns 
raised in the petition emails.  
 
Given the comprehensive nature of the Fairfax Conversion Final EIR, the concerns raised in the 
petition emails have already been fully addressed in the existing responses to comments; and as a 
result, additional responses are not necessary.  
 
Other 
  
Since the release of the Fairfax Conversion Final EIR, CAL FIRE has noticed that several of the 
attachments to the Center for Biological Diversity’s (CBD) July 28, 2009 comment letter on the 
Fairfax Conversion DEIR were inadvertently omitted from Appendix F of the Final EIR. 
Appendix F currently contains several of the attachments that CBD submitted with their July 28, 
2009 comment letter, as well as all of the attachments to their April 27, 2011 comment letter on 
the Partially Recirculated Draft EIR. As a result of this inadvertent omission, this Erratum 
provides the additional reference documents in Attachment 9. None of the CBD attachments that 
were inadvertently omitted from Appendix F of the Final EIR address the Fairfax Conversion 
DEIR; rather the attachments include various journal articles and professional publications that 
pertain to climate change and sequestration in general. The additional attachments to CBD’s July 
28, 2009 comment letter on the DEIR do not affect the adequacy of the existing detailed 
responses to CBD’s comment letters. The two comment letters that CBD submitted on the 
Fairfax Conversion environmental documents have been included in the Final EIR as Letter 6 
(DEIR) and Letter 37 (Partially Recirculated DEIR) and detailed responses have been provided 
for all of CBD’s comments.  



 

 
 
 
 

ATTACHMENT 1 
STARCROSS COMMUNITY COMMENT LETTER ON FINAL EIR  

(FEBRUARY 14, 2012) 







GUEST OPINION: What price one more bottle of wine? 
  

Toby McCarroll 

http://www.pressdemocrat.com/article/20120410/OPINION/120419943 
  
By TOLBERT McCARROLL 
Published: Tuesday, April 10, 2012 at 6:43 p.m. 
Last Modified: Tuesday, April 10, 2012 at 6:43 p.m. 
 
The phone at Starcross rang frequently the day The Press Democrat ran a story mentioning the 
impact on our contemplative community of noise resulting from the Artesa/Codorniu conversion 
of forest to vineyard, adjoining our land. (“State set to OK vineyard,” Saturday) One caller said: 
 
“I was in the wine business for 28 years. We don't need more wine. From the minute they cut the 
first tree you will have no peace!” 
 
Starcross was identified in the article as a “lesser known and late breaking critic.” We have been 
raising the same concern about noise repeatedly, at every opportunity since 2004. 
We have been and still are ignored, despite the fact that the noise-producing corporate yard has 
been placed over our objection only 440 feet from our property line in an area known for 
carrying noise from hillside to hillside. No noise study has ever been carried out by 
Artesa/Codorniu on our land. 
 
The well-known and talented crisis consultant recently hired by Artesa/Codorniu referred to our 
concerns as “minor.” He was just doing his job, and he is good at it. But Cal Fire had the same 
attitude, and this is troubling to me. 
 
I like wine and vineyards. Starcross is privileged to have two family vineyards adjoining us. 
There have never been difficulties between us in the 36 years we have been neighbors. We know 
one another's dreams, and we are sensitive to them. They know that peace and quiet is essential 
for our life and our mission. It is impossible to have the same relationship with a giant multi-
national corporation whose owners reside on estates far across the ocean. 

Sonoma County has noise ordinances covering our concerns. We suggested that if 
Artesa/Codorniu would commit to these standards it would satisfy our concerns. There was no 
response.  

Had the county been overseeing this large conversion project, I believe they would have 
attempted to balance the various public interests, including the concerns of adjoining property 
owners such as ourselves with the profit-making objectives of Grupo Codorniu with its lawyers, 
public relations and other experts. One of those was recently on the phone with our Sister Marti 
screaming, “You have no leverage with Cal Fire. You have no leverage with Artesa!” Over and 
over. He was so loud that others of us could hear him. 

http://www.pressdemocrat.com/article/20120410/OPINION/120419943�


What is the leverage that we lack? Presumably he means some special relationship with Cal Fire. 
The concern about a lack of independence in the process has been commented on by a number of 
others. This is not something for our small community to solve, but it is certainly something to 
be examined by appropriate authorities if CalFire is to continue to oversee massive conversions 
of redwood forest to vineyards. 

Recently, when I stepped out of our chapel, the sun had just risen. A piercing cry of a mountain 
lion came out of the redwood trees that may soon be cut down. Probably the lion was only 
looking for a mate, as his ancestors have been doing for centuries. But as our neighbor, a Kashia 
Pomo spiritual elder, said to me a few weeks back about a similar situation, “He is crying over 
the loss of his home.” 

She could be right. 

Tolbert “Toby” McCarroll, is a brother, and author, at Starcross Monastic Community in 
Annapolis. 

 



 

 
 
 
 

ATTACHMENT 2 
TECHNICAL NOISE MEMO PREPARED BY BOLLARD ACOUSTICAL 

CONSULTANTS



3551 Bankhead Road   Loomis, CA  95650  Phone: (916) 663-0500  Fax: (916) 663-0501  BACNOISE.COM

April 13, 2012

Mr. Nick Pappani
Raney Planning & Management, Inc.
Transmitted Via Email: npappani@raneymanagement.com

Subject: BAC’s evaluation of potential noise impacts associated with the proposed
corporation yard and Sump Pump Operations at the Fairfax Conversion 
Project site.

Dear Mr. Pappani, 

Pursuant to your request, BAC has prepared this evaluation of potential noise impacts 
associated with the proposed Fairfax Conversion Project corporation yard and sump pump at 
the nearby Starcross Community. 

Starcross Community Concerns Regarding Proposed Corporation Yard

In a letter dated February 14, 2012, Sister Julie DeRossi expresses concerns of the Starcross 
Community regarding noise generated by operations at the proposed Corporation Yard.  
Specifically, the letter states:

Starcross has a serious concern that noise from the normal operation of the corporation
yard will travel to the chapel and main house causing disruption of the monastic 
community’s normal activities.  We do not know the scientific reason why sound travels 
so unusually from that location but it does.  [We refer to the phenomenon as echoes, 
although that may not be technically accurate.]  We have carried out simple experiments 
and have requested that an Artesa representative come and observe.  Alternatively, we 
suggested that a sound study be undertaken. Without investigation, Artesa responded that 
their engineers believe the sound from the corporate yard will not carry.  However, they 
were not willing to offer us any assurance that they would rectify the situation if their 
engineer’s predictions prove to be wrong.  As it stands now, if the corporate yard should 
generate unacceptable levels of noise, (as we believe it will), there would be no recourse 
for Starcross.  The supposed mitigations in the FEIR are inadequate as they totally ignore 
the issue of noise from the corporate yard.

Applicable Noise Criteria

Policy NE-1c of the Sonoma County 2020 General Plan Noise Element states the following:

Control non-transportation related noise from new projects. The total noise level resulting 
from new sources shall not exceed the standards in Table NE-2 as measured at the 
exterior property line of any adjacent noise sensitive land use.   
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Raney Planning & Management
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Sonoma County 2020 General Plan Noise Element Table NE-2 
Maximum Allowable Exterior Noise Exposures for Non-transportation Noise Sources 

Hourly Noise Metric1, dBA

Category Daytime (7 a.m. to 10 p.m.) Nighttime (10 p.m. to 7 a.m.)

L50 (30 minutes in any hour) 50 45
L25 (15 minutes in any hour) 55 50
L08 (5 minutes in any hour) 60 55
L02 (1 minute in any hour) 65 60
1 The sound level exceeded n% of the time in any hour. For example, the L50 is the value exceeded 50% of the time or 
30 minutes in any hour; this is the median noise level. The L02 is the sound level exceeded 1 minute in any hour.

As identified in Table NE-2 of the Sonoma County Noise Element, the level of noise allowed at a 
noise-sensitive use depends on the duration of time the noise is being generated at a given 
level.  More specifically, higher noise levels are allowed to be generated provided those higher 
levels are only generated for relatively short periods.   The standards are specific to the duration 
of time a certain noise level is generated, not the duration of time a certain activity is taking 
place.  

Proposed Corporation Yard Location

According to project site plans, the proposed corporation yard would be located approximately 
430 feet from the southern boundary of the Starcross property.  It should be noted that the 
Starcross owned land to the south of Annapolis Road is essentially undeveloped, and that the 
buildings referenced as the locations of concern in the Starcross comment letter are located 
approximately 1,500 to 1,900 feet from the proposed corporation yard.  In addition, a 14-foot tall 
berm along the southern boundary of the proposed corporation yard would effectively screen 
corporation yard equipment from view of those sensitive areas, even with their elevated position 
relative to the corporation yard. A cross-section illustrating line-of-sight developed by the project 
engineers is reproduced below.
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Operations at the Proposed Corporation Yard

According to the project applicant, activity at the corporation yard during non-harvest season 
would be extremely limited, with the yard used primarily for the parking of vineyard vehicles. 
However, daily activities at the corporation yard during the worst-case, two-month, harvest 
season would reportedly consist of the following:  

 Two or three tractors would be utilized for daily harvesting. 

 The tractors would leave the corporation yard with trailers that would be loaded with 
grapes by vineyard workers during the harvest. 

 The loaded tractors would return to the corporation yard/staging area to be unloaded 
with a forklift onto trucks for delivery to wineries.

 Three large double gondola trucks would be used to transport the grapes to wineries.

 Harvest employees arriving at the site would result in approximately 11 cars being 
parked at the corporation yard, or approximately 22 automobile trips per day to and from 
the corporation yard/staging area.

 Two all terrain vehicles (ATVs) would also stage at the corporation yard, for use in 
transporting supervisors and employees.   

Sound Propagation from the Corporation Yard to the Starcross Residences and Chapel

Sister Julie DeRossi’s comments regarding the “echo” effect of sound travelling from the project 
area to the Starcross community structures are noted.  As shown in the included cross-section, 
the Starcross community is elevated relative to the project site.  This elevated position results in 
reduced ground absorption of sound, which translates to higher received noise levels.  
Normally, sound propagation calculations include an additional factor to account for the 
reduction in noise due to excess ground attenuation.  Due to the elevated position of the 
Starcross chapel and residences relative to the proposed corporation yard, the calculations of 
corporation yard/staging area noise levels for this assessment specifically did not include that 
factor.  In summary, the concerns expressed regarding the way sound travels between the 
project site and Starcross community have been accounted for in this supplemental analysis of 
corporation yard noise generation.

Noise Generation of the Proposed Corporation Yard

Noise-generating operations at the corporation yard would consist of employee vehicles and 
transfer trucks arriving and departing the staging area, ATV’s shuttling vineyard personnel 
between the harvest area and staging area, tractors taking empty trailers into the vineyard and 
returning loaded with grapes, and a forklift transferring the grapes onto the transfer trucks. 
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It is unlikely that all of the aforementioned activities would occur simultaneously.  For a 
conservative assessment of the potential noise generation of the staging area BAC assumed 
combined noise generation of each of these sources.  The Federal Highway Administrations 
traffic noise prediction model (FHWA-RD-77-108) was used to predict sound generated by 
employee vehicles and trucks arriving and departing the staging area, and the FHWA Roadway 
Construction Noise Model was used to predict noise generated by tractors, fork-lift operations, 
and ATV’s.

Corporation Yard noise levels were predicted for each source identified above and combined to 
yield a cumulative noise level at the nearby project boundary of the Starcross site located 
approximately 430 feet away, at the nearest residence on the Starcross site located 
approximately 1,300 feet away, and at the chapel of the Starcross site, located approximately  
1,900 feet away.  A -10 dB adjustment was applied to the predicted values to account for 
shielding of the corporation yard area provided by the proposed 14-foot tall embankment of the 
adjacent reservoir.  The predicted worst-case corporation yard noise levels at each of these 
locations are shown in the following Table.

Table 1

Predicted Corporation Yard Noise Levels at Starcross Community Property

Fairfax Vineyard Site – Annapolis California

Receptor Location Distance (ft) Predicted L50, dB Predicted Lmax, dB

Property Line

Residence

Chapel

430

1,300

1,900

49

39

36

56

46

43

Source:  FHWA-RD-77-108 & RCNM noise prediction models with equipment usage and assumptions as cited 

herein.

The Table 1 data, which represent conservative assumptions regarding noise-generating 
activities at the proposed corporation yard/staging area of the Fairfax Vineyard site, indicate that 
operations at that location would satisfy the Sonoma County daytime noise standards at all 
three locations, and that the County’s nighttime noise standards would be satisfied at the 
existing residence and chapel area of the Starcross community.

Because the predicted median (L50) levels shown in Table 1 assume all corporation yard/staging 
area noise sources would be present at the same time, the predicted levels are believed to be 
conservative. Given this conservatism, and the shielding provided by the proposed reservoir 
berm, the County’s nighttime noise standard would likely be satisfied at the project property line 
as well.  
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While there is no question regarding the sensitivity of the residence and chapel areas of the 
Starcross community, the sensitivity of the undeveloped Starcross property south of Annapolis 
Road during nighttime hours is questionable.  Nonetheless, BAC recommends that a project 
condition of approval be added to require monitoring of staging area noise generation from the 
property line, residence, and chapel area of the Starcross community during the first harvest 
season to verify that the County’s noise standards are satisfied.  

In the event that corporation yard noise levels exceed the County’s nighttime Noise Element 
standard of 45 dB L50 at the property line of the Starcross property, assuming this property line 
is considered to be sensitive, additional noise control measures such as the following could be 
implemented to further reduce noise levels from this area:

 Portable noise barriers.
 Suspended acoustic curtains.
 Improved mufflers on mobile equipment.
 Modifications to nighttime operations.
 Procurement of quieter equipment

Sump Pump Noise Generation

Although sump pump operations were not mentioned as a source of concern in the referenced 
Starcross community comment letter, BAC was asked to include an assessment of the potential 
noise impacts of the pump operations at that location.  

The pump in question would be electrically powered and would operate in the range of 2000-
3000 gallons per minute.  According to the publication, Noise Control for Buildings and 
Manufacturing Plants, Bolt Beranek & Newman, a typical noise generation for a pump of this 
capacity would be approximately 90 dB at a distance of 3 feet from the pump.

The distances from the proposed pump to the Starcross community property line and structures 
are similar to those shown above for the corporation yard/staging area.  At those distances, 
pump noise levels would be reduced to approximately 24-38 dB L50, which would satisfy both 
the daytime and nighttime noise standards of Sonoma County.  As a result, no pump noise 
impacts are identified at the Starcross community.
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Conclusion

This concludes BAC’s responses to Comments contained in the Starcross Community letter 
dated February 14, 2012.  Please contact me at 916-663-0500 or paulb@bacnoise.com if you 
have any questions whatsoever regarding this letter or if I can otherwise be of further 
assistance. 

Sincerely, 

Bollard Acoustical Consultants, Inc. 

Paul Bollard
President
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Peter R. Baye, Ph.D. 
Coastal Ecologist, Botanist 

33660 Annapolis Road                    
Annapolis, California 95412 

 
 

           (415) 310-5109                                                                                                    baye@earthlink.net     
 
 
Dennis O. Hall         April 12, 2012 
Staff Chief, Forest Practice 
CAL FIRE  
1416 9th Street 
P.O. Box 944246 
Sacramento, CA  94244-2460 
Dennis.Hall@fire.ca.gov 
 
via email 
 
 
SUBJECT:  Artesa-Fairfax vineyard conversion Final Environmental Impact Report SCH# 

2004082094: Additional evidence of potentially significant vineyard frost protection noise 
impacts on sensitive receptors, April 2012 and 2011 
 
Dear Mr. Hall: 
 
In connection with the Artesa vineyard conversion noise impact issue cited in the “guest 
opinion” essay by Tolbert McCarroll (Santa Rosa Press Democrat, April 10, 2010; see 
attachment), I reviewed my July 28, 2009 DEIR comments on implications of alternative 
grapevine frost protection methods currently in place in neighboring Annapolis vineyard 
microclimates: (a) frost irrigation with significant water demand impacts, and (b)large 
propane fans with significant noise impacts. These comments relevant to propane fan frost 
protection impacts are excerpted below as an attachment.  
 
Recent hard frosts (freezes) during grapevine bud break on April 4-5, 2012, triggered 
propane fan use by Putnam Vineyards, the nearest vineyard occupying frost-prone slopes 
below Annapolis Road (most comparable frost exposure and cold collection). Propane fans 
ran from late evening (approximately 10 p.m.) to after 8 a.m. the following morning. The 
sound quality and intensity of the propane fans during strong freezes are almost 
indistinguishable from that of an idling helicopter. The noise was highly audible indoors 
even in my thick-walled wood home approximately 1 mile from the location of the fan.  The 
comparison between propane frost protection fan noise with helicopter noise was made 
more objective by the subsequent daytime flights of a helicopter back and forth along 
Annapolis Road between the vicinity of Putnam Vineyards and Mendocino Redwood 
Company lands near the county road maintenance yard (likely in association with PG&E 
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powerline maintenance activities, closer than 1 mile to my home) on April 10, 2012. Unlike 
the helicopter flights, the propane fan use on the morning of April 5 was associated with a 
strong, lingering scent of partial kerosene combustion, apparently originating on the 
vineyard, carried by gentle southwesterly air currents. These two examples of propane fan 
frost protection for grapevines growing at elevations below Annapolis Road (which should 
be presumed as a potential adaptive response to springtime frosts in the absence of any 
identifiable irrigation water source for frost protection in the project description) were 
exceeded in 2011, when I experienced more than 6 separate events of Putnam Vineyards 
propane fan activity during April frosts.  
 
The noise from propane fan use is a potentially significant impact on at least two sensitive 
receptors: the Starcross religious community adjacent to the project site, and northern 
spotted owls, which the FEIR reports as occurring adjacent to the project site. Courtship, 
mating, nesting, and (related sound-dependent) foraging in NSO territories in the spring 
mating season (April frosts) may be affected by nighttime and early morning high-intensity 
noise from propane fans. Even if fans are not affirmatively disclosed as part of the current 
project description, they may be added in response to frost damage after project 
authorization, and should be treated as a reasonably foreseeable potential significant impact 
of vineyard conversion (and vineyard operation at the project site by either Artesa or a 
subsequent owner) in the EIR. No noise mitigation (or frost protection alternative) is 
proposed for propane fan use, so the potential significant impacts to endangered species and 
a religious sanctuary remain.  
 
CAL FIRE had the opportunity to invite public comments on this issue during the 
recirculation of the DEIR, but declined to do so despite public comments on this subject in 
the original DEIR in 2009. Expert CEQA analysis by Richard Grassetti submitted in 
response to the rDEIR in 2011 identified erroneous noise significance level criteria, and 
deficiencies in analysis of noise impacts on sensitive. By arbitrarily narrowing noise impact 
analysis to logging and vineyard mechanical harvesting operations (response to comments 
17-5, 10-63, and elsewhere in the FEIR) without specific reference to frost protection 
contingencies based on noisy propane fans (especially in the absence of any evidence of 
adequate water supply for frost irrigation), and by declining any further comments on the 
FEIR (including current and recent information about actual local vineyard frost protection 
and noise impacts), the FEIR has needlessly generated an unmitigated significant potential 
impact that could have been addressed responsibly during the overall CEQA process.  
 
 
Respectfully submitted,  
 

 
Peter Baye 
baye@earthlink.net 
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Copies furnished: 
Toben McCarroll 
Paul Carroll, Esq.  
Chris Poehlmann, Friends of the Gualala River 
 
 

 

ATTACHMENT: email submitting Santa Rosa Press Democrat April 10, 2010 guest 

opinion by T. McCarroll, Annapolis resident 

 
From: baye [mailto:baye@earthlink.net]  
Sent: Thursday, April 12, 2012 10:22 AM 
To: 'Dennis.Hall@fire.ca.gov' 
Cc: 'bill.snyder@fire.ca.gov'; 'Efren Carrillo'; 'Chris Poehlmann'; 'Dave Jordan'; 'Paul Carroll'; 
'Geco'; 'Roth, Tom' 
Subject: Artesa EIR: guest editorial SCH# 2004082094 

 

The following guest editorial was published in the Santa Rosa Press Democrat on April 

10, 2012. I am submitting it to CAL FIRE to include in the administrative record for the 

Artesa-Fairfax vineyard conversion EIR, SCH# 2004082094, because it is directly 

relevant to the record of decision (certification) for the EIR, procedural concerns about 

the EIR, and substantive comments on significant impacts and mitigation – particularly 

the adequacy of CAL FIRE’s review, supervision and control of EIR preparers’ treatment 

of noise in the EIR.   

 

Peter Baye, Annapolis, CA  

GUEST OPINION: What price one more bottle of wine? 

Toby McCarroll 

http://www.pressdemocrat.com/article/20120410/OPINION/120419943 

 

By TOLBERT McCARROLL 

Published: Tuesday, April 10, 2012 at 6:43 p.m. 

Last Modified: Tuesday, April 10, 2012 at 6:43 p.m. 

The phone at Starcross rang frequently the day The Press Democrat ran a story 

mentioning the impact on our contemplative community of noise resulting from the 

http://www.pressdemocrat.com/article/20120410/OPINION/120419943
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Artesa/Codorniu conversion of forest to vineyard, adjoining our land. (“State set to OK 

vineyard,” Saturday) 

One caller said: “I was in the wine business for 28 years. We don't need more wine. From 

the minute they cut the first tree you will have no peace!” 

Starcross was identified in the article as a “lesser known and late breaking critic.” We 

have been raising the same concern about noise repeatedly, at every opportunity since 

2004. 

We have been and still are ignored, despite the fact that the noise-producing corporate 

yard has been placed over our objection only 440 feet from our property line in an area 

known for carrying noise from hillside to hillside. No noise study has ever been carried 

out by Artesa/Codorniu on our land. 

The well-known and talented crisis consultant recently hired by Artesa/Codorniu referred 

to our concerns as “minor.” He was just doing his job, and he is good at it. But Cal Fire 

had the same attitude, and this is troubling to me. 

I like wine and vineyards. Starcross is privileged to have two family vineyards adjoining 

us. There have never been difficulties between us in the 36 years we have been 

neighbors. We know one another's dreams, and we are sensitive to them. They know that 

peace and quiet is essential for our life and our mission. It is impossible to have the same 

relationship with a giant multi-national corporation whose owners reside on estates far 

across the ocean. 

Sonoma County has noise ordinances covering our concerns. We suggested that if 

Artesa/Codorniu would commit to these standards it would satisfy our concerns. There 

was no response. Had the county been overseeing this large conversion project, I believe 

they would have attempted to balance the various public interests, including the concerns 

of adjoining property owners such as ourselves with the profit-making objectives of 

Grupo Codorniu with its lawyers, public relations and other experts. One of those was 

recently on the phone with our Sister Marti screaming, “You have no leverage with Cal 

Fire. You have no leverage with Artesa!” Over and over. He was so loud that others of us 

could hear him. 

What is the leverage that we lack? Presumably he means some special relationship with 

Cal Fire. The concern about a lack of independence in the process has been commented 

on by a number of others. This is not something for our small community to solve, but it 

is certainly something to be examined by appropriate authorities if CalFire is to continue 

to oversee massive conversions of redwood forest to vineyards. 

Recently, when I stepped out of our chapel, the sun had just risen. A piercing cry of a 

mountain lion came out of the redwood trees that may soon be cut down. Probably the 
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lion was only looking for a mate, as his ancestors have been doing for centuries. But as 

our neighbor, a Kashia Pomo spiritual elder, said to me a few weeks back about a similar 

situation, “He is crying over the loss of his home.” 

She could be right. 

Tolbert “Toby” McCarroll, is a brother, and author, at Starcross Monastic Community 

in Annapolis. 

 

 

ATTACHMENT: Excerpt from P. Baye Artesa vineyard conversion DRAFT EIR 

comments to Alan Robertson, CAL FIRE, July 28, 2009, pp. 8-9 

 

Frost protection and water use assumptions. The DEIR underestimates impacts of frost 

protection measures by assuming that none are required for this location (DEIR p. 2-23). 

This is speculation inconsistent with observed practices of the nearest vineyards on slopes 

below Annapolis Road on similar slopes and elevation ranges (Putnam Vineyard): in 

April 2009, Putnam Vineyard ran propane fans during at least four late season April 

frosts from 10 p.m. to 9 a.m., despite cold air drainage to the Wheatfield Fork and 

adjacent tributaries. Late frosts (March-April) after grape bud break have been routine 

occurrences in the last decade in the project vicinity, and frost impacts are apparently 

concentrated on slopes below Annapolis Road (versus above the road). The DEIR 

appears to have failed in diligent assessment of frost protection by investigating practices 

of existing neighboring vineyards at comparable topographic positions and elevation 

ranges, substituting speculation for investigation.   

 

If the project does not propose installation of propane fans (with noise impacts), and is 

faced with frost impacts, it is reasonable to assume irrigation would be used to mitigate 

economically significant frost injury. Thus, the DEIR either underestimates noise impacts 

or water balance and associated hydrologic and aquatic ecological impacts.  
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Project Description 
 

The property is located on a broad ridge crest south of Annapolis in northern Sonoma County.  The 
proposed vineyards are situated on ridge tops and hillside slopes of 0 - 25% on a property that has been 
logged, pastured, and farmed in the past.  The attached figures show the site, access, major water 
courses, and watershed limits as determined by other consultants and are adapted from the USGS 7.5-
minute quadrangle map, Annapolis at 1" = 2000' and 40’ contours.   
 
Vineyard development activities will be completed in a work area limit of approximately 173 acres.  Based 
on the companion vineyard development topography map, about 149 total vineyard acres and 116 acres 
of plantable vineyard are expected. 
 
This report covers the vineyard water budget and the related collection and storage of surface runoff for 
irrigation purposes.  The work was updated April 13, 2012 to account for reduced vineyard acreage, 
modified irrigation assumptions, and addition of frost protection to the water budget. 
 
 
 

Site Hydrology 
 
Estimates of surface runoff flow rates are necessary for vineyard water collection system evaluation. 
Surface runoff resources are substantial at this coastal ridgetop location, with total quantities used for 
design purposes dependent on baseline assumptions and source of data used for evaluation.  The 
Sonoma County Water Agency isohyetal map is based on nearly 100 years of data and indicates an 
average annual rainfall of between 70 and 75 inches in the project area.  Assuming 70” average rainfall 
and a 50% runoff factor results in an average watershed yield of about 2.9 acre feet per acre per anum 
(afa).  If a more conservative 40% value is used, the per-acre yield is about 2.3 afa. 
 
The Federal NOAA data for the same area covers a shorter, more recent time period at a substantially 
lower level of detail and estimates the average annual rainfall at about 58 inches.  If the NOAA value is 
used, the yield is reduced to 2.4 afa at 50% runoff and 1.9 afa at 40% runoff.  Under either assumption, 
100% rainfall capture will occur within the sump and reservoir impoundments. 
 
Figure 1 shows the long-term cumulative precipitation curve expected at Annapolis.  Figure 2 shows the 
probability of annual precipitation.  Both figures are prorated from SCS data at Fort Ross, and adjusted to 
conform with the NOAA average 58” rainfall.  The latter shows cumulative annual probability for a 
particular rainfall total.  Of interest is that a very dry condition with probabilities of 20-30% still result in 
rainfall totals of 40-50” per year. 
 
Actual rainfall on the specific ridge crest in question is a function of, slope, aspect, surrounding 
orographic features, vegetative cover, long-term and perhaps evolutionary regional climate factors, and 
similar factors not accounted for in the generalized regional maps.  Both seasonal and peak runoff will be 
further influenced by soil type, antecedent moisture conditions, ground cover, vegetative cover, drainage 
facilities, erosion control facilities, storm frequency and intensity, and similar factors.  Due to the 
numerous parameters and inherent parameter variability, exact runoff volume and rate values for a 
particular time period cannot be predicted with certainty. 
 

 
Water Development 

 
Conservative drainage design is developed by using the higher Sonoma County Water Agency average 
annual rainfall values as a basis for computation.  Conservative watershed yield assessment is 
developed by using the lower NOAA values for computation.  Drainage design is covered in the 
companion Erosion Control Plan.  This report is focused on watershed yield assessment within the 
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upland vineyard drainage system.  Diffuse sheet flow and swale flow will be intercepted and conveyed by 
pipe to a proposed sump and reservoir system in Block 2.   
 
Vineyard development feasibility is dependent on adequate quality and quantity of water.  Irrigation water 
will be required to establish vines, with possibly a reduced application rate in a premium wine program 
once the vines are well established.  Frost protection irrigation is believed unnecessary at this high 
elevation ridge top location with good air drainage.  However, it was included in the water budget 
evaluation below, to demonstrate that sufficient water is available for this task, if needed at some future 
time.  The discussion that follows evaluates water collection variables at this site.  Based on the 
evaluation, it appears that adequate water supplies can be developed to meet vineyard requirements.   
 
Irrigation Demand:  Annual water demands have been estimated per the table of Figure 3 and graph of 
Figure 4 based on the following assumptions.  For 8’ x 5’ vine spacing, about 1090 vines per acre will be 
planted.  Irrigation at 4.7 gal/vine/week over a 17 week irrigation season extending from June 1 to mid-
October results in a maximum annual demand of about 80 gal/vine and 0.267 acre feet per planted acre 
per year.  The plantable area is about 116 acres, resulting in an annual irrigation water demand of about 
31 acre feet.   
 
Evaporation Demand:  The vineyard reservoir will be subject to seepage and evaporative losses during 
the storage season.  Seepage will be eliminated by use of a lined reservoir.  Evaporative losses were 
estimated as follows: The California Irrigation Management System collects Total Evapotranspiration 
(ETo) data from a standard grass sod lysimeter at a number of stations throughout California in important 
irrigation districts, as an aid in scheduling and management of water resources.  The north Sonoma 
County coastal area is not a major irrigation district, so the closest and most appropriate stations with 
such data are in Petaluma, Santa Rosa, and the Oakland Foothills.  The former two are in warmer interior 
valleys and the latter is subject to marine influence but is farther south and believed warmer than the 
Annapolis site.  Average daily summer maximum temperatures are closely associated with ETo.  They 
are not available for Annapolis, but at Ft. Ross near Annapolis they are about 15°F cooler than Santa 
Rosa per USDA-SCS data attached in Figure 5.  Figure 6 shows the averaged bell curve ETo values for 
the three stations for the 1999-2003 growing seasons, which have average annual totals of 45, 45, and 
40 inches per year.   
 
The Oakland station is believed more representative of the marine influence at Annapolis than the closer 
interior valleys, so the 40” annual demand was used for evaluation.  The lysimeter data adjustment for 
open water is about +10% of demand.  Since Annapolis is not as sheltered and believed cooler than all 
stations, the + open water and - temperature adjustments between sites are reasonably assumed to 
cancel and a 40” annual evaporative demand used for project assessment.    Assuming 40” evaporation 
at the +- 73 ac-ft reservoir mid-pool surface area results in a 12.7 ac-ft or 17% evaporation allowance. 
 
Seepage Demand:   Properly constructed earthen reservoirs in good soil conditions are subject to 
negligible to moderate amounts of seepage loss due to vertical migration of water into the soil profile.  
Seepage is difficult to quantify, as it cannot be measured directly, and is masked by both evaporation and 
other storage drawdown demands.  For this project, the reservoir and sump will be treated with a 
synthetic liner to minimize risk of seepage losses.  No seepage is expected to occur, and this 
consideration may be eliminated from the water budget.   
 
Total Demand:  Based on the comments provided above, the design irrigation demand is about 31 acre 
feet, the evaporation demand about 12.7 acre feet, and the seepage demand negligible.  The capacity 
required to meet annual design needs is therefore about 43.7 acre feet.  The combined reservoir and 
sump have a capacity of about 73 +2 = 75 acre feet, with the annual irrigation and evaporation demand at 
about 58.3% of that total.  
 
Frost Protection Option:  Annual reserve capacity with irrigation and evaporation considered is about 
41.7% of design storage volume.  Utilization of some of this reserve is considered feasible from a frost 
protection standpoint.  Frost protection may be desirable in some years in selected areas at the base of 
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vineyard slopes where adjoining trees reduce effectiveness of natural cold air drainage.  For a 50’ high 
tree canopy on 15% sloped ground, the zone of influence would extend about 80’ into the vineyard.  
Review of the vineyard map indicates a perimeter length of about 5500’ might be considered appropriate 
for such protection.  The perimeter area benefiting from frost protection is therefore on the order of 10 
acres.   
 
Frost protection by irrigation methods can be accomplished using specialized emitters that provide an in-
row spray pattern and that operate at a rate of 20 gpm/acre.  Assuming an 8-hour midnight to 8AM frost 
protection set results in a nightly demand of 9600 gal/ac => 0.029 ac-ft/ac.  Frost protection for 10 acres 
would therefore require about 0.29 ac-ft per night, and an acre foot of storage would provide 3.4 nights of 
coverage.  A frost protection season of 14 days would be considered high, and would consume only 
about 4.1 acre feet of the surplus storage volume. 
 
Water Sources:  Potential water sources to meet viticultural demands include ground water, seasonal 
surface runoff water, and riparian withdrawal from local streams.  Riparian use is not feasible at this site 
due to environmental stewardship considerations.  Groundwater springs may or may not be available for 
development on site, but typically are seasonal in nature and of inadequate total capacity, and have 
therefore been discounted in this evaluation.  Local residents have also expressed concerns relative to 
potential for impairment and/or depletion of ground water resources in the general Annapolis area due to 
incremental residential and agricultural developments over time.  Groundwater sources including springs 
and wells will therefore not be used for vineyard irrigation and frost protection purposes. 
 
System Configuration:  A surface water collection and storage system has been designed for the 
vineyard.  The system collects diffuse upland sheet flow from Units 2 and 6 with a total tributary area of 
about 34 acres. Runoff is delivered to a 2 acre-foot sump pond and pumped to an upland off-channel 73 
acre-foot reservoir for seasonal storage.  The reservoir will be recharged by a combination of captured 
sheet flow and direct precipitation on an annual basis. 
 
Required Tributary Area:  Annual capture of 73 acre feet can be achieved under a variety of rainfall and 
runoff conditions as follows:  The lined reservoir and sump surface areas total 5.6 acres, with 100% 
rainfall capture at any annual rainfall total.  Figure 7 shows required tributary area as a function of 
average rainfall between 35 and 80 inches/year and as a function of surface runoff factor between 30% 
and 60% of total precipitation.  Under average years, about half the NOAA-based average of 58”/year is 
assumed to run off.  The available 33.6-acre tributary area (see Figure 1 of the Erosion Control Plan) line 
is noted on the graph.  The results indicate that for any combination of rainfall and runoff in excess of 47” 
and 35-40% runoff that sufficient water is available under 100% capture conditions to completely 
recharge the reservoir from an empty condition.  A rainfall total of 47” or less has about a 27% chance of 
occurring on an annual basis, and would be considered a very dry year.  Figure 8 shows a similar 
projection for demand-only recharge of 48 acre feet.  As expected, the required rainfall amount for 
recharge of this lesser volume is less, at about 36” per year. 
 
Sump Pump Considerations:  Upland sheet flow from about 33.6 acres is collected via a passive system 
of low slope vee ditches and piped drainages and conveyed via gravity to the 2 acre-foot sump.  The 
sump is equipped with a float-actuated pump system to route the collected water to the off-channel 73 ac-
ft upland storage impoundment.  Runoff flows from individual storms in excess of the pump capacity and 
in excess of the buffering capacity of a part-full sump will therefore be discharged into the natural 
drainage system and will not be diverted to storage.  (The discharge point is at an armored section of 
Class III channel with prominent bedrock outcrops, and has been factored into the project work area limits 
and Ordinary Water limits of a nationwide ACOE permit.)  An assessment of runoff capture efficiency 
based on sump pump sizing is therefore necessary to determine system performance. 
 
Rainfall Frequency and Intensity Estimation:  Rainfall events are not uniform, occurring as light rain over 
an extended time period, and up to intense, short duration events.  To assess sump and pump 
performance, it is necessary to first estimate a frequency of occurrence of storm events, and then 
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estimate the relative contribution of such events to total runoff.  Comparison of pump capacity to the 
spectrum of runoff events then allows estimation of a rainfall capture efficiency.      
 
Rainfall intensity data for Annapolis was not readily available, so an analog was developed for evaluation 
purposes.  The Erickson Ranch in Valley Ford CA is an observer for the Sonoma County Water Agency, 
and has unpublished daily rainfall records starting in 1949, covering a 58-year period.  Valley Ford is 
about 40 miles south of Annapolis and is at lower elevation, but is about the same distance inland and 
exposed to the same broad Pacific-front type storms. The rainfall intensity and duration effects at the two 
locations would therefore be expected to be similar and proportional to the annual average totals.   
 
The annual rainfall total at Annapolis estimated at 58” per NOAA is about 1.66 times that of Valley Ford 
with a measured 34.7” annual average.  About 2030 daily Valley Ford rainfall records from 1950 – 1998 
were evaluated in 2002 as part of this project, and were broken into ¼” increments from 0 – 2” daily 
rainfall, 1” increments from 2” – 4”, and a final category of over 4”.  The distribution was prorated by the 
average annual rainfall multiplier to generate a similar distribution for Annapolis, with the increments 
enlarged by the 1.66 factor to 0.42” increments from 0-3.34”/day.  Figure 9 illustrates the results and 
indicates that for Annapolis 24% of all rainfall events are expected to be less than 0.42”/day, 60% less 
than 1.25”/day, and 90% less than 2.9”/day. The remainder of the distribution would be from very 
infrequent large-scale storms that while dramatic, provide only a small fraction of the total watershed yield 
on a statistical basis.  
 
Capture of Runoff Events and Runoff Volume:  The available rainfall data is based on a 24-hour time 
period, which must be converted back to a rainfall event in order for meaningful evaluation of pump 
performance.  For system evaluation purposes, we have assumed a conservative 6-hour storm event 
within the 24-hour time period in order to convert inches/day data to a storm-based flow rate from a 
particular watershed. The system evaluation also assumes rainfall events in any one year conform to the 
long term distribution of events inherent in the data used for evaluation.  
 
A series of runoff capture efficiency curves is shown for pumps of 1, 2, 4, and 8 cfs capacity as a function 
of storm intensity (inches/hour) in a 34-acre watershed assuming 30% runoff (Figure 10) and 50% runoff 
(Figure 11) for average year conditions.  Assuming the noted 6-hour storm duration allows re-projection 
of pump efficiency relative to daily rainfall rate, necessary for comparison with the rainfall distribution 
frequency data.   
 
Figure 12 demonstrates that a 4 cfs pump can capture 100% of up to 1.25"/day rainfall runoff events, 
about 24+18.3+18.5 = 60.8% of the total.  Rainfall events of 0.8" to 2.9"/day constitute 8.8+9.4+5.1+ 5.3 = 
28.6% of the total event count and are captured at a declining rate of between 100% and 46%.  Events 
under 2.9"/day total 89.3% of all rainfalls with a net capture of 78.9%. The combined rate and capture 
efficiency for more intense storms adds about 3.2% to the total for a +-82% event capture efficiency using 
a 4 cfs pump 
 
Figure 13 demonstrates that a 4 cfs pump can capture 100% of up to1.25"/day rainfall runoff volume, 
about 6.1+9.4+14.2 = 29.8% of the total.  Rainfall events of 1.67" to 2.9"/day constitute 9+12.1+7.8+9.4  = 
68.1% of all volume and are captured at a declining rate of between 100% and 46%.  Events under 
2.9"/day total 68.1% of all volume with a net capture of 53.2%. The combined rate and capture efficiency 
for more intense storms adds about 8.8% to the total for a +-62% total volume capture efficiency using a 
4 cfs pump.   
 
Figure 14 allows comparison of rainfall events by daily totals to cumulative volume associated with such 
events on a percentage basis.  A weighted average was used to assess relative contribution of individual 
rainfall events to total rainfall volume.  For example, the first data point indicates that events less than 0.4” 
comprise about 24% of total events but yield only about 5% of the total volume.  The variance between 
curves demonstrates that the larger, less frequent rainfall events have greater total contribution to total 
volume than do the more numerous smaller rainfall events.  Figure 15 shows the same information in a 
different format showing cumulative volume as a function of daily rainfall totals. 
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Similar projections can be made for other pumping rates.  Capture efficiency declines under wet-winter 
conditions when rainfall events are expected to be larger in magnitude, and improves under the more 
critical dry year conditions when rainfall events tend to be at lower rates, 
 
Minimum Rainfall Requirements for Reservoir Recharge Based on Volume Capture Efficiency:  Prior to 
consideration of sump pump constraints on capture efficiency, it was shown that rainfall and runoff in 
excess of 47” and a 35-40% runoff factor from 33.6 acres would completely recharge the 73 acre-foot 
reservoir from an empty condition.  For the estimated 6-hour rainfall events, average year conditions of 
58” rainfall, and 50% runoff, a 4 cfs sump pump has the capacity to retain about 82% of the variably-sized 
runoff events, amounting to about 62% of the total rainfall volume.     
 
Captured runoff amounts to 33.6 ac x (58/12) ft x .5 runoff x .62 capture = 50 ac-ft.  Reservoir and sump 
capture amounts to 5.6 ac x (58/12) ft x 1.0 runoff x 1.0 capture = 27 ac-ft, for a total yield of 77 ac-ft.  
Complete reservoir recharge from dry conditions is therefore expected to occur under average-year 
rainfall using a 4 cfs pump at the sump.  Complete recharge will also occur under wetter than average 
conditions, even though capture efficiency is reduced. 
 
Reservoir Management:  Figure 16 is output from a spreadsheet model incremented daily over a 365-day 
period, used to verify adequacy of the 73 acre-foot storage capacity relative to irrigation, frost protection, 
and ETo demands.  Modeling necessarily uses assumed inputs that will vary from actual daily system 
performance, but remains valid as a method of evaluating design performance.  Reservoir recharge will 
occur during the winter and spring sheet flow capture season.  Design performance will be achieved 
when winter capture volume matches the combined viticultural season frost protection, irrigation, and 
evaporation volume.   
 
The model parameters used limited collection to the December-April time period, in proportion to 
anticipated rainfall patterns.  Evaporation was estimated using a 40” annual demand per the Oakland ETo 
curve as previously discussed and prorated over the residual reservoir surface area on a monthly basis. 
Irrigation demand was estimated per a normal vegetative growth curve in the June – October period with 
a 116-acre vineyard requiring a total 31 acre-foot volume.  The graph shows that pre-season evaporation 
may reduce storage volume below a brim-full 73 acre-feet at the onset of the irrigation season.  Since the 
evaporative losses are already factored into the design, viticultural demand can be met throughout the 
season under such conditions.   
 
Drought-Conditions Operation:  The system is conservatively sized and will result in prior-year carry over 
under most operating conditions.  Minimum replenishment required for irrigation, evaporation, and 10-ac, 
14-night frost protection is about 48 acre feet, achievable with less than average year rainfall.  Figure 8 
shows that rainfall over 36” per year having over 90% annual probability of occurrence would be expected 
to provide adequate recharge. 
 
Rainfall at less than the break-even performance criteria of 36” with +-30% runoff has an estimated less 
than 10% probability of occurrence, using NOAA data as the 50% probability value.  Should drought 
conditions prevail, there would likely be prior-year carryover that reduces total rainfall required to refill the 
reservoir.  Also, sub-optimal irrigation can be practiced that will still result in healthy vines and good 
productivity.  For example, a minor 10% incremental reduction in the design application rate of 4.7 
gal/vine/week (80 gal/vine/season) will reduce demand by 3.1 acre feet.  During vineyard establishment, 
small vines do not normally require the full design application rate, providing reserve storage capacity 
under such conditions.  Once vines are established, periodic deficit irrigation can be undertaken without 
significant detriment to the vineyard.   
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Summary 
 
The vineyard erosion control and runoff management system located in off-channel upland areas 
provides the dual purpose of upland sheet flow collection for delivery to the off-channel irrigation 
reservoir.  The system has been evaluated for adequacy in collecting and storing irrigation water, 
considering rainfall patterns, dry year conditions, and constraints imposed by the sump and pump 
system.  Conservative design values have been used, providing a safety factor in evaluating system 
performance.  Adequate water supplies are believed available to meet viticultural demands under the 
constraining normal to dry year conditions and under operating constraints imposed by use of a sump 
and pump collect runoff. 
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Artesa Vineyard, Annapolis CA
Average Annual Cumulative Precipitation

Prorated from Fort Ross Data
USDA-SCS Soil Survey, 1972

Using 58" per NOAA as Average
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Artesa Vineyard, Annapolis CA
Probability of Annual Precipitation

Ref: USDA-SCS Soil Survey, Table 13
Prorated from Fort Ross Data

Using 58" per NOAA as Average
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Irrigation and Frost Protection Storage Requirements
Erickson Engineering Inc, Valley Ford CA 94972-0446

Figure 3
Artesa Fairfax Vineyard File: 20413 fairfax/fairfax
35147 Annapolis Road Time: 02:12 PM
Annapolis CA 95412 Date: 13-Apr-12

Updated: 13-Apr-12

Irrigation Data: Required Flow:
Vineyard area: 116.0 acres 4.65 gal/vine 80

Block Area: 10.0 acres/block 1089 gph/ac gal/vine/yr
Rows: 8.00 ft wide 18.2 gpm/ac
Vines: 5.00 ft apart 5065 gal/ac/set

Vines/ac: 1089.0 vines 50651 gal/block/set
Drip gph/vine: 1.00 gal/hr/vine 17.2 sets/season
Irrigation set: 4.65 hours 871200 gal/block/season

Irrig frequency: 7.0 days between sets 11.6 blocks
Irrig season: 17.2 weeks 10105920 Total gal/season

Seep/Evap loss: 17.5 percent of stored 31.0 Acre Feet/season
43.7 Req'd Season Storage 0.267 acre-feet/acre/year

Irrigation Output
5.0 days/cycle (week) (change daily data in chart table)

2.32 blocks/day/cycle 182 gpm/block
117510.7 gal/day discharge 421 gpm, simultaneous blocks

0.36 ac-ft/day discharge 10.8 hours irrigation, sequential
Spring/Well Recharge:

Rate: 0.00 gal/min 0.00 ac-ft/day
Period: 24.0 hr/day 0.00 ac-ft/irrig period

Volume: 0 gal/day 0.00 ac-ft/mo

Frost Protection Data Required Flow:
Area: 10 acres 200.00 gpm

Sprinkler rate: 20 gal/min/ac 0.45 cfs
Set time: 8 hours 9600 gal/ac/night

Nights Required: 14 nights 96000 gal/night
1089 vines/ac 0.29 ac-ft/night

Spring/Well Recharge: Required Storage Volume:
Rate: 0.00 gal/min 0.03 ac-ft  Per acre per night

Period: 24 hr/day 0.29 ac-ft  Total per night
Volume: 0 gal/day 4.12 ac-ft  Season frost vol requir

0.00 ac-ft/day 0.00 ac-ft recharge reduction
0.00 ac-ft/frost period 4.12 ac-ft  Req'd min useable stor
0.00 ac-ft/mo
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Artesa Fairfax Vineyard: 116 Acres @ 1089 vines/ac.
73 AF reservoir without recharge

4.7 g/vine/wk; 80 g/vine/yr; 0.27 afa; 17 weeks
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USDA SCS Sonoma County Soil Survey
Table 11 (Portion) Average Max Temperature

Santa Rosa and Fort Ross
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California Irrigation Management Information System
Average Monthly ETo by Station

1999-2003
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Artesa Fairfax Reservoir Tributary Areas 
Yielding 73 Acre Feet to Storage

5.5 Acres Reservoir & Sump Direct Catchment
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Artesa Fairfax Reservoir Tributary Areas 
Yielding Annual Demand of 48 Acre Feet to Storage

5.5 Acres Reservoir & Sump Direct Catchment
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Estimated Distribution of Daily Precip (inches/day) 
Artesa Fairfax Vineyard, Annapolis CA
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Prorated from 2030 data 
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1, 2, 4, 8 CFS Sump Pump Capture Efficiencies
36 Acre Total Watershed, 30% Runoff
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1, 2, 4, 8 CFS Sump Pump Capture Efficiencies
36 Acre Total Watershed, 50% Runoff
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1, 2, 4, 8 CFS Sump Pump Rainfall Rate Capture Efficiencies
36 Acre Total Watershed, 50% Runoff
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This graph demonstrates a 4 cfs pump can capture 100% of up to 
1.2"/day rainfall runoff events, about 24+18.3+18.5 = 60.8% of the 
total.  Rainfall events of 0.8" to 2.9"/day constitute 8.8+9.4+5.1+ 5.3 = 
28.6% of the total and are captured at a declining rate of between 
100% and 46%.  Events under 2.9"/day total 89.3% of all rainfalls with 
a net capture of 78.9%. The combined rate and capture efficiency for 
more intense storms adds about 3.2% to the total for a +-82% event 
capture efficiency using a 4 cfs pump.  Similar projections can be 
made for other pumping rates.  Capture efficiency declines under wet-
winter conditions when rainfall events are expected to be larger in 
magnitude and improves under the more critical dry year conditions 
when rainfall events tend to be at lower rates, 

Figure 12



1, 2, 4, 8 CFS Sump Pump Rainfall Volume Capture Efficiencies
36 Acre Total Watershed, 50% Runoff
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This graph demonstrates a 4 cfs pump can capture 100% of up 
to1.25"/day rainfall runoff, about 6.1+9.4+14.2 = 29.8% of total 
volume.  Rainfall events of 1.67" to 2.9"/day constitute 
9+12.1+7.8+9.4  = 68.1% of all volume and are captured at a 
declining rate of between 100% and 46%.  Events under 2.9"/day total
68.1% of all volume with a net capture of 53.2%. The combined rate 
and capture efficiency for more intense storms adds about 8.8% to 
the total for a +-62% total capture efficiency using a 4 cfs pump.  
Similar projections can be made for other pumping rates.  Capture 
efficiency declines under wet-winter conditions when rainfall events 
are expected to be larger in magnitude and improves under the more 
critical dry year conditions when rainfall events tend to be at lower
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Artesa Fairfax Vineyard, Annapolis CA
Cumulative Rainfall Events Versus Cumulative Runoff Volume
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Annapolis Rainfall
Daily Total Amounts versus Annual Volume
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Artesa Fairfax Vineyard Irrigation Water Storage Balance
73 af storage, 48 af total demand

Rainfall => 48" and 40" evaporation
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LETTERS

Old-growth forests as global carbon sinks
Sebastiaan Luyssaert1,2, E. -Detlef Schulze3, Annett Börner3, Alexander Knohl4, Dominik Hessenmöller3,
Beverly E. Law2, Philippe Ciais5 & John Grace6

Old-growth forests remove carbon dioxide from the atmosphere1,2

at rates that vary with climate and nitrogen deposition3. The seques-
tered carbon dioxide is stored in live woody tissues and slowly
decomposing organic matter in litter and soil4. Old-growth forests
therefore serve as a global carbon dioxide sink, but they are not
protected by international treaties, because it is generally thought
that ageing forests cease to accumulate carbon5,6. Here we report a
search of literature and databases for forest carbon-flux estimates.
We find that in forests between 15 and 800 years of age, net ecosys-
tem productivity (the net carbon balance of the forest including
soils) is usually positive. Our results demonstrate that old-growth
forests can continue to accumulate carbon, contrary to the long-
standing view that they are carbon neutral. Over 30 per cent of the
global forest area is unmanaged primary forest, and this area con-
tains the remaining old-growth forests7. Half of the primary forests
(6 3 108 hectares) are located in the boreal and temperate regions of
the Northern Hemisphere. On the basis of our analysis, these forests
alone sequester about 1.3 6 0.5 gigatonnes of carbon per year. Thus,
our findings suggest that 15 per cent of the global forest area, which
is currently not considered when offsetting increasing atmospheric
carbon dioxide concentrations, provides at least 10 per cent of the
global net ecosystem productivity8. Old-growth forests accumulate
carbon for centuries and contain large quantities of it. We expect,
however, that much of this carbon, even soil carbon9, will move back
to the atmosphere if these forests are disturbed.

We conducted a literature search to test the hypothesis that old-
growth forests continue to accumulate atmospheric carbon dioxide
(CO2). Site-level estimates of the annual sums of carbon-cycle com-
ponents were compiled, including those of biometry-based net prim-
ary production (NPP), eddy-covariance or biometry-based net
ecosystem production (NEP) and chamber-based heterotrophic res-
piration. The data set was completed with site information related to
stand characteristics, standing biomass and stand age. Data were com-
piled from 519 plot studies that reported one or more components of
the carbon cycle. The studies involved boreal (,30%) and temperate
(,70%) forests and represented the full range of conditions of such
forests, excluding those subjected to experimental treatments such as
fertilization and irrigation (Supplementary Information, section 1.1).
Tropical forests were excluded from the analysis because only 12 sites
were found for which NEP and age estimates are available.

The NEP is the net carbon balance of the forest as a whole, and is
the difference between CO2 uptake by assimilation and losses
through plant and soil respiration. On the basis of our global data
set we find that in forests between 15 and 800 years old, the NEP is
usually positive; that is, the forests are CO2 sinks (Fig. 1a). The
maximum probabilities of finding a single forest to be a source of
carbon at 60, 180 and 300 years of age are 0.20, 0.25 and 0.35,
respectively. However, the probability of finding an ensemble of
ten old-growth forests that are carbon neutral is negligible

(Supplementary Fig. 1). In the small number of case studies on the
effect of age on the carbon balance of forests, several have demon-
strated some age-related decline in NEP but very few have shown old
forests to be sources1,2,10–13. Our NEP estimates suggest that forests
200 years old and above sequester on average 2.4 6 0.8 tC ha21 yr21

(tC, tonnes of carbon; Fig. 1a). In our model (Supplementary
Information, section 1.3), we find that old-growth forests accumulate
0.4 6 0.1 tC ha21 yr21 in their stem biomass and 0.7 6

0.2 tC ha21 yr21 in coarse woody debris, which implies that about
1.3 6 0.8 tC ha21 yr21 of the sequestered carbon is contained in roots
and soil organic matter.

The commonly accepted and long-standing view that old-growth
forests are carbon neutral (that is, that photosynthesis is balanced by
respiration) was advanced in ref. 6 and was originally based on ten
years’ worth of data from a single site5. It is supported by the observed
decline of stand-level NPP with age in plantations14,15, but is not
apparent in some ecoregions16. Yet a decline in NPP is commonly
assumed in ecosystem models (Supplementary Information, section
1.4). Moreover, it has led to the view that old-growth forests are
redundant in the global carbon cycle.

If, however, the hypothesis of carbon neutrality6 were correct, the
expected probabilities of observing a sink or source would be equal
and around one-half, the average sink strength for a random
ensemble of forests 200 years old and above would be zero and the
mean CO2 release from heterotrophic respiration would equal the
mean CO2 sequestration through NPP (thus, the ratio of hetero-
trophic respiration to NPP would be approximately one).
However, we observe this ratio to be well below one on average
(Fig. 1b) and not to increase with age. Hence, all three quantitative
tests fail to support the hypothesis of carbon neutrality. The currently
available data consistently indicate that carbon accumulation con-
tinues in forests that are centuries old.

In fact, young forests rather than old-growth forests are very often
conspicuous sources of CO2 (Fig. 1a) because the creation of new
forests (whether naturally or by humans) frequently follows disturb-
ance to soil and the previous vegetation, resulting in a decomposition
rate of coarse woody debris, litter and soil organic matter (measured
as heterotrophic respiration) that exceeds the NPP of the
regrowth2,17–22 (Fig. 1b).

The scatter in the relationship between NPP and age is consid-
erable, but given the climatic, edaphic and biological diversity of the
observations in combination with differences in disturbance histor-
ies, this is to be expected. There is some degree of age-related decline
in NPP beyond 80 years of age (Fig. 1c), and temperate and boreal
forests both show a consistent pattern of declining NPP beyond an
early maximum (Supplementary Fig. 2a) when analysed separately.
The decline in NPP could be partly attributed to the presence or
absence of management (Supplementary Fig. 2b). However, we
expect that this decline is not strictly a management effect, but a

1Department of Biology, University of Antwerp, 2610 Wilrijk, Belgium. 2College of Forestry, Oregon State University, Corvallis, Oregon 97331-5752, USA. 3Max-Planck Institute for
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reflection of differences in disturbance history between managed and
unmanaged forests.

Consistent with earlier studies2, biomass continues to increase for
centuries irrespective of whether forests are boreal or temperate
(Supplementary Fig. 3). In the course of succession, plants compete
for resources and self-thinning23 (or thinning by humans in the case
of managed forests) occurs (Fig. 2), so the older stands contain a
relatively small number of individuals, although of course these trees
tend to be large. Obviously biomass cannot accumulate forever. Our
data (Supplementary Fig. 3) suggest a possible upper limit some-
where between 500 and 700 tC ha21 (equivalent to 1,400 to 1,800

cubic metres of wood per hectare); these high-biomass forests were
located in the Pacific Northwest USA16.

We speculate that when high above-ground biomass is reached,
individual trees are lost because of lightning, insects, fungal attacks of
the heartwood by wood-decomposers, or trees becoming unstable in
strong wind because the roots can no longer anchor them. If old-
growth forests reach high above-ground biomass and lose individuals
owing to competition or small-scale disturbances, there is generally
new recruitment or an abundant second canopy layer waiting in the
shade of the upper canopy to take over and maintain productivity.

Although tree mortality is a relatively rapid event (instantaneous
to several years long), decomposition of tree stems can take decades.
Therefore, the CO2 release from the decomposition of dead wood
adds to the atmospheric carbon pool over decades, whereas natural
regeneration or in-growth occurs on a much shorter timescale. Thus,
old-growth forest stands with tree losses do not necessarily become
carbon sources, as has been observed in even-aged plantations (that
is, where trees are all of the same age). We recognize that self-thinning
theory was originally developed and validated for even-aged single-
species stands; however, it has been shown to hold for uneven-aged
multi-species plant communities (Supplementary Information, sec-
tion 1.3). In reasonable agreement with our observations (Fig. 1b),
self-thinning theory predicts that the ratio between heterotrophic
respiration and NPP is constant and around 0.65 6 0.02 (indicating
a carbon sink; Supplementary Fig. 4), as long as stand density is
driven by small-scale, rather than stand-replacing, disturbances.
Old stands, with sufficiently high densities (that is, through develop-
ment of a multilayer canopy structure) are thus expected to maintain
biomass accumulation for centuries. Hence, we postulate that bio-
mass accumulation and decline are largely driven by stand structure.

A stand must be spared for centuries from stand-replacing distur-
bances (such as fires, insect outbreaks, wind-throw and avalanches)
in order to accumulate sufficient aboveground biomass to become
old growth. Because the cumulative probability of disturbances is
higher in stands with high above-ground biomass, old stands are
rarer than young stands, even in unmanaged landscapes. At the land-
scape level, we expect a mosaic of forests characterized by different
times since the last stand-replacing disturbance24. Despite differences
in age and density, these forests are, however, expected to follow the
same relationship between biomass and density (Fig. 2).
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Figure 1 | Changes in carbon fluxes as a function of age. a, Observed NEP
versus age; positive values indicate carbon sinks and negative values indicate
carbon sources. b, Observed ratio of heterotrophic respiration (Rh) to NPP
versus age; Rh:NPP , 1 indicates a carbon sink. c, Observed NPP versus age.
It appears that temperate and boreal forests both show a pattern of declining
NPP. Most probably, the late-successional increase in NPP is caused by the
combination of data from different climate regions or the combination of
disturbance regimes (Supplementary Fig. 2a, b). In each panel, the green
dots show observations of temperate forests, the orange dots show
observations of boreal forests, the thick black line shows the weighted mean
within a moving window of 15 observations, the grey area around this line
shows the 95% confidence interval of the weighted mean and the thin black
lines delineate the 95% confidence interval (where visible) of the individual
flux observations.
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Figure 2 | Biomass accumulation as a function of stand density. Each data
point represents a different forest, many of which have different growing
conditions and tree species. Not all growing conditions and species
compositions allow for the accumulation of the global maximum observed
biomass. Self-thinning, the process of density-dependent mortality, is shown
(solid line, of slope c) as the relationship between the logarithm of above-
ground biomass and the logarithm of stand density according to ref. 23
(c 5 20.51 6 0.08, r2 5 0.25, P , 0.01). The green dots show observations of
temperate forests, the orange dots show observations of boreal forests and
the grey area (which is barely wider than the solid line) shows the 95%
confidence interval of the median.
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Under the Kyoto Protocol (http://unfccc.int/resource/docs/
convkp/kpeng.pdf) only anthropogenic effects on ecosystems are con-
sidered (Article 2 of the Framework Convention on Climate Change
(http://unfccc.int/resource/docs/convkp/conveng.pdf); Supplementary
Fig. 5) and the accounting for changes in carbon stock by afforestation,
reforestation and deforestations is mandatory (Article 3.3), operating
from a base line of 1990. Leaving forests intact was not perceived as an
anthropogenic activity. In addition, the potential consequences of
excluding old-growth forests from national carbon budgets and from
the Kyoto Protocol were downplayed in the carbon-neutrality hypo-
thesis6. However, over 30% (1.3 3 109 ha) of the global forest area is
classified7 by the Food and Agriculture Organization of the United
Nations as primary forest, and this area contains the world’s remaining
old-growth forests. Half (0.6 3 109 ha) of the primary forests are located
in the boreal and temperate regions of the Northern Hemisphere. On the
basis of our analysis, we expect that these forests alone sequester at least
1.3 6 0.5 GtC yr21. Hence, 15% of the global forest surface, which is
currently not being considered for offsetting increasing atmospheric
CO2 concentrations, is responsible for at least 10% of the global NEP8.
Sporadic disturbances will interrupt carbon accumulation, implying
that net biome productivity25 will be lower, but it will remain positive
as demonstrated by the accumulation of carbon in soils4,26, coarse woody
debris and charcoal27,28.

The present paper shows that old-growth forests are usually carbon
sinks. Because old-growth forests steadily accumulate carbon for cen-
turies, they contain vast quantities of it. They will lose much of this
carbon to the atmosphere if they are disturbed, so carbon-accounting
rules for forests should give credit for leaving old-growth forest intact.

METHODS SUMMARY
We conducted a literature and database search to determine the fate of the carbon

sequestered in forests. Observation-based estimates were compiled for carbon-cycle

components, including biometry-based NPP, eddy-covariance or biometry-based

NEP and chamber-based heterotrophic respiration29. The data set was extended

with site information related to stand characteristics, standing biomass and stand
age. In general, uncertainties in flux estimates were not reported in the literature.

Therefore, we estimated the total uncertainty for every component flux contained in

the data set using a consistent framework based on expert judgment

(Supplementary Information, section 1.2). The uncertainty framework in our data-

base was designed to account for differences in data quality between sites due to

length of time series, methodology and conceptual difficulties (that is, gap filling

and dark respiration). Also, an uncertainty of 20% was assigned to the biomass, age

and density estimates. These uncertainties were propagated through the statistical

analyses by means of random realizations based on Monte Carlo principles. Within

each of the 1,000 random realizations, normally distributed random errors, based

on the uncertainty framework of our database, were added to the observed fluxes.

Therefore, all results that are based on flux data are reported as the weighted mean

and the 95% confidence interval of the probability distribution.

Despite the climatic, edaphic and biological diversity of our observations,

above-ground biomass was observed to be related to stand density in the way

described by self-thinning theory23. Although, this theory was initially developed

for even-aged single-species plant communities, we applied it to our data

(Supplementary Information, section 1.3) to determine the components of the
flux-computed NEP, specifically the above-ground biomass, woody debris and

soil sequestration. Furthermore, self-thinning theory was used to calculate the

theoretical ratio of heterotrophic respiration to NPP and compare it with the

observed ratio in support of the hypothesis that biomass accumulation and

decline are largely driven by stand structure.
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ABSTRACT

The objective of this study was to characterize the

effects of soil burn severity and initial tree com-

position on long-term forest floor dynamics and

ecosystem biomass partitioning within the Picea

mariana [Mill.] BSP-feathermoss bioclimatic do-

main of northwestern Quebec. Changes in forest

floor organic matter and ecosystem biomass par-

titioning were evaluated along a 2,355-year

chronosequence of extant stands. Dendroecologi-

cal and paleoecological methods were used to

determine the time since the last fire, the soil burn

severity of the last fire (high vs. low severity), and

the post-fire tree composition of each stand (P.

mariana vs. Pinus banksiana Lamb). In this paper,

soil burn severity refers to the thickness of the

organic matter layer accumulated above the min-

eral soil that was not burned by the last fire. In

stands originating from high severity fires, the

post-fire dominance by Pinus banksiana or P. ma-

riana had little effect on the change in forest floor

thickness and tree biomass. In contrast, stands

established after low severity fires accumulated

during the first century after fire 73% thicker

forest floors and produced 50% less tree biomass

than stands established after high severity fires.

Standing tree biomass increased until approxi-

mately 100 years after high severity fires, and

then decreased at a logarithmic rate in the mil-

lennial absence of fire. Forest floor thickness also

showed a rapid initial accumulation rate, and

continued to increase in the millennial absence of

fire at a much slower rate. However, because

forest floor density increased through time, the

overall rate of increase in forest floor biomass (58

g m)2 y)1) remained constant for numerous cen-

turies after fire (700 years). Although young

stands (< 200 years) have more than 60% of

ecosystem biomass locked-up in living biomass,

older stands (> 200 years) sequester the majority

(> 80%) of it in their forest floor. The results from

this study illustrate that, under similar edaphic

conditions, a single gradient related to time since

disturbance is insufficient to account for the full

spectrum of ecosystem biomass dynamics occur-

ring in eastern boreal forests and highlights the

importance of considering soil burn severity. Al-

though fire severity induces diverging ecosystem

biomass dynamics in the short term, the extended

absence of fire brings about a convergence in

terms of ecosystem biomass accumulation and

partitioning.

Key words: fire disturbance; forest succession;

soil burn severity; forest floor organic matter; bio-

mass partitioning; biomass accumulation; ecologi-

cal convergence; chronosequence; black spruce

(Picea mariana); jack pine (Pinus banksiana).
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INTRODUCTION

Boreal forests play an important role in the global

carbon cycle therefore many studies have tried to

understand how global climate change may affect

boreal forest dynamics (for example, Kasischke and

others 1995; Kurz and Apps 1999). In boreal forest

ecosystems, carbon is stored in two main pools:

living tree biomass and the forest floor organic

matter accumulated above the mineral soil (Gower

and others 1997; O’Connell and others 2003; Wang

and others 2003). The accumulation of organic

carbon and the distribution of this carbon among

these pools is however not homogeneous among

and within boreal landscapes (Gower and others

1997, 2001; Yu and others 2002; Bhatti and others

2002; Swanson and others 2000). Understanding

the factors responsible for this variability is of crit-

ical importance if we are to properly estimate the

role of boreal forests in current and future global

carbon cycling.

In the boreal forest, fire is the main disturbance

that terminates/initiates secondary succession and

redistributes biomass between the forest floor and

living trees (O’Neill and others 2002, Wardle

and others 1997, 2003). Relatively short fire cycles

(< 100 years) predominate in the western and

central portions of the North-American boreal

biome (Johnson 1992). However, studies in the

eastern portion of this biome, which is under the

influence of a humid maritime climate, have doc-

umented much longer current fire cycles (> 300

years; Foster 1983; Bergeron and others 2004a; Cyr

and others 2005). Longer fire cycles may increase

the prevalence of low severity fires that do not fully

consume the thick and dense forest floor organic

matter that accumulates during long fire-free

periods (Foster 1985; Simon and Schwab 2005). To

date, most biomass accumulation studies have been

undertaken in the western and central portions of

the boreal forest and as a result researchers have

concentrated their efforts on the effects of high

severity fires at relatively short time scales (0–150

years) (for example, Kurtz and Apps 1999; Wang

and others 2003; Gower and others 1997). Because

old stands (> 150 years) and low severity fires can

predominate in some eastern boreal landscapes

(Foster 1985; Simon and Schwab 2005; Bergeron

and others 2004b), to properly estimate the role of

these forests in the global carbon cycle, we need

to understand how fire severity influences bio-

mass sequestration as succession proceeds in the

extended absence of fire (> 150 years).

Fire cycles vary spatially (for example, Amiro and

others 2001) and temporally (Bergeron and others

2001) across the boreal zone and changes in fire

frequency may result in changes in the frequency

of successional pathways co-occurring under simi-

lar edaphic conditions (Johnstone and Chapin

2005; LeGoff and Sirois 2004; Parisien and Sirois

2003; Larocque and others 2000). Within eastern

boreal landscapes, short fire intervals favor species

that reach sexual maturity quickly such as Pinus

banksiana Lamb. to the detriment of slower-

maturing species such as P. mariana [Mill.] BSP

(Lecomte and Bergeron 2005; Harper and others

2002). On the other hand, long fire intervals will

tend to favor longer-lived species or species that are

able to regenerate in the absence of fire such as

P. mariana and unlike Pinus banksiana (Lecomte and

Bergeron 2005; Harper and others 2002). Given

that Pinus banksiana is a fast-growing early succes-

sional species and that it produces a higher quality

litter (lower C:N ratio) than P. mariana (Preston and

others 2002), initial tree composition may influ-

ence ecosystem biomass accumulation and parti-

tioning. As global climate change will certainly

influence fire frequency (Kasischke and others

2001; Flannigan and others 2001), understanding

how global climate change may influence biomass

sequestration in the eastern boreal necessitates

an understanding on how biomass sequestra-

tion differs along multiple successional pathways

co-occurring under similar edaphic conditions.

In this paper, we report on the effects of the

initial tree composition and fire severity on long-

term forest floor dynamics and ecosystem biomass

partitioning in coniferous stands on fine-textured

deposits. We refer to fire severity exclusively as the

effects of fire on the organic matter accumulated

above the mineral soil (quantity of duff burned/

unburned sensu Miyanishi and Johnson 2002) as

opposed to the effects of fire on the canopy (% trees

killed; sensu Greene and others 2004). We

hypothesized that among-stand diversity in forest

floor thickness and biomass partitioning can be

explained by the initial post-fire stand conditions

and by processes operating in the absence of fire at

the stand scale. Given that short-term studies

indicate that fire severity affects seed germination

(Chrosciewicz 1974, 1976; Zasada and others

1983), subsequent tree growth (Zasada and others

1987) and soil temperature and nutrient availabil-

ity (Van Cleve and Viereck 1981; Van Cleve and

Dyrness 1983), we hypothesize that low severity

fires will depress tree biomass production and result

in altered biomass partitioning as compared to high

severity fires. Due to the higher quality litter and

faster growth of Pinus banksiana as compared to

Pinus mariana, we hypothesize that the post-fire
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stand dominance by P. banksiana may increase

decomposition rates and consequently reduce for-

est floor thickness and increase the amount of

biomass accumulated in living trees.

METHODS

Study Area

The study area is part of the LakeMatagami Lowland

ecological region, within the P. mariana—feather-

moss bioclimatic domain (Robitaille and Saucier

1998). This area is located within the Clay Belt of

northeastern Ontario and northwestern Quebec, a

physiographic unit composed primarily of clay

deposits left by pro-glacial Lake Ojibway (Veillette

1994). Although a few rocky outcrops are scattered

across the landscape, the topography is generally

flat. Average annual temperature (1971–2000) re-

corded at the closest weather station to the North

(Matagami, 49� 46¢N, 77� 49¢W) and to the south (La

Sarre, 48� 46¢N, 79� 13¢W) are respectively )0.7�C
and 0.7�C with an average of 906 and 890 mm

of precipitation annually (Environment Canada

2005). Although agricultural settlement south of the

study area began in the middle of the 1930s, inten-

sive logging of this area only began in the late 1970s.

Most of the region is covered by structurally diverse

coniferous forests dominated either by P. mariana or

Pinus banksiana (Harper and others 2002) with a

forest floor dominated either by Sphagnum spp. or

Pleurozium schreberi (Boudreault and others 2002).

Occasional deciduous stands (Populus tremuloides

Michx. and Betula papyrifera Marsh.) are dispersed

across the landscape. Fire is the main disturbance

that terminates and initiates secondary successions.

Fire cycle length has increased from101 years before

1850, to 135 years between 1850 and 1920, to 398

years since 1920; mean stand age is 148 years

(Bergeron and others 2004b). Compared to regions

further east and south, the spruce budworm, Chori-

stoneura fumiferana (Clem.), has a markedly reduced

impact in this area. Both historical patterns of bud-

worm defoliation (Boulet and others 1996; Gray

and others 2000) and tree-ring reconstructions

(M. Simard and others unpublished data) show that

spruce budworm has a negligible impact in these

black spruce-dominated forests.

Data Sets

To investigate the role of fire severity and initial

composition on forest floor organic matter accu-

mulation and ecosystem biomass partitioning,

three data sets were used. The first data set (214

stands) is a compilation of forest inventory plots

measured by the Quebec Ministry of Natural Re-

sources (QMNR) in 1996. The second data set (48

stands) represents a chronosequence survey that

was undertaken between 2000 and 2003, and is

representative of stands from the landscape survey

with a bias towards coniferous stands on fine-tex-

tured deposits. The final data set (eight stands) is a

survey of forest floor organic matter that was

undertaken in 2003 among a representative subset

of P. mariana stands from the chronosequence

survey.

QMNR Landscape Survey

Because the QMNR inventories the forest for for-

estry purposes, forest stands on slopes greater than

40% and with a canopy shorter than 7 m were not

sampled. In the study area, 214 circular plots of 400

m2 were sampled. In each plot, every tree with a

diameter at breast height (dbh) larger than 10 cm

was identified to species and tabulated in 2-cm

diameter classes, whereas trees with dbh less than

10 cm were sampled in a concentric subplot of 40

m2. In each plot, the age at breast height of three

dominant stems was determined from increment

cores. Slope quantification, mineral soil classifica-

tion and the measurement of the thickness of the

forest floor (L, F and H horizons) were done on site

(Saucier 1994). By overlaying fire reconstruction

maps (Bergeron and others 2004a) onto the forest

inventory, a date since last fire was assigned to

every forest stand, and was further validated using

the oldest age determined for the three dominant

trees per stand. The fire reconstruction maps were

developed by dating fire scars and post-fire tree

cohorts, and by using archives and aerial photo-

graphs for recent fires (see Bergeron and others

2004a for further details).

Chronosequence Survey

Site Selection and Tree Sampling. Within the area

covered by the QMNR survey, we visited all the

burned areas that were located less than 2 km from

a road. In all, 43 distinct fires of different ages were

sampled. In each fire, the density and composition

(P. mariana vs. Pinus banksiana) of the post-fire tree

cohort was estimated based on current and/or

deadwood tree composition. When different post-

fire densities and compositions were observed

within the same fire, several stands were sampled.

Each stand had to be on fine-textured mineral

deposits, on a slight incline and free of any sign

of anthropogenic disturbance. In a representative

10 m · 10 m quadrat, the height and dbh of all live

and dead stems larger than 2 m in height were

Fire Severity Effects on Ecosystem Biomass Dynamics 1217



measured for each tree species. Dead trees buried

under the organic matter were exhumed, measured

and identified to species based on bark, branching

and wood morphology. Origin of dead stems (pre-

or post-fire) was assessed with the presence/ab-

sence of charcoal.

Soil Analyses and Topography. To insure that all

sites were comparable with respect to soil texture,

two mineral soil samples were taken at the center

of each quadrat: one at the surface and another at a

depth of 1 m. The samples were air dried and

analyzed for texture (Bouyoucos hydrometer

method; McKeague 1976), and then the results

from the two horizons were averaged to obtain the

percentage of sand, silt and clay of the mineral soil

per site.

As in general the Clay Belt’s topography may be

considered flat, slight variations in topography,

which can be masked by peat accumulation, may

determine the moisture regime of stands. A the-

odolite was therefore used to characterize the

topography of the mineral soil surrounding each

stand by noting the relative heights of points

positioned every 10 m along four 50 m transects

each starting at the center of the quadrat and

passing through one of the four corners. For each

transect, we calculated the slope of the mineral soil.

Transects with slopes that were not significant (P >

0.05) were given a value of 0. If the slopes of

transects going in opposite directions were of

opposite signs or if one or both of the slopes was

null, we calculated the slope of the two transects

combined (that is, one transect of 100 m). If the

slopes were of the same sign, we summed these

slopes to obtain a negative slope value (depression)

and positive value (mound or incline) for the 100

m transect. The slope index used in this study is the

mean of the slopes of the two 100 m transects.

Stand Age Determination. Stand age (fire year)

for the youngest stands (< 100 years old) was

determined from a stand initiation map (Bergeron

and others 2004a) and was validated by counting

rings from cross-sections taken at the base of

dominant trees. In older stands, stand age was ob-

tained by carefully dating cross-sections taken at

the base of live and dead dominant trees. Cross-

sections were finely sanded and crossdated using a

frost-ring chronology under a dissecting micro-

scope at 40· magnification. Crossdating was veri-

fied using the program COFECHA (Holmes 1983).

In stands where the oldest tree was more than 200

years of age, and where no fire scars or pioneer

species (Pinus banksiana) were found, samples of

carbonized plant remains from the uppermost

charcoal layer of the forest floor were sent to Iso-

Trace Laboratories (Toronto, Canada) for AMS

(Accelerator Mass Spectrometry) radiocarbon dat-

ing. The radiocarbon years were calibrated in cal-

endar years using INTCAL98 (Stuiver and others

1998) (see http://www.springerlink.com Appendix

A). Radiocarbon datings from a parallel study (Cyr

and others 2005) undertaken in two of the oldest

stands (> 250 years) are also shown (http://

www.springerlink.com Appendix A). In this study

however the authors dated the organic matter lo-

cated just above the uppermost charcoal layer

within the forest floor profile. This may account for

the younger dates this study obtained as compared

to our radiocarbon dates from carbonized material.

Nonetheless, as the radiocarbon dates of humus

predate the age of the oldest tree present, we used

the dates obtained from carbonized plant remains.

Fire Severity. At each stand, the severity of the

last fire was qualified based on the average thick-

ness of duff that was not consumed by the last fire,

that is, the residual organic matter (ROM). Ideally

soil burn severity is quantified as the amount of

organic matter consumed (sensu Miyanishi and

Johnson 2002). Nonetheless, as it is impossible to

know how much organic matter was present in the

pre-fire stand, we have chosen to qualify fire

severity as the amount of organic matter not con-

sumed by the fire (for example, Nguyen-Xuan and

others 2000). The thickness of the ROM was mea-

sured with two methods: by meticulous laboratory

analysis of a few forest floor profiles per site, and by

careful in situ observations of charcoal layers

within numerous pits and trenches dug into the

forest floor. At each site, between two and four,

10 cm · 10 cm monoliths of the organic layer were

cut down to the mineral soil with a Wardenaar

sampler. The monoliths were frozen and then sliced

into 1 cm sections. Subsamples of 50 cm3 were

defloculated in a 2% NaOH solution for 24 h at

60�C before a gentle manual water spray was used

to sieve the samples through a 2 mm mesh. Sam-

ples were then bleached in a 10–20% HCl solution

and observed microscopically at 40· magnification.

Individual plant remains were identified by type

(cone scales, leaf fragments, seeds, and so on) and

to species, genus or family depending on extent of

decomposition. The relative abundance of each

plant remain type was then quantified (0–12.5%,

12.5–25%, 25–50%, 50–75%, 75–100%). Charcoal

fragments were extracted, dried and then weighed.

The mineral soil/organic matter interface of each

monolith was established where the mineral soil

represented less than 25% of the particles retained

in the 2 mm mesh. The thickness of the residual

organic matter was calculated as the number of
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1 cm layers above the mineral soil but under the

last layer deposited to contain more than 0.001 g of

charcoal.

In the younger black spruce sites (< 200 years),

2.25 m trenches were dug about 20 cm into the

mineral soil. At every 15 cm along the trench, the

depth of the uppermost charcoal layer and of

the mineral soil were noted, so that the thickness

of the residual organic matter (ROM) and of the

organic matter accumulated since the last fire

(post-fire forest floor thickness) could be calculated

as well as the total thickness of the forest floor (L, F,

and H horizons; post-fire forest floor thickness and

ROM thickness combined). Additionally, in each

Pinus banksiana and P. mariana stand, respectively,

ten and fifteen 25 cm · 25 cm pits were dug into

the mineral soil every 2 m along two or three 10-m

transects. For each pit, the same measurements

were noted as done for the trenches.

Site Classification. The substitution of time by

space (chronosequence approach) to understand

long-term stand dynamics has been widely used

but also extensively criticized. The main potential

drawback of using a chronosequence approach is

the possibility of selecting stands that differ with

respect to their biophysical site characteristics and/

or initial conditions after the stand-replacing dis-

turbance. We carefully selected and characterized

the biophysical conditions of stands to reduce var-

iability in surficial deposit and slope (Appendix A

http://www.springerlink.com, Table 1). Further-

more, we are confident that the paleoecological

methods used in this study (exhumation and

identification of dead wood, careful quantification

of plant macroremains and charcoals found in

numerous organic matter profiles per site) allowed

us to obtain a good estimation of initial stand

conditions (depth of residual organic matter and

initial tree composition). The tree composition and

residual organic matter data showed a strong bi-

modal distribution (Figure 1A, B). Because of this,

we classified all stands in one of two categories of

stand composition (dominance by Pinus banksiana

or P. mariana, based on the relative basal area of

living and dead trees), and in one of two categories

of soil burn severity (high severity fire = thin

residual organic matter layer; low severity fire =

thick residual organic matter layer). Because no

stands that were dominated by Pinus banksiana

showed a thick residual organic matter layer (= low

severity fire), this classification resulted in three

distinct chronosequences: P. mariana established

after a low severity fire, P. mariana established after

a high severity fire, and Pinus banksiana established

after a high severity fire.

According to the basal area of live and dead trees,

19 of the 48 sampled stands were dominated by

Pinus banksiana after fire (Figure 1A). For the

remaining 29 sites, as no significant traces of any

other tree species except for P. mariana were found

among the deadwood or among macro-remains

within forest floor profiles described above

(Appendix A, http://www.springerlink.com), these

sites were all classified as being dominated by

P. mariana after fire.

Sites were classified as either originating from a

high severity (HS) or low severity (LS) fire based on

the average thickness of the residual organic matter

obtained from both the monoliths and the pits/

trenches. A study of severe burns in the boreal forest

has shown that coniferous post-fire seed germina-

Figure 1. Classification of stands based on initial tree

composition (A) and fire severity (B).A Basal area of live

versus dead Pinus banksiana stems relative to total stand

basal area (all species, live and dead stems). Numbers in

parentheses represent the number of data superposed at

coordinates (0,0) for Picea mariana high severity stands,

and P. mariana low severity stands, respectively. B Mean

thickness of residual organic matter (ROM) obtained in

the field versus from detailed laboratory charcoal analysis.
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tion was significantly impacted when residual or-

ganic matter approached 5 cm (D. Greene, unpub-

lished data). We used this ecologically significant

threshold (5 cm) to classify soil burn severity.

Among the stands sampled, 11 of the 29 P. mariana

stands were established after the passage of an LS

fire (Figure 1B).

Forest Floor Survey

To quantify forest floor biomass accumulation, a

subset of 8 HS fire stands were selected among the

29 black spruce-dominated stands. The stands were

chosen according to their accessibility and age, so

that they still represented a chronosequence span-

ning numerous decades (> 700 years). At each site,

five pits were dug at 4-m intervals along a ran-

domly placed 20-m transect. In each pit, a 10 cm ·
10 cm · 5 cm sample of organic matter was re-

trieved at a depth of 10 cm below the surface

(upper forest floor organic matter) and another

immediately above the charcoal layer of the last fire

(lower forest floor organic matter). When total

forest floor thickness was less than 15 cm thick,

only one sample was taken and identified as the

upper forest floor organic matter. Each sample was

delicately cut out from the pits and brought back to

laboratory in rigid containers to avoid altering its

volume. We removed roots from a subsample,

which was trimmed to fit inside an open container

of known volume, then dried and weighted to

calculate its density. Organic matter density for

each site was calculated by first averaging the

density of the upper and lower horizons for each

pit, and then by calculating the mean density of the

five pits. The mean organic matter density data per

site were then coupled to the forest floor thickness

data to calculate forest floor organic matter biomass

per site on an areal basis.

Statistical Analyses

QMNR Data Set. Given the fact that P. mariana

replaces Pinus banksiana when the fire interval ex-

ceeds 100 years (Harper and others 2002) and that

we have no information on the composition of

deadwood in the stands sampled by the QMNR, we

only used stands less than 100 years old from this

data set (102 stands). We checked for differences in

slope and stand age, and compared the forest floor

thickness and stand basal area of the two compo-

sition types using a t-test, or a modified t-test when

their variance was not equal. Fire severity was not

tested with this dataset because the QMNR does

not qualify the severity of the last fire during

its inventory. The response variables that were

investigated are stand basal area and total forest

floor thickness. The independent variable was

stand composition (categorical variable: P. mariana-

and Pinus banksiana-dominated stands).

Chronosequence Data Set. The chronosequence

database, that spanned different time scales

depending on fire severity and initial composition

(Pinus banksiana HS fires: 45–229 years, P. mariana

LS fires: 38–169 years, and P. mariana HS fires:

52–2,355 years), was analyzed at two distinct time

scales: medium term (< 250 years) and long term

(> 250 years). The medium-term scale (< 250

years), allowed us to assess the effects of both fire

severity and initial composition on ecosystem bio-

mass dynamics, and to compare these results to

those obtained with the QMNR data set. The long-

term scale (250–2,500 years) allowed us to evaluate

how P. mariana stands established after HS fires

changed in the extended absence of fire.

Topography (slope index) and soil variables

(percent sand, silt, and clay) were not used in the

chronosequence analyses because they were un-

correlated (a = 0.05) to both the response vari-

ables (tree biomass, total forest floor thickness and

post-fire forest floor thickness) and the predictor

variables (stand age, fire severity, and initial

composition) (Table 1). This is probably a result of

the general homogeneity of the landscape with

respect to soil texture and slope, and of our

homogeneous selection of stands.

Total oven-dry tree biomass was estimated from

the dbh of living trees greater than 2 m in height

in the quadrats using allometric equations devel-

oped for the province (Ouellet 1983). Forest floor

thickness was analyzed both as the total thickness

(from the mineral soil to the surface; total forest

floor thickness) and as the portion that has accu-

mulated since the last fire, that is, excluding the

residual organic matter (from the uppermost

charcoal layer to the surface; post-fire forest floor

thickness). At the medium-term scale, the response

variables (tree biomass, total forest floor thickness,

post-fire forest floor thickness) were analyzed in a

backward regression analysis with a linear model

design (proc GLM, SAS/STAT statistical package

version 8.0) using a combination of a continuous

predictor variable (time since last fire; ‘‘TSF’’) and

categorical predictor variables (initial stand com-

position, ‘‘COMP’’ and fire severity, ‘‘SEV’’). Qua-

dratic effects and interactions were included with

the predictor variables in the initial model, but

were removed when they were not significant

(a = 0.1). Because the design was incomplete (that

is, no P. banksiana stands originating from a LS fire),

we excluded SEV * COMP interaction terms.
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Among the 48 chronosequence stands, there

were 4 pairs of young (< 100 years) P. mariana

stands with each pair originating from the same fire

event but differing with respect to the local severity

of the last fire. These pairs were used to test the

short-term (< 100 years) effects of fire severity on

forest floor thickness and tree biomass using paired

t-tests.

The effects of the extended absence of fire (> 250

years) on forest floor organic matter characteristics

and biomass partitioning were assessed with linear

regression (proc GLM, SAS/STAT statistical package

version 8.0) following appropriate transformation

of the predictor variable (time since fire) to meet

the assumptions of homoskedasticity and normality

of residuals. For the forest floor survey data set,

response variables were upper and lower forest

floor density, forest floor biomass, and total eco-

system biomass (tree + forest floor biomass). All

statistical analyses were performed with SAS/STAT

statistical package (version 8.0).

RESULTS

QMNR Landscape Survey

The comparison of stand characteristics of young

(< 100 years) P. mariana and Pinus banksiana-

dominated stands on fine-textured deposits within

the QMNR database indicated that Pinus banksiana

stands were more productive (tree basal area) and

accumulated significantly thinner forest floors than

P. mariana stands (Figure 2). The age and slope

index of Pinus banksiana and P. mariana stands were

not significantly different (t = 0.61, P = 0.54 and

t = 1.32, P = 0.19 respectively; data not shown

otherwise).

Chronosequence Survey

When the severity of the last fire was taken into

account, as was the case in the chronosequence

survey, no significant differences were observed

between the composition types with respect to

standing tree biomass and forest floor thickness in

high severity (HS) fires (Table 2, Figure 3). On

the other hand, soil burn severity significantly

affected standing tree biomass, total forest floor

thickness, and post-fire forest floor thickness in

black spruce-dominated stands (Table 2, Fig-

ure 3). In the absence of fire, tree biomass peaked

in stands established after HS fires at a higher

value (17 kg m)2) and at an earlier time (79

years) than stands established after low severity

(LS) fires (8.8 kg m)2, 128 years; Figure 3A).

Although the change in tree biomass was signifi-

cantly affected by fire severity (SEV * TSF inter-

action, Table 2), the amount of tree biomass in

black spruce-dominated stands converged a few

centuries after fire, regardless of fire severity

(Figure 3A). Stands established after LS fires not

only had a consistently thicker forest floor than

stands established after HS fires (Figure 3B), but

they also accumulated forest floor organic matter

at a quicker rate (SEV * TSF interaction, Table 2,

Figure 3C).

The analysis of the paired HS and LS sites, with

each pair originating from the same fire, demon-

strated similar results; LS stands accumulated, since

the last fire, a 73% thicker forest floor and 50% less

tree biomass than the stands established after HS

fires (Table 3). No significant difference was ob-

served (P > 0.2) between the paired sites with re-

spect to soil topography and texture (data not

shown).

Table 1. Spearman (Fire Severity and Initial Composition) and Pearson (All Other Variables) Correlations
between the Environmental Variables, and the Response and Predictor Variables using the Chronosequence
Dataset (n = 48)

Environmental variables

Sand (%) Silt (%) Clay (%) Slope index (o)

Response variables

Total forest floor thickness )0.03 )0.12 0.10 )0.04
Post-fire forest floor thickness 0.01 )0.09 0.05 )0.12
Tree biomass 0.08 )0.07 0.00 )0.17

Predictor variables

Time since fire )0.08 )0.08 0.10 0.12

Fire severity )0.23 )0.07 0.10 0.28

Initial composition )0.12 0.12 )0.04 0.26

Total forest floor thickness comprises both post-fire and residual forest floor organic matter.
For all correlations P > 0.05.
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After an initial burst and subsequent significant

drop, tree biomass of P. mariana stands established

after HS fires continued to decrease in the millen-

nial absence of fire but at a much reduced rate

(Figure 4A). Similarly, forest floor thickness, which

increased significantly during the first couple of

centuries, continued to increase in the long term

but at a much slower rate (Figure 4B). Interest-

ingly, forest floor thickness and standing tree bio-

mass values for old stands (> 250 years) established

after HS fires are similar to that of much youn-

ger stands (< 150 years) established after LS fires

(Figure 4).

Forest Floor Survey

Forest floor characteristics significantly changed in

the extended absence of fire and the upper and

lower horizons within forest floor profiles changed

differently (Figure 5A). Although the density of the

lower forest floor layer significantly increased in

the absence of fire, it slightly decreased in the up-

per forest floor layer. Consequently, although the

accumulation of the forest floor organic matter

measured as thickness appeared to slow down a

few centuries after fire (Figure 4B), forest floor

biomass increased linearly at a rate of 58 g m)2 y)1

for numerous centuries after fire (Figure 5B). Total

biomass (tree + forest floor pools) remained more

or less constant for a few centuries after fire to

subsequently increase exponentially (Figure 5B).

Although ecosystem biomass may not have chan-

ged during the first few centuries after fire, the

partitioning of this biomass among the tree and

forest floor pools was significantly affected during

this period (Figure 5B). Biomass in young stands

was primarily (> 60%) locked-up in the tree pool,

whereas it progressively became locked-up in the

forest floor pool (> 80%) as succession proceeded.

DISCUSSION

Initial Tree Composition

With the QMNR database, under similar abiotic

conditions, Pinus banksiana stands appeared to

accumulate less organic matter and produce more

standing tree basal area than P. mariana stands.

However, when the stand characteristics were

compared between P. mariana and Pinus banksiana

stands under similar abiotic conditions and after

fires of comparable severity (chronosequence

dataset), no significant difference in forest floor

thickness or standing tree biomass emerged be-

tween the stand composition types. However, fire

severity had significant effects on biomass dynam-

ics, with P. mariana stands established after LS fires

showing thicker forest floors and lower standing

tree biomass than stands established after HS fires.

We therefore suggest that the apparent differences

observed between stand composition types using

the QMNR database is a result of the restriction of

Pinus banksiana’s regeneration to sites with little

ROM (HS fires) and the lack of qualification of fire

severity during this inventory. Studies probing the

short-term effects of residual organic matter (ROM)

on post-fire regeneration have demonstrated that

coniferous tree regeneration is negatively affected

by an increase in the ROM thickness (Zasada and

others 1983). However, P. mariana regeneration

appears to be less affected than Pinus banksiana’s

regeneration (Chrosciewicz 1974, 1976; Jeglum

1979). The rarity of Pinus banksiana stands estab-

lished after LS fires may also be a consequence of

low post-fire seed availability, as some have sug-

gested that LS fires are a result of long fire intervals

that permit an excessive accumulation of forest

floor humus (Foster 1985) and a replacement of

Pinus banksiana by P. mariana after the first post-fire

century (Lesieur and others 2002; Lecomte and

Bergeron 2005). These results, and the erroneous

conclusions we would have drawn with the QMNR

database, are a testimony to the importance of

qualifying the severity of the last fire to understand

the full range of ecosystem processes occurring in

the boreal forest.

These results contradict our hypothesis and pre-

vious reports, which stated that organic matter

accumulation above the mineral soil is reduced

whereas tree biomass production is enhanced in

Pinus banksiana stands as compared to P. mariana

stands (for example, Gower and others 1997; Yu

and others 2002; Miyanishi and Johnson 2002). As

the severity of the last fire has rarely been taken

into account in previous work in the boreal forest,

Figure 2. Basal area (A) and total forest floor thickness

(B) of the two composition types [Pinus banksiana

(n = 18) and P. mariana (n = 84)] from the QMNR

database. Error bars are standard deviations.
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these earlier reports may not have controlled suf-

ficiently for fire severity and/or edaphic conditions.

We postulate that under similar post-fire abiotic

conditions, P. mariana stands may be as productive

as Pinus banksiana stands, which reflects P. mari-

ana’s plasticity with respect to its ability to grow as

an early successional fast-growing species and as a

late successional slow-growing species (Dix and

Swan 1971). Furthermore, although we assumed

black spruce litter decomposed at a slower rate than

pine litter because of high litter C:N ratio and lignin

content (Preston and others 2000), recent work

over a 6-year period indicates that P. mariana

needles may actually decompose as fast as Pinus

banksiana needles despite having a higher lignin:N

ratio (Trofymow and others 2002). In the end, the

physiological plasticity of P. mariana and the slight

differences in litter decomposition rates of the two

species are probably the main reason we did not

observe a difference in forest floor thickness and

tree biomass dynamics between the composition

types.

Extended Absence of Fire

As succession proceeds after HS fires, forest floors

not only become thicker, but also denser because of

compaction and humification of lower horizons.

Although the accumulation rate of organic matter,

measured as thickness, appears to slow down a few

centuries after fire, it actually remains constant for

numerous centuries after fire when expressed as

dry biomass. Concurrently, after a peak in tree

biomass a few decades after fire (80 years after HS

fires), tree biomass declined rapidly during the

following century and at a much reduced rate

afterwards. Consequently, biomass partitioning is

clearly regulated by the prolonged absence of fire.

As succession proceeds, forest ecosystem biomass is

progressively bound up in belowground biomass,

whereas young stands have proportionately more

biomass bound up in living trees. That the older

stands contained much higher belowground bio-

mass levels than younger ones supports the notion

that wild fire is of critical importance in reversing

forest floor biomass lock-up in boreal forest eco-

systems (Wardle and others 1997; O’Neill and

others 2002; Van Cleve and Viereck 1981; Heins-

elman 1981).

One intriguing aspect of our data is that since

forest floor biomass accumulation occurs whenever

decomposition rates are outpaced by the rate of

detritus production, how can boreal forest floors

continually accumulate biomass for numerous

centuries after fire with an apparent drop in stand-

ing tree biomass and hence tree productivity? Al-

though some have demonstrated that bryophytes

and understory shrub species can represent a sig-

Table 2. Results of Linear Modeling for Tree Biomass and Total and Post-fire Forest Floor Thickness using
the Medium Term (< 250 years; n = 42) Chronosequence Dataset

Response variables Source F P

Tree biomass (kg m)2) R2 = 0.58 Initial composition (COMP) – N.S.

Fire severity (SEV) 15.01 < 0.0001

Time since fire (TSF) 3.49 0.070

COMP * TSF – N.S.

SEV * TSF 2.89 0.098

TSF * TSF 4.72 0.036

Total forest floor thickness (cm) R2 = 0.74 Initial composition (COMP) – N.S.

Fire severity (SEV) 93.54 < 0.0001

Time since fire (TSF) 35.40 < 0.0001

COMP * TSF – N.S.

SEV * TSF – N.S.

TSF * TSF – N.S.

Post-fire forest floor thickness (cm) R2 = 0.74 Initial composition (COMP) – N.S.

Fire severity (SEV) 1.69 0.201

Time since fire (TSF) 63.87 < 0.0001

COMP * TSF – N.S.

SEV * TSF 3.51 0.069

TSF * TSF – N.S.

Total forest floor thickness comprises both post-fire and residual forest floor organic matter.
Effects significant at the 0.05 and 0.10 level are in boldface and underlined, respectively.
N.S., not significant.
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nificant portion of annual biomass production

(Chapin 1983; O’Connell and others 2003), it is

unlikely that they could compensate for the

dramatic loss in tree productivity we observe in the

Clay Belt. An explanation may be that decomposi-

tion rates decline through time, hence maintaining

forest floor biomass accumulation constant al-

though biomass production decreases.

Although there is little change in tree composi-

tion along the black spruce chronosequence, the

bryophyte community shows a succession from

a feathermoss-dominated community (primarily

Pleurozium schreberi) to one that is dominated by

Sphagnum species (Boudreault and others 2002;

Lecomte and others 2005), as others have reported

in eastern North American boreal forests (Foster

1985; Taylor and others 1997). The presence of

Sphagnum spp. have been shown to change water

balance (Klenk 2001), lower soil temperatures (Van

Cleve and Viereck 1981), reduce litter quality and

consequently reduce decomposition rates (Zoltai

and others 1998). Alternatively, the decrease in

decomposition rates may be due to a positive feed-

back effect where the accumulation of forest floor

humus, by dampening soil temperatures (Heinsel-

man 1963; Swanson and others 2000; Klenk 2001;

Fenton and others 2006), simply lowers decompo-

sition rates which maintains forest floor accumula-

tion rates constant as tree productivity decreases.

The forest floor organic matter accumulation

rates we report for P. mariana forests on the Clay

Belt (58 g m)2 y)1) are closer to accumulation rates

in North-American peatlands (bogs and fens)

(Gorham and others 2003) than those reported for

boreal forests (for example, Wardle and others

2003). Gorham and colleagues (2003) compared

peat accumulations rates in 32 sites from Alaska to

Newfoundland and reported long-term rates that

ranged from 16 to 80 g m)2 y)1 with a median rate

of 47 g m)2 y)1 and a mean rate of 50 g m)2 y)1.

Depending on the methods used to calculate

accumulation rates, the authors reported rates be-

tween 54.6 and 62.2 g m)2 y)1 for a peatland site

located near our study area (Lac Parent, Quebec

48� 47¢N, 77� 10¢W). The close agreement between

these completely independent estimates of forest

floor accumulation rates suggests that our chrono-

sequence method of calculating peat accumulation

in forested landscapes is valid.

The rate of carbon storage in the forest floor

within the boreal zone of Sweden was estimated at

about 5 g C m)2 y)1 (Wardle and others 2003).

Assuming that forest floor biomass is on average 40

to 50% carbon in black spruce forests (Wang and

others 2003; M. Simard, unpublished data) the

reported rate of carbon accumulation in the forest

floor organic matter for the Clay Belt would be

close to five times higher than those reported for

the boreal forest of Sweden. The higher rate of

biomass accumulation and lock-up in the Clay Belt

may be due to different ground cover compositions

and to the underlying clay mineral soil. The gradual

invasion of Sphagnum species over the course of

succession in the Clay Belt may enhance the pri-

mary production of mosses or decrease decompo-

sition, resulting in higher accumulation of organic

Figure 3. A Standing tree biomass, B total forest floor

thicknessandCpost-fire forest floor thickness in relation to

time since the last fire, using the medium term chronose-

quence dataset. Each symbol represents a stand (n = 42).

1224 N. Lecomte and others



matter compared to forest floors that lack these

species, such as in Wardle and others (2003). The

appearance of fast-growing Sphagnum species might

in turn be favored by the underlying clay mineral

soil that retains more water than the moranic

deposits of the Swedish study.

Fire Severity and Convergence

This study suggests that LS fires hamper the pro-

duction of tree biomass, but enhance the accumu-

lation of forest floor organic matter and thus

influence ecosystem biomass partitioning. The

similarity in thickness of forest floor organic matter

and standing tree biomass between very old stands

(> 250 years) established after HS fires and the

relatively young stands (< 150 years) established

after LS suggests that LS fires do not fully reverse

the biomass lock-up in forest floor organic matter

observed in this landscape.

Although long-term studies on the effects of fire

severity on stand development are lacking, there are

several studies at shorter time scales that might shed

light on the processes that may be responsible for

the significant differences observed between sever-

ity types. Partially burned residual organic matter

has been shown to be a poor regeneration seedbed

for most boreal tree species, reducing germination,

early survivorship, and growth, compared to min-

eral or thin humus seedbeds (Chrosciewicz 1974,

1976; Zasada and others 1983, 1987; Charron and

Greene 2002; Brais and others 2000). Furthermore,

LS fires tend to favor understory species that possess

an abundant buried propagule bank within the

forest floor (Rydgren and others 2004; Schimmel

and Granstrom 1996) notably the peat mosses

(Sphagnum spp.) with their extraordinary ability to

resprout from tissues deeply buried in the humus

layer (Clymo and Duckett 1986; Dyrness and No-

rum 1983). The high cover of Sphagnum spp. after LS

fires may have further depressed tree biomass pro-

duction because tree growth is negatively affected

by increases in the thickness of peat derived from

Sphagnum spp. (Heinselman 1963). Because deep

forest floors and Sphagnum spp. may reduce

decomposition rates, we postulate that these con-

ditions, characteristic of young stands established

after LS fires, are the main reasons forest floor bio-

mass accumulation was enhanced and tree biomass

was depressed after LS fires.

Our results demonstrate that in the short term, fire

severity induces a divergence in ecosystem biomass

accumulation rate and relative partitioning among

carbon pools. Nonetheless, the continual accumu-

lation of organic matter and the drop in tree biomass

observed after HS fires suggests that ecosystems,

with respect to biomass dynamics, may converge in

the extended absence of fire as noted for other eco-

system attributes in coniferous forest (Kashian and

others 2005; Lecomte and Bergeron 2005).

CONCLUSION

This study demonstrates that P. mariana ecosystems

established after HS fires continually accumulate

biomass for numerous centuries after fire (> 700

years). After HS fires, ecosystem biomass parti-

tioning was greatly altered as succession proceeded.

Young stands had predominantly more biomass in

living tree tissue whereas older stands had the

majority of ecosystem biomass locked-up in forest

floor organic matter. The post-fire dominance of

Pinus banksiana had little effect on tree biomass

production or forest floor thickness as compared to

P. mariana stands. On the other hand, fire severity

significantly impacted tree productivity and forest

floor thickness. The passage of LS fires favored the

accumulation of thicker forest floors but lower

standing tree biomass than HS fires, and therefore

soil-burn severity significantly influenced ecosys-

tem biomass partitioning.

These findings, combined with the observed

reduction in fire frequency since the end of the

’Little Ice Age’ in the Clay Belt (approximately

Table 3. Paired t-tests for Mean (± SD) Total and Post-fire Forest Floor Thickness, and Tree Biomass with
four Pairs of Picea mariana Stands which Originated from the Same Fire but Differed with respect to Fire
Severity

Response variables High severity Low severity P

Tree biomass (kg m)2) 15.4 (3.8) 7.6 (1.5) 0.01

Total forest floor thickness (cm) 16.5 (3.4) 35.7 (12.1) 0.03

Post-fire forest floor thickness (cm) 14.4 (3.6) 24.9 (8.8) 0.04

Data from the chronosequence survey.
Total forest floor thickness comprises both post-fire and residual forest floor organic matter.
Significant effects at (P < 0.05) are given in bold.
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1850; Bergeron and others 2001), may have in-

duced a significant amount of carbon sequestration

within forest floors of coniferous stands on the

northern Clay Belt. If current global climate change

continues to induce even longer fire cycles in the

eastern boreal forest (Flannigan and others 2001),

the boreal forest on the Clay Belt of northwestern

Quebec may continue to act as a significant carbon

sink in the future. The results from this study

illustrate that the effects of long fire-free periods and

fire burn severity should be accounted for in eastern

boreal forest carbon inventories and models.

These results also indicate that an increase in

forest floor thickness may negatively impact tree

productivity. This has led some, including ourselves

(Fenton and others 2005), to suggest that to in-

crease or maintain stand yield, forest managers in

the Clay Belt should favor silvicultural approaches

that remove a significant portion of the forest floor

accumulated above the mineral soil (scarification,

controlled burning). These approaches appear to

make economic sense from a wood fiber production

perspective. Nonetheless, from a climate change

point of view, these approaches may prove very

costly by releasing considerable amounts of carbon

that have been sequestered in forest floor organic

matter for centuries or even millennia. Careful

studies should be undertaken to understand how

current and alternative silvicultural practices might

impact long-term carbon sequestration in the

eastern boreal forest.

Figure 4. A Standing tree biomass and B total forest

floor thickness with time since fire using the long-term

chronosequence dataset. The regression equation be-

tween time since fire (TSF) and tree biomass (BIOMTREE)

is logBIOMTREE = )0.209 log TSF + 1.56, and between

time since fire (TSF) and total forest floor thickness

(THCKFF) is log THCKFF = 0.384 log TSF + 0.509.

Figure 5. A Changes in density (± standard deviation) of

the forest floor in the upper and lower horizons. The

regression equation between time since fire (TSF) and the

density of the upper forest floor horizon (DENSUFF) is log

DENSUFF = 0.00000151 TSF2 )0.00159 TSF )1.12, and

between time since fire (TSF) and the density of the

lower forest floor horizon (DENSLFF) is log DENSLFF =

0.00000151 TSF2 )0.000508 TSF )1.09 (R2 = 0.64,

P < 0.0001 for the full model). B Total forest floor biomass

and total ecosystem biomass (tree + forest floor) using the

forest floor organic matter data set. The regression equa-

tion between time since fire (TSF) and total forest floor

biomass (BIOMFF) is BIOMFF = 0.0581 TSF + 6.03

(R2 = 0.92, P = 0.0002), and between time since fire

(TSF) and total ecosystem biomass (BIOMECO) is BIO-

MECO = 0.0000651 TSF2 + 25.5 (R2 = 0.82, P = 0.0021).
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5

the international community has now 
recognized the need for reducing emissions from 
deforestation and forest degradation (redd) as a 
vital comPonent of a comPrehensive solution to 
the climate change Problem.

Only since the 2007 United Nations Climate Change Conference 
in Bali (UNFCCC CoP 13) have international negotiations focused 
on the role of natural forests in storing carbon. 

The Intergovernmental Panel on Climate Change (IPCC) has 
identified the need for forest-based mitigation analyses that 
account for natural variability, that use primary data and that 
provide reliable baseline carbon accounts. In response, we are 
conducting a series of investigations into the carbon stocks of 
intact natural forests over large geographical areas, inclusive of 
environmental factors operating at landscape and regional scales. 
We are also considering the carbon impacts of land-use activities, 
including commercial logging. The key question we are asking in 
our research is ‘How much carbon can natural forests store when 
undisturbed by intensive human land-use activity?’ 

This report presents a summary of results from case studies in the 
eucalypt forests of south-eastern Australia. We use these results to 
frame a discussion of REDD and we make policy recommendations 
to help promote a scientific understanding of the role of natural 
forests in the global carbon cycle and in solving the climate change 
problem.

in understanding the role of natural forests 
in the global carbon cycle, and climate change 
mitigation Policies, the colour of carbon matters.

It is the biological, ecological and evolutionary dimension that 
distinguishes the ‘green’ carbon in natural forests from the 
‘brown’ carbon of industrialized forests, especially monoculture 
plantations. Drawing on the same poetic licence, we refer to the 
inorganic carbon in the atmosphere (carbon dioxide) and the 
oceans (carbonate) as ‘blue’ carbon. 

Natural forests are more resilient to climate change and 
disturbances than plantations because of their genetic, taxonomic 
and functional biodiversity. This resilience includes regeneration 
after fire, resistance to and recovery from pests and diseases, 
and adaptation to changes in radiation, temperature and water 
availability (including those resulting from global climate change). 
While the genetic and taxonomic composition of forest ecosystems 
changes over time, natural forests will continue to take up and 
store carbon as long as there is adequate water and solar radiation 
for photosynthesis. 

The green carbon in natural forests is stored in a more reliable 
stock than that in industrialized forests, especially over ecological 
time scales. Carbon stored in industrialized forests has a greater 

exeCuTive 
summary

Leaves: E. delegatensis, Bago State Forest, 
southern NSW. Photo: Claudia Keitel.

E. nitens, Erinundra, East Gippsland  
(620 t C ha-1 of biomass carbon).  
Photo: Ern Mainka.
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susceptibility to loss than that stored in natural forests. Industrialized 
forests, particularly plantations, have reduced genetic diversity and 
structural complexity, and therefore reduced resilience to pests, 
diseases and changing climatic conditions. 

The carbon stock of forests subject to commercial logging, and of 
monoculture plantations in particular, will always be significantly 
less on average (~40 to 60 per cent depending on the intensity of land 
use and forest type) than the carbon stock of natural, undisturbed 
forests. The rate of carbon fixation by young regenerating stands 
is high, but this does not compensate for the smaller carbon pools 
in the younger-aged stands of industrialized forests compared with 
those of natural forests. Carbon accounts for industrialized forests 
must include the carbon emissions associated with land use and 
associated management, transportation and processing activities. 

australian natural forests have far larger 
carbon stocks than is recognized.

Our analyses showed that the stock of carbon for intact natural 
forests in south-eastern Australia was about 640 t C ha-1 of total 
carbon (biomass plus soil, with a standard deviation of 383), with 
360 t C ha-1 of biomass carbon (living plus dead biomass, with a 
standard deviation of 277). The average net primary productivity 
(NPP) of these natural forests was 12 t C ha-1  yr-1 (with a standard 
deviation of 1.8). The highest biomass carbon stocks, with an 
average of more than 1200 t C ha-1 and maximum of over 
2000 t C ha-1, are in the mountain ash (Eucalyptus regnans) forest 
in the Central Highlands of Victoria and Tasmania. This is cool 
temperate evergreen forest with a tall eucalypt overstorey and 
dense Acacia spp. and temperate-rainforest tree understorey. 

carbon-accounting models must be carefully 
calibrated with aPProPriate ecological field 
data in order to generate reliable estimates for 
natural forests.

Access to appropriate ecological field data is critical for accurate 
carbon accounting in natural forests, as otherwise erroneous 
values will be generated. Models must be designed and calibrated 
to reflect the fact that the carbon dynamics of natural forests are 
significantly different to those of industrialized forests, especially 
monoculture plantations. Among other things, the carbon in 
natural forests has a longer residence time.  We demonstrated this 
point by comparing our data with values of forest carbon accounts 
calculated from two commonly referenced sources.

In terms of global biomes, Australian forests are classified as 
temperate forests. The IPCC default values for temperate forests 
are a carbon stock of 217 t C ha-1 of total carbon, 96 t C ha-1 of 
biomass carbon, and a NPP of 7 t C ha-1  yr-1. The IPCC default values 
for total carbon are approximately one-third, and for biomass 
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carbon approximately one-quarter that of the average values for 
south-eastern Australian eucalypt forests, and one-twentieth of 
the most biomass carbon dense eucalypt forests. We calculate the 
total stock of carbon that can be stored in the 14.5 million ha of 
eucalypt forest in our study region is 9.3 Gt(1), if it is undisturbed 
by intensive human land-use activities; applying the IPCC default 
values would give only 3.1 Gt.  

The difference in carbon stocks between our estimates and the 
IPCC default values is the result of us using local data collected 
from natural forests not disturbed by logging. Our estimates 
therefore reflect the carbon carrying capacity of the natural forests. 
In heavily disturbed forests, the current carbon stocks reflect land-
use history. The difference between the two is called the ‘carbon 
sequestration potential’—the maximum carbon stock that can be 
sequestered as the forest re-grows.

We also tested the Australian Government’s National Carbon 
Accounting System (NCAS) (Australian Greenhouse Office 
2007a) and found it underestimated the carbon carrying capacity 
of natural forests with high biomass stocks. NCAS was designed 
to model biomass growth in plantations and afforestation/
reforestation projects using native plantings. The empirically based 
functions within NCAS were calibrated using data appropriate for 
that purpose. But, this meant that NCAS was unable to accurately 
estimate the carbon carrying capacity of carbon dense natural 
forests in south eastern Australia. However, the kinds of field data 
used in our study could be used to recalibrate NCAS so that it can 
generate reliable estimates of biomass carbon in these forests.

the remaining intact natural forests constitute a 
significant standing stock of carbon that should 
be Protected from carbon emitting land-use 
activities. 

there is substantial Potential for carbon 
sequestration in forest areas that have been 
logged if they are allowed to re-grow undisturbed 
by further intensive human land-use activities.

Our analysis shows that in the 14.5 million ha of eucalypt forests in 
south-eastern Australia, the effect of retaining the current carbon stock 
(equivalent to 25.5 Gt CO

2
 (carbon dioxide)) is equivalent to avoided 

emissions of 460 Mt(2) CO
2
 yr-1  for the next 100 years. Allowing logged 

forests to realize their sequestration potential to store 7.5 Gt CO
2
 is 

equivalent to avoiding emissions of 136 Mt CO
2
 yr-1 for the next 100 

years. This is equal to 24 per cent of the 2005 Australian net greenhouse 
gas emissions across all sectors; which were 559 Mt CO

2
 in that year.

1 Gigatonne (Gt) equals one billion or 1.0 x 109 tonnes.

2 Megatonne (Mt) equals one million or 1.0 x 106 tonnes
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If, however, all the carbon currently stored in the 14.5 million 
ha of eucalypt forest in south-eastern Australia was released into 
the atmosphere it would raise the global concentration of carbon 
dioxide by 3.3 parts per million by volume (ppmv). This is a 
globally significant amount of carbon dioxide; since 1750 AD, the 
concentration of carbon dioxide in the atmosphere has increased 
by some 97 ppmv.

reducing emissions from deforestation and forest 
degradation (redd) is imPortant in all forest 
biomes — boreal, troPical and temPerate — and 
in economically develoPed as well as develoPing 
countries.

From a scientific perspective, green carbon accounting and 
protection of the natural forests in all nations should become 
part of a comprehensive approach to solving the climate change 
problem. Current international negotiations are focussed on 
reducing emissions from deforestation and forest degradation in 
developing countries only. However, REDD is also important in the 
natural forests of countries such as Australia, Canada, the Russian 
Federation, and the USA.

Part of the ongoing international climate change negotiations 
involves debate on the technical definition of key terms. ‘Forest 
degradation’ should be defined to include the impacts of any 
human land-use activity that reduces the carbon stocks of a 
forested landscape relative to its natural carbon carrying capacity. 
The definition of ‘forest’ should also be revised to recognize the 
differences between the ecological characteristics of natural forests 
and industrialized forests, especially plantations. These differences 
include the higher biodiversity, ecosystem resilience, and carbon 
residence time of natural forests.

E. regnans, Dandenong Ranges National 
Park, Victoria (900 t C ha-1 of biomass 
carbon). Photo: Sandra Berry.
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inTroduCTion

Gum bark: E. pauciflora, Brindabella 
Range. Photo: Heather Keith.

Natural forests play a significant role in the global carbon cycle. 
Biomass and soil store approximately three times the amount 
of carbon that is currently found in the atmosphere, and the 
annual exchange of carbon between the atmosphere and natural 
forests is 10 times more than the annual global carbon emissions 
from humans burning fossil fuels. Despite natural forests storing 
such significant amounts of carbon, to date there has been 
scant consideration given by policymakers to the role of forests 
in addressing the climate change problem. At the 2007 United 
Nations Climate Change Conference in Bali (UNFCCC CoP 13), 
however, the international community recognized the need 
to reduce emissions from deforestation and forest degradation 
(REDD) as a vital component of a comprehensive solution to the 
climate change problem. 

The significance to the climate change problem of achieving 
REDD can be appreciated when we consider that about 35 per 
cent of greenhouse gases stored in the atmosphere is due to past 
deforestation, and about 18 per cent of annual global emissions is 
the result of continuing deforestation (IPCC 2007). Furthermore, 
even when forest is not cleared to make way for other land uses, 
there are significant and continuing emissions of carbon dioxide 
from commercial logging and other land-use activities that reduce 
the stock of carbon stored in the ecosystem. Consequently, there is 
now great interest in, and indeed an urgent need to develop and 
apply, methods that better quantify the carbon stored in natural 
forests and how these pools change as the result of human land-
use activities.

While international attention is now focused on REDD in developing 
countries, the laws of nature that account for the global carbon 
cycle operate irrespective of political boundaries. Therefore, a unit 
of carbon emitted due to deforestation and forest degradation in 
Australia, the United States, Canada or Russia has exactly the same 
impact on atmospheric greenhouse gas levels as a unit of carbon 
emitted from deforestation and degradation of forests in Indonesia, 
Papua New Guinea, the Congo Basin or Brazil. From a scientific 
perspective, solving the climate change problem requires, among 
others things, that REDD be accounted for in all forest biomes, 
irrespective of the host nation’s economic status.

The Intergovernmental Panel on Climate Change (IPCC) has 
identified the need for forest-based mitigation analyses that account 
for natural variability, use primary data and provide reliable 
baseline carbon accounts (Nabuurs et al. 2007). In response, we 
are conducting a series of investigations into the carbon stocks of 
intact natural forests over large geographical areas, inclusive of 
environmental factors operating at landscape and regional scales. 
We are also considering the carbon impacts of land-use activities, 
including commercial logging.

In Australia, a number of studies have examined carbon stocks at 
continental scales (Barrett 2002) and using fine-resolution land-
cover data (Brack et al. 2006). There is, however, a lack of baseline 
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carbon accounts for natural forests undisturbed by intensive 
human land-use activities. Such baselines are essential if we are 
to value accurately the carbon stored in natural forests, and in 
order to account properly for the carbon emissions from land-use 
activities. 

An approach to estimating the carbon stocks of intact natural 
forests was developed and tested by Roxburgh et al. (2006). Our 
study extends this approach by applying it over entire regions. 
The approach is based on estimating what we call the ‘natural 
carbon carrying capacity’ of a landscape. The natural carbon 
carrying capacity is defined as the mass of carbon able to be stored 
in a forest ecosystem under prevailing environmental conditions 
and natural disturbance regimes, but excluding disturbance by 
human activities (Gupta and Rao 1994). This estimate provides an 
appropriate baseline for estimating the impacts on carbon stocks 
of intensive human land-use activities. Once the natural carbon 
carrying capacity is established, it is possible to calculate the 
potential increase in carbon storage that would occur if land-use 
management were changed and carbon-emitting land-use ceased. 
This potential increase in the carbon stored in the forest is called 
the ‘carbon sequestration potential’.

The key question we are asking in our research is ‘How much 
carbon can natural forests store when undisturbed by intensive 
human land-use activity?’ This report presents a summary of 
results from case studies in the eucalypt forests of south-eastern 
Australia. We use these results to frame a discussion of REDD and 
we make policy recommendations to help promote a scientific 
understanding of the role of natural forests in the global carbon 
cycle and in solving the climate change problem.

This report was prepared in response to the considerable public 
interest in the issue of REDD. An earlier version was written as 
preparatory material for the Bali 2007 Climate Change Conference. 
A technical paper that details the source data, the methods used 
and the full results is being prepared for a scientific journal. In 
the interim, any technical questions regarding data and methods 
should be directed to the authors. 

E. dalrympleana, E. pauciflora, subalpine 
forest, Kosciuszko National Park, NSW 
(325 tC ha-1 of biomass carbon).  
Photo: Ian Smith.
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The siGnifiCanCe 
of Green Carbon

Decorticating bark: E. dalrympleana, 
Kosciuszko National Park. Photo: Ian 
Smith.

what is green carbon?

It is useful to consider the ‘colour’ of carbon when considering the 
role of natural forests in the global carbon cycle.

Grey carbon(3) is the carbon stored in fossil fuel (coal, oil and gas 
deposits in the lithosphere). 

Green carbon is the carbon stored in the biosphere. We call it ‘green’ 
because carbon is taken up from the atmosphere by plants through 
the process of photosynthesis, which is dependent on the green 
chlorophyll pigment found in plant leaves(4). Here, we use the 
term green carbon to refer to the carbon sequestered through 
photosynthesis and stored in natural forests. Natural forests are 
defined here as forests that have not been disturbed by intensive 
human land-use activities, including commercial logging.

Brown carbon is the carbon stored in industrialized forests. These 
are forests that are logged commercially for their wood, which 
is used as a source of raw material for industrial manufacturing 
processes. There are two types of industrialized forests: 1) where 
tree regrowth is from the naturally occurring tree stock and seed 
bank; and 2) where the trees are planted by humans and usually 
comprise a single tree species, much like a monoculture crop. 
Industrialized forests constitute a stock of organic carbon and are 
therefore part of the biosphere; however, we consider this carbon 
to be ‘brown’ in colour rather than ‘green’ in order to stress 
the fact that industrialized forests are a ‘mix’ of green and grey 
carbon(5). Fossil fuel is expended and therefore grey carbon emitted 
in managing these forestry operations and from the associated 
industrial processes.

Blue carbon refers to the inorganic carbon stored in the atmosphere 
(carbon dioxide, CO

2
) and oceans (carbonate, CO

3
2-). While there 

are significant stocks of marine green carbon in the ocean(6), here 
we are concerned with the green carbon stored in terrestrial 
ecosystems, and natural forests in particular. 

The significance of natural forests to mitigating the climate change 
problem is a hotly debated topic. Some commentators argue 
that forest protection is a secondary issue and the primary focus 
of discussion should be on approaches to reducing emissions of 
grey carbon from burning fossil fuels. We can, however, no longer 
afford the luxury of ignoring any one of the components of the 

3  In greenhouse literature, the term ‘black carbon’ has been used to refer to 

charcoal in soil and soot in the atmosphere.

4  Carbon is taken up from the atmosphere by photosynthesising bacteria and algae, 

in addition to plants.

5  We have of course taken some poetic licence in using these colours to describe 

the different states of carbon. The colour brown is in reality produced from a mix of the 

three primary colours and not from simply mixing green and grey.

6  There is also biological uptake in the oceans, but the carbon dioxide first physically 

dissolves from the atmosphere into the ocean, then the dissolved inorganic carbon can 

be taken up by photosynthesising phytoplankton.
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global carbon cycle that are being disrupted by human activity.

Solving the climate change problem requires that atmospheric 
concentrations of greenhouse gases be reduced and stabilized to 
a level that prevents dangerous anthropogenic interference with 
the climate system (UNFCCC). What constitutes a ‘safe level’ is a 
critical question that is being debated actively among scientists and 
policy advisors. Evidence from glacial ice cores has revealed that 
atmospheric concentrations of carbon dioxide ranged between 180 
and 300 parts per million by volume (ppmv) in the past 650 000 
years (with typical maximum values of 290 ppmv) (Petit et al. 1999; 
IPCC 2007). Assuming this natural variability revealed by the ice-
core records persisted(7), we should assume a maximum safe level 
is 300 ppmv. In the language of thermodynamics: through the 
interactions of various natural processes, Earth’s average planetary 
temperature has been maintained in a state of dynamic equilibrium 
in the past 650 000 years where the temperature varies but within 
a well-defined ‘ceiling’ and ‘floor’.

As a result of humans burning fossil fuels and causing emissions 
from deforestation and forest degradation (especially in the past 
100 years), the current level of atmospheric carbon dioxide is about 
380 ppmv (IPCC 2007). We have therefore already exceeded a 
safe level of atmospheric carbon dioxide as defined by the natural 
variability of the past 650 000 years. Stabilizing atmospheric 
carbon dioxide at between 350 and 400 ppmv will require that 
emissions are reduced to approximately 85 per cent of 2000 levels 
by 2050, and that the peak year for emissions is not later than 
2015 (IPCC 2007). Meeting this target will still result in a projected 
temperature increase of 2 to 2.4ºC and a sea-level rise of 0.4 to 
1.4 m. Given the current trajectory of emissions, the scientific 
community is now discussing the consequences of atmospheric 
levels of carbon dioxide reaching up to 790 ppmv by 2100 (IPCC 
2007), which is predicted to result in a temperature increase of up 
to 6.1ºC and a sea-level rise of 1.0 to 3.7 m. 

We can no longer afford to ignore emissions caused by deforestation 
and forest degradation from every biome (that is, we need to 
consider boreal, tropical and temperate forests) and in every 
nation (whether economically developing or developed). We need 
to take a fresh look at forests through a carbon and climate change 
lens, and reconsider how they are valued and what we are doing 
to them.

7  The ice-core records confirm that the Earth has experienced a long sequence of 

cool and warm periods associated with oscillations in the planetary orbit around the 

sun. A very long cooling phase (about 100 000 years) culminates in a glacial maximum 

followed by a rapid warming to reach a temperature maximum (about 10 000 years) 

(Berger and Loutre 2002).
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what is the role of forests in the carbon cycle?

Terrestrial ecosystems—especially natural forests—play a critical 
role in regulating greenhouse gas concentrations in the atmosphere 
and therefore must be part of a comprehensive response to the 
climate change problem. An appreciation of the significance of 
natural forests in the carbon cycle requires understanding of how 
Earth functions as a system. Because Earth is a closed system in 
terms of chemical elements, the atomic components of the major 
greenhouse gases (water vapour, carbon dioxide and methane) are 
neither created nor destroyed. Rather, they reside in and move 
between reservoirs (also called ‘stocks’ or ‘pools’) within the global 
carbon and hydrological cycles. As they move between reservoirs, 
carbon and water change state: water from a liquid, to gas or ice; 
and carbon from inorganic gases in the atmosphere, to organic 
compounds in living and dead organisms on land and in the sea, to 
inorganic substances in the oceans and the Earth’s crust. 

A simplified diagram of the global carbon cycle is shown in 
Figure 1. The estimates of global carbon stocks and fluxes are only 
approximate due to lack of data. The annual uptake of carbon 
(as carbon dioxide) by plants (through photosynthesis) from 
the atmosphere to the plant and soil reservoir (organic carbon) 
is about 120 Gt yr-1. Through the respiration of living organisms 
(including humans and their livestock), and oxidative combustion 

figure 1: global carbon cycle

Approximate global carbon cycle stocks (boxes) and fluxes (arrows). (Adapted 
from Houghton 2007). Units are Gt of carbon, and fluxes are per year. The 
colours of the arrows correspond to the definition of colour of carbon. 
* Deforestation contributes ~2 Gt c yr-1.
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by fire, a little less than 120 Gt yr-1 of ‘plant and soil’ reservoir 
carbon is emitted to the atmosphere. The biosphere is estimated 
to be a small carbon sink. Approximately 2 Gt of carbon emissions 
by the plant and soil reservoir is due to deforestation. This acts to 
increase the loss of carbon and decrease the uptake of carbon by 
the plant and soil reservoir. Over time, therefore, the size of the 
reservoir of carbon in plants and the soil is decreasing. The coal/
oil/gas reservoir (which supplies most of the energy requirements 
of industry) is also decreasing by approximately  6 Gt yr-1. If there 
is less carbon in the plant and soil pool, and in the coal/oil/gas 
pool, there must be more in the atmospheric and ocean pools. 
To date, humans have released about 300 Gt of grey carbon, but 
there is over 5000 Gt remaining in the lithosphere that potentially 
can be accessed for human use (Archer 2005). About 2000 Gt of 
carbon is estimated to reside currently in terrestrial ecosystems 
(plant and soil reservoirs), with about 75 per cent of this stored 
in natural forest ecosystems. However, about 50 per cent of the 
world’s forests have been cleared so that current terrestrial carbon 
stocks are substantially below their natural carbon carrying capacity 
(Archer 2005; MEA 2005; Houghton 2007). 

Carbon cycles between the lithosphere, hydrosphere, atmosphere 
and biosphere, but its residence time in each of these reservoirs varies 
significantly(8). The concentration of carbon in the atmosphere due 
to the release of carbon from the lithosphere reservoir will remain 
at elevated levels for a long time even if grey carbon emissions are 
stopped immediately (Archer 2005). The two pathways for transfer 
of carbon out of the atmosphere are: 1) dissolution in river and 
ocean water and, eventually, incorporation into carbonate rock; 
and 2) uptake of carbon by plants and storage in the biosphere. 
The terrestrial biosphere–atmosphere fluxes operate on a faster 
time scale and are under a greater degree of human control than 
the fluxes of the hydrosphere. Solving the climate change problem 
will require both reducing grey-carbon emissions and maximising 
the uptake of carbon in the biosphere. A healthy biosphere provides 
a buffering capacity for changes in the carbon cycle. 

are green carbon stocks reliable?

The argument is commonly heard that forests are an unreliable 
carbon sink because of their vulnerability to fire, pests, diseases 
and drought, which can reduce the standing stock of carbon and 
inhibit forest growth. Another argument is that climate change 
might cause conditions to be less conducive to forest growth, 
for example, by reducing water available for photosynthesis or 
increasing temperatures beyond the thermal tolerance of tree 
species, thereby causing forests to become a source of rather than 
a sink for carbon. It is also argued that the stock of green carbon 

8  Residence time is the average time a unit of carbon spends in a given reservoir, 

that is, carbon stock or pool. It is calculated by dividing the reservoir volume by the rate 

of flow. 
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is too small to make a significant contribution to greenhouse gas 
mitigation and is therefore not an important policy consideration. 

As noted earlier, green carbon in the biosphere has a significantly 
different residence time compared with grey carbon in the 
lithosphere. Therefore, in terms of the global carbon cycle, green 
and grey carbon should not be treated as equivalent with respect 
to policy options. In terms of preventing harmful change to the 
climate system, it is important to avoid emissions of grey carbon 
from burning fossil fuels, and leave oil, gas and coal stored in 
the lithosphere. Additionally, the uptake and storage of carbon 
by natural forests has a powerful and relatively rapid negative 
feedback on the enhanced greenhouse effects from emissions. 
Feedbacks are the key to understanding how relatively minor 
increases in greenhouse gas concentrations can result in massive 
changes in Earth’s climate system (Hansen et al. 2007). 

Generally, a greenhouse-enhanced world is a warmer and wetter 
world—albeit with changing regional patterns (Zhang et al. 2007). 
Water is essential for photosynthesis (the uptake of carbon by 
plants from the atmosphere) and production of new biomass. 
When water is plentiful (and the soil is not degraded), atmospheric 
carbon will continue to be sequestered in new biomass. In addition, 
as atmospheric levels of carbon dioxide increase, photosynthesis 
becomes more efficient as plants can fix more carbon dioxide 
using the same amount of water (Farquhar 1997). Increased cloud 
cover (associated with increased rainfall) is not necessarily an 
impediment as photosynthesis utilizes diffuse as well as direct solar 
energy (Farquhar and Roderick 2003), and it could even enhance 
photosynthesis in multi-layered vegetation canopies (Hollinger et 
al. 1998).

The stock of green carbon in an ecosystem is the result of 
the difference between the rates of biomass production and 
decomposition. Like the global carbon cycle, green carbon cycles 
between pools: living biomass, dead biomass and soil. The residence 
time of a unit of carbon in each pool varies—the longest is for woody 
biomass and soil (Roxburgh et al. 2006). Rates of decomposition 
scale with increasing temperature and moisture (Golley 1983). 
An excess of soil water, however, leads to anaerobic conditions, a 
decrease in decomposition and a build-up of dead organic matter. 
This is why tropical peat forests and boreal forests have large pools 
of soil organic carbon, while tropical and temperate forests have 
proportionally more living biomass carbon.

Various processes enable forests to persist in the face of changing 
environmental conditions, including climate change. Natural 
forests are characterized by a rich biodiversity at all levels: genetic, 
taxonomic and ecosystem. This is obvious especially when, in 
addition to the diversity of plants and vertebrate animals, we 
consider the invertebrates, bacteria and fungi, and the vast webs 
of ecological and coevolving interactions that together constitute a 
functioning ecosystem (Odum and Barret 2005; Thompson 2005). 
The genetic diversity found within species provides the capacity 
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for, among other things, micro-evolution whereby populations 
can become rapidly adapted to local conditions (Bradshaw and 
Holzapfel 2006). High taxonomic diversity provides a pool of 
species with different life histories and niche tolerances from 
which natural selection can reveal the plant or animal best suited 
to new conditions (Hooper et al. 2005). Natural selection, acting 
on the rich biodiversity found in natural forests, can also result 
in the optimisation of plants’ physiological processes (Cowan and 
Farquhar 1977) and in the optimization of trophic interactions 
(Brown et al. 2004) in response to environmental change. 
Natural forests are therefore more resilient to climate change and 
disturbances than plantations because of their genetic, taxonomic 
and functional biodiversity. This resilience includes regeneration 
after fire, resistance to and recovery from pests and diseases 
and adaptation to changes in radiation, temperature and water 
availability.

Oxygenic/photosynthetically based ecosystems have persisted 
on Earth for at least 2.8 billion years (Des Marais 2000), due 
in no small measure to the kinds of biological, ecological and 
evolutionary processes noted above. While the genetic and 
taxonomic composition of forest ecosystems changes over time, 
forests will continue to uptake and store carbon as long as there 
is adequate water and solar radiation for photosynthesis. From 
this perspective, the carbon in natural forests is stored in a 
more reliable stock than in industrialized forests, especially over 
ecological time scales. Carbon stored in industrialized forests has 
a greater susceptibility to loss than that stored in natural forests. 
Regrowth forests and plantations have reduced genetic diversity 
and structural complexity, and therefore reduced resilience to 
pests, diseases and changing climate conditions (Hooper and 
Vitousek 1997; Hooper et al. 2005, McCann 2007). The risk of fire 
in industrialized forests is greater than in natural forests because 
of the associated increase in human activity in the area, the use of 
machinery and public access.

Given the resilience of natural ecosystems, the green carbon stocks 
in forest biomes are more likely in the longer term to expand than 
to shrink under enhanced greenhouse conditions, and in the 
absence of perturbations from human land-use activities(9). Indeed, 
the negative feedback (with respect to increased atmospheric 
concentrations of carbon dioxide) provided by enhanced plant 

9  This statement must, however, be qualified by the high level of uncertainty about 

regionally scaled climate change predictions of rainfall and evaporation—the main 

variables controlling water availability.

E. obliqua, Mt. Wellington, Tasmania. 
Photo: Rob Blakers.
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growth has been argued to be critical to the long-term stability 
of Earth’s environment within the bounds conducive to life 
(Gorshkov et al. 2000).

what about industrialized forests?

There are important distinctions between the carbon dynamics of 
natural forests and industrialized forests, especially monoculture 
plantations. The majority of biomass carbon in natural forests 
resides in the woody biomass of large old trees. Commercial logging 
changes the age structure of forests so that the average age of trees 
is much younger. The result is a significant (more than 40 per 
cent) reduction in the long-term average standing stock of biomass 
carbon compared with an unlogged forest (Roxburgh et al. 2006; 
Brown et al. 1997). Plantations are designed to have all of their 
above-ground biomass removed on a regular basis. The rotation 
period between harvests varies from 10 to 70 years globally, 
depending on species and commercial purposes (Varmola and Del 
Lungo 2003). The carbon stock of forests subject to commercial 
logging—and of monoculture plantations in particular—will 
therefore always be significantly less on average than the carbon 
stock of natural, undisturbed forests. 

It is argued by some industry advocates that commercial logging is 
greenhouse gas neutral because: a) young trees have high rates of 
growth and carbon fixation; and b) some of the biomass removed 
from the forest is used for wood-based products with a substantial 
residence time. Regarding the first point, it is true that the rate of 
carbon uptake by young trees in plantations and regrowth forests 
is high. However, this carbon uptake over a rotation would not 
compensate for the amount of carbon presently stored in natural 
forests that would be lost if they were harvested (Harmon et al. 
1990; Schulze et al. 2000). Responding to the second point, it is 
critical from a carbon-mitigation perspective to account for all 
carbon gains and losses associated with logging and associated 
industrial processes. Comprehensive carbon accounting is needed 
that includes carbon uptake and emissions from all human 
activities associated with commercial logging and processing of 
the associated wood-based products, as well as carbon storage in 
products. 

Emissions that need to be accounted for include grey carbon from 
burning fossil fuels for energy to do work and green carbon from 
killing living biomass and accelerating the rate of decomposition of 
dead biomass. When considering the carbon accounts associated 
with industrialized forests, it is therefore necessary to include 
carbon emissions resulting from: a) forest management (for 
example, the construction and maintenance of roads, post-logging 
regeneration burns); b) harvesting (including use of machinery, 
and wastage from collateral damage to living woody biomass and 
soil carbon); c) transportation of logs, pulpwood and woodchips; 
and d) manufacturing. All of these emissions must be subtracted 



18

from the carbon stored in wood-based products. Also, it needs 
to be demonstrated that the carbon in wood-based products will 
remain in the terrestrial biosphere carbon reservoir for a longer 
period than it would have if it had remained in an unlogged 
natural forest.

Ideally, a comprehensive carbon audit should be conducted 
using the energy audit method of Odum (1981). We cannot find 
any such comprehensive accounts of the grey carbon emitted 
from commercial logging and wood-products manufacturing 
inclusive of all stages in the product life cycle: forest management, 
harvesting, transportation and manufacturing. Of these, the most 
critical are likely to be: 1) collateral damage to forest biomass and 
soil carbon (also called ‘wastage’); and 2) the differences between 
the residence time of carbon in the natural forest pools and the 
wood-product pools. In natural forests with large carbon stocks, 
the wastage of biomass due to commercial logging is significant. 
For example, commercial logging in tropical natural forests has 
been shown to dramatically reduce carbon stocks. In Papua New 
Guinea, commercial logging has been found to result in about 27 
per cent of stem volume being removed, another 13 per cent being 
killed and half of the trees with a stem diameter of more than 
5 cm destroyed (Abe et al. 1999).  The residence time of the wood-
based products is also a critical factor given the longevity of woody 
stems, coarse woody debris and soil carbon pools in natural forest 
(Roxburgh et al. 2006). An additional critical consideration is the 
loss of green carbon from natural forest pools when industrialized 
forests and plantations are first established, and the time it will 
take for this biomass to be regrown (Fargione et al. 2008). 

In summary, forest protection is an essential component of a 
comprehensive approach to mitigating the climate change problem 
for a number of key reasons. These include:

For every hectare of natural forest that is logged or degraded, •	
there is a net loss of carbon from the terrestrial carbon reservoir 
and a net increase of carbon in the atmospheric carbon 
reservoir. The resulting increase in atmospheric carbon dioxide 
exacerbates climate change. 

Given the long time that grey carbon will remain in the •	
atmosphere–biosphere–hydrosphere system, maintaining the 
natural processes that regulate atmosphere–biosphere fluxes 
will be critical for moderating carbon levels in the atmosphere 
in the short to medium term. If natural forests are able to 
expand then the increased buffering capacity will act as a 
negative feedback on the accumulation of greenhouse gasses.

The carbon dynamics of natural forests are significantly •	
different to those of industrialized forests, especially 
monoculture plantations. The carbon in natural forests 
has a longer residence time, the system is more resilient to 
environmental perturbations and natural processes enable 
ecological systems and their component species to respond to 
changing conditions.
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The Green 
Carbon baseline 
problem

Rough bark: E. delegatensis, Bago State 
Forest, southern NSW. Photo: Heather 
Keith.

In recognizing the importance of reducing emissions from 
deforestation and forest degradation (REDD), the international 
community is now exploring appropriate mechanisms that will 
provide the financial investments needed to protect natural forests 
and keep them intact. Irrespective of the mechanism, it will be 
essential to have reliable estimates of baseline carbon accounts 
against which changes in carbon stocks can be gauged. Two kinds 
of baselines are needed: 1) the current stock of carbon stored in 
forests; and 2) the natural carbon carrying capacity of a forest (the 
amount of carbon that can be stored in a forest in the absence 
of human land-use activity). The difference between the two is 
called the carbon sequestration potential—the maximum amount 
of carbon that can be stored if a forest is allowed to grow given 
prevailing climatic conditions and natural disturbance regimes.

The greater the carbon sequestration potential of a forest, the more 
the carbon stock has been degraded by human land-use activities. 
It follows that stopping the carbon-degrading land-use activities 
will allow the forest to regrow carbon stocks to their potential—
assuming the natural regenerative capacity of the ecosystem is 
maintained. Most carbon accounting schemes focus simply on 
the current carbon stocks in a landscape and do not consider a 
forest’s natural carbon carrying capacity. This is partly because the 
concept is not widely appreciated but also because its calculation 
is difficult.

E. fraxinoides, Deua National Park, NSW 
(400 t C ha-1 of biomass carbon).  
Photo: Ian Smith.
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It is not possible to predict the carbon carrying capacity of a 
natural forest reliably from process-based simulation models. 
This is because the carbon stock is the result of a complex set of 
multi-scaled natural processes, some of which can be modelled 
reliably (for example, gross primary productivity), while others 
cannot because they are understood only poorly (in particular, 
allocation of biomass components, turnover times of components 
and rates of decomposition). Consequently, estimating carbon 
carrying capacity relies on empirical data gathered from natural 
forests largely undisturbed by human land-use activity. Natural 
disturbances, however, have to be taken into account. As noted 
above, commercial logging significantly reduces the standing stock 
of carbon below the natural carbon carrying capacity because most 
of the biomass carbon in a forest is in the woody stems of large 
trees (more than 70 cm diameter at breast height; Brown et al. 
1997), which are removed over time. In contrast, tree mortality 
by natural processes such as wind, fire or pests removes more of 
the small, weaker trees and a smaller proportion of large trees. The 
role of fire in natural forests is complex and must be considered 
on a landscape-wide basis in terms of the pattern of fire events 
over time (so-called ‘fire regimes’) (Mackey et al. 2002). It follows 
that estimating natural carbon carrying capacity requires data 
that sample the range of ecosystem conditions found in a natural 
forest.

Conventional approaches to estimating biomass carbon stocks are 
based on stand-level commercial forestry inventory techniques. 
These data are not, however, suitable for calculating the carbon 
carrying capacity of natural forests. In industrialized forests, 
mensuration is focused mainly on estimating regrowth rates in 
logged stands. Consequently, the most commonly available field-
survey data about the standing crop of carbon in forests are from 
regrowth stands. These data cannot be used to estimate the carbon 
stocks of ecologically mature natural forests. To estimate the 
carbon carrying capacity of a natural forest, field data are needed 
from sites that have not been subjected to commercial logging 
and that sample all carbon pools in the ecosystem (living biomass, 
dead biomass and soil) at appropriate space/time scales. As natural 
forests can take 200 to 400 or more years to reach their mature 
biomass levels (Saldarriaga et al. 1988; Dean et al. 2003), carbon 
accounts must reflect such long-term dynamics. 

In the next section, we present some results from our continuing 
investigations into baseline green carbon accounts using the 
eucalypt forests of south-eastern Australia as our case study. We 
present estimates of the natural carbon carrying capacity of these 
forest ecosystems. We then use these results to consider some of 
the policy implications for reducing emissions from deforestation 
and forest degradation.
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souTh-easTern 
ausTralia 
euCalypT foresT 
Case sTudy 

Canopy leaves: Lamington National Park, 
Queensland. Photo: Heather Keith.

introduction

The location of the study region is shown in Figure 2. Our approach 
draws on existing methods plus some innovations necessary to deal 
with various problems that arise, including: a) stand ages are often 
unknown and stands are commonly multi-aged; b) disturbance and 
land-use history might be unknown; c) forests that have remained 
undisturbed by human land-use activity usually occur in rugged 
topography; and d) little information exists about the growth 
curves over time of many tree species. Analyses drew on a range 
of inputs: remote sensing data, spatially explicit environmental 
variables and site data that sampled carbon pools. 

The analytical framework developed to estimate the carbon carrying 
capacity of eucalypt forests in south-eastern Australia was based on 
knowledge of ecological processes as represented in Figure 3. Gross 
primary productivity (GPP) is the annual rate of carbon uptake 
by photosynthesis. Net primary productivity (NPP) is the annual 
rate of carbon accumulation in plant tissues after deducting the 
loss of carbon dioxide by autotrophic (plant) respiration (R

a
). This 

carbon is used for production of new biomass components—leaves, 
branches, stems, fine roots and coarse roots—which increments 
the carbon stock in living plants. Mortality and the turnover time 
of carbon in these components vary from weeks (for fine roots), 
months or years (for leaves, bark and twigs) to centuries (for woody 
stem tissues). Mortality produces the dead biomass components 
that provide the input of carbon to the litter layer and soil through 
decomposition. The carbon that is consumed by herbivores and 
micro-organisms is emitted as carbon dioxide to the atmosphere 
by the process of heterotrophic respiration (R

h
). The remaining 

carbon contributes to accumulation in the soil. Accumulation 

figure 2: location of the case study region, and the natural 
eucalyPt forests in south-eastern australia
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carbon Pools in natural forests

(pools as an average per cent of total carbon stock)

Living aboveground biomass (43%): Corymbia maculata, south 
coast NSW.  Photo: Sandra Berry.

Dead biomass in stags (6%): E. regnans, central highlands, 
Victoria. Photo: Luke Chamberlain.

Coarse woody debris (7%): E. obliqua, Mt. Wellington, 
Tasmania. Photo: Rob Blakers.

Litter layer (2%): E. fastigata forest, Shoalhaven catchment. 
Photo: Sandra Berry.

Root biomass (8%): E. delegatensis, Bago State Forest, southern 
NSW. Photo: Heather Keith.

Soil profile (34%): Red Dermosol, Bago State Forest, southern 
NSW. Photo: Heather Keith.
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of carbon in the plant and soil reservoir is highly dependent on 
the residence time of each of the components of living and dead 
biomass and soil. Little information about these processes exists 
for natural forests. Therefore, our empirical approach to estimate 
carbon carrying capacity used site-specific data from natural forests 
largely undisturbed by human land-use activity. 

The outcome of our analyses was an estimate of the carbon 
carrying capacity of the natural eucalypt forests in south-eastern 
Australia(10), which are shown in Figure 2. Analyses were restricted 
to forested land with environmental conditions that were within 
the numerical ranges sampled by our site data—yielding an area of 
approximately 14.5 million ha. 

summary of methods

Gross primary productivity (GPP) was calculated using the method 
of Roderick et al. (2001), as applied by Berry et al. (2007; see also 
Mackey et al. 2008). The source data were a continental time series 
of GPP modelled from the NASA MODIS (MOD13Q1) satellite data 
(Barrett et al. 2005) at a resolution of 250 m. The value of GPP 
used was the maximum annual value for the period from 1 July 
2000 to 30 June 2005 (the maximum was used in order to exclude 
periods of major disturbance such as the 2003 bushfires). 

10  These forests were defined as Major Vegetation Groups 2 and 3 in the National 

Vegetation Information System (NVIS 2003), where tree height is greater than 10 m 

and canopy cover is greater than 30%.

figure 3: framework illustrating the ecological Processes 
involved in estimating the carbon carrying caPacity of natural 
forests (that is, green carbon stocks).

Boxes represent stocks of carbon, and arrows represent fluxes (movement) of carbon.
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figure 4: estimated gPP for the study region 
and the location of field sites 

The distribution of GPP by area is shown in the histogram, 
with a range of 12 to 33 t c ha-1 yr-1.

figure 5: sPatial distribution of total soil 
carbon 

The distribution of soil carbon by area is shown in the 
histogram, with a range of <50 to 2000 t c ha-1.
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figure 6: sPatial distribution of the total 
biomass carbon Predicted from the model 

The distribution of total biomass carbon by area is shown in 
the histogram with a range of <50 to 2500 t c ha-1.

figure 7: sPatial distribution of total carbon 
Predicted from the model (that is, the 
carbon carrying caPacity) 

The distribution of total carbon by area is shown in the 
histogram, with a range of <50 to 2500 t c ha-1.
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The proportion of carbon uptake used for biomass production is 
represented by the ratio of NPP:GPP. Relationships between GPP, 
NPP and biomass have been assumed to have constant coefficients 
in many modelling studies in the literature (for example, Waring 
et al. 1998). There has, however, been controversy about this issue 
(Keeling and Phillips 2007). We reviewed a global data set of 28 
forest sites where NPP and GPP were measured and found that 
the ratio varied from 0.29 to 0.61. We statistically related NPP:GPP 
ratios with the corresponding environmental conditions for each 
site. This relationship improved the prediction of the proportion 
of carbon uptake used for biomass production compared with 
using a constant fraction of 0.47, which is used commonly in the 
literature. NPP was then estimated spatially by multiplying GPP for 
each grid cell in the GIS database by the NPP:GPP ratio predicted 
for that cell(11).

The living biomass carbon stock represents the balance between 
carbon accumulation from NPP and loss by mortality to the dead 
biomass carbon stock. The relationship between NPP and biomass 
carbon stock was investigated empirically using data from 240 
sites in south-eastern Australia. These sites were in undisturbed 
mature forests and the data were collated from a range of sources 
and ecological studies. These field data were converted to spatial 
estimates of living biomass using appropriate allometric equations. 
Dead biomass includes the litter layer, coarse woody debris and 
standing dead trees. These components were measured only at 
some sites and, where there were no data, averages for forest types 
were used from a synthesis of information in the literature. 

11  As noted in the introduction, full details of methods will be made available in a 

scientific paper currently in preparation.

Coarse woody debris, central highlands, 
Victoria. Photo: Peter Halasz.
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The relationship between NPP and biomass stock is confounded 
by other factors that influence allocation and turnover rates. We 
investigated the use of environmental variables in conjunction with 
remotely sensed estimates of NPP as correlates to predict biomass. 
We used available spatial data for a selection of climatic, substrate 
and topographic environmental variables. A water availability 
index was also calculated and used as an ecologically meaningful 
expression of the interaction between precipitation and radiation. 
The effect of the environmental variables was described by a 
multiple regression model that accounted for 47 per cent of the 
variance in predicting total biomass in south-eastern Australian 
forests. 

Soil carbon estimates were calculated from spatial data layers of 
soil depth, bulk density and soil carbon concentration as mapped 
by the Australian Soil Resource Information System (CSIRO 2007), 
and compared with site data where they existed. These values are 
for soil organic carbon only and would be higher if estimates of soil 
charcoal were available.

The analyses resulted in spatial predictions of living and dead 
biomass carbon and soil carbon, given prevailing environmental 
conditions, and assuming that the forests were ecologically mature 
and had not been disturbed by human activities. If the input field-
site data have sampled landscape variability adequately, the effect 
of differences in climate, substrate, topography, wildfires and 
other natural disturbances should be reflected in these estimates. 
The statistical models enable the mean and standard deviation of 
carbon values to be calculated, where the latter can be interpreted 
in part to reflect the natural variability of conditions that affect 
forest growth in the region.

In this way, we were able to estimate and generate maps of the 
study region’s natural carbon carrying capacity, thereby producing 
for the first time a baseline green carbon account for these natural 
forests.

results

The spatial distributions of the main components of the green 
carbon budget for the eucalypt forests of south-eastern Australia 
are shown for GPP (Figure 4), soil carbon (Figure 5), total biomass 
carbon (Figure 6) and total carbon (Figure 7) and are summarised 
in Table 1. Areas of rainforest are marked on these maps, but the 
carbon stock has not been predicted for them because there were 
insufficient site data from rainforests available for this study to 
predict biomass accurately. Predictions of carbon stocks have been 
made only within the numerical range of the input site data.
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table 1: summary of the carbon stock of each comPonent 
of the carbon carrying caPacity of the eucalyPt forests of 
south-eastern australia

carbon component soil living 
biomass

total biomass total carbon

Total carbon stock for 
the region (Mt c)

4060 4191 5220 9280

carbon stock ha-1 
(t c ha-1)

280

(161)

289

(226)

360

(277)

640

(383)

carbon stock per hectare is represented as a mean and standard deviation (in 
parentheses), which represents the variation in modelled estimates across the 
region. The study region covers an area of 14.5 million ha, representing 2 279 358 
pixels at 250 m resolution.

Accumulation of carbon in biomass is related positively to NPP. 
Wide variance occurs, with many sites having a lower biomass 
for a given NPP than this maximum. This high spatial variability 
reflects the influence of environmental variables and natural 
disturbance regimes on the residence time of carbon in biomass 
components. The high spatial variability in carbon stocks across the 
region is represented as high standard deviations in Table 1, with 
particularly high values of carbon stocks covering only relatively 
small geographic areas.

The highest biomass carbon stocks (more than 1500 t C ha-1) are 
in the mountain ash (Eucalyptus regnans) forest in the Central 
Highlands of Victoria (based on the forest types where data 
were available). This is cool temperate evergreen forest with 
a tall eucalypt overstorey and dense Acacia spp. and temperate-
rainforest tree understorey. Environmental conditions are ideal 
for plant growth and accumulation of biomass, with high rainfall, 
moderate temperatures, moderately fertile and deep soils and in 
a sheltered valley. Highest biomass occurs in stands with two or 
three age cohorts of overstorey trees and rejuvenated understorey 
trees, which have resulted from partial stand-replacing wildfires 
(see Lindenmayer et al. 1999; Mackey et al. 2002).

Forest types where biomass is relatively low for a high NPP 
occur in the subtropics of northern coastal New South Wales and 
southern Queensland, where tree longevity is relatively lower and 
decomposition rates are higher than in temperate forests, resulting 
in lower accumulation of living and dead biomass. Sites with 
limiting environmental conditions—such as low water availability, 
infertile or shallow soils—also have lower biomass for a given NPP. 
Additionally, some forest stands might not be at maximum age 
and hence biomass, because the site history was uncertain.
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Comparison wiTh 
exisTinG Carbon 
aCCounTs

Soil matrix with fine roots: Red Dermosol, 
Brindabella Ranges. Photo: Heather Keith.

One way to understand the significance of our estimates of the 
carbon carrying capacity of the natural forests of south-eastern 
Australia is to compare them with values estimated from other 
sources. Two widely used sources of forest carbon data are the 
default values published by the Intergovernmental Panel on 
Climate Change (IPCC) and estimates derived from the Australian 
Government’s National Carbon Accounting System (NCAS).

The IPCC recommends default values for estimating green carbon 
stocks in the absence of local data (Watson et al. 2001). Mean 
carbon stock and flux values are provided for the world’s major 
biomes(12), as detailed in Table 2. Our analyses (Table 1) showed 
that the stock of carbon for intact natural forests in our study area 
is about 640 t C ha-1 and the average NPP of natural forests is 
12 t C ha-1 yr-1 (with a standard deviation of 1.8). In terms of global 
biomes, Australian forests are classified as temperate forests. The 
IPCC default values for temperate forests are a carbon stock of 
217 t C ha-1 and an NPP of 7 t C ha-1 yr-1. 

table 2: estimated average uPtake and carbon stocks in the 
world’s main forest biomes

forest biome nPP 
(t c ha-1 yr - 1)

carbon stock (t c ha-1)

soil biomass total

Boreal 
forests

2.1 296 53 349

Temperate 
forests

7.0 122 96 217

Tropical 
forests

10.0 122 157 279

Source: Watson, r. T., Noble, i. r., Bolin, B., ravindranath, N. H., Verardo, D. J. and 
Dokken, D. J. (eds) 2001, Land Use, Land-Use Change, and Forestry, intergovernmental 
Panel on climate change (iPcc), cambridge University Press, Third Assessment 
report, Table 3.2. 

Comparing the values in Tables 1 and 2, it can be seen that the 
IPCC default values represent only one-third of the natural carbon 
carrying capacity of the eucalypt forests of south-eastern Australia, 
and only 27 per cent of the biomass carbon stock. Using our figures, 
the total stock of carbon that can be stored in the 14.5 million ha of 
eucalypt forest in our study region is 9.3 Gt, if it is undisturbed by 
intensive human land-use activity and allowed to reach its natural 
carbon carrying capacity; applying the IPCC default values would 
give only 3.1 Gt. Note that while our model estimates the average 
total carbon stock of natural eucalypt forests at 640 t C ha-1, real 
site values range up to 2500 t C ha-1 . This range reflects the natural 
variability found across landscapes in the environmental conditions 
and disturbance regimes that affect forest growth.

12  Biomes are large areas that have a similar climate and vegetation structure—that 

is, the vegetation has a similar height and density, even though the floristic composition 

might differ.
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How can we explain the difference in total carbon between our 
estimates and the IPCC default values? The answer lies in the fact 
that current approaches to carbon accounting have been designed 
to estimate carbon stocks and flows in industrialized forests, 
including plantations. That is, they are designed to measure 
what we call brown carbon, not green carbon. As we discussed 
earlier, current approaches generally use field data from forestry 
mensuration plots. These plots are designed to provide estimates 
of growth rates in regenerating trees of commercial importance, 
which store much less carbon than unlogged natural forests. 
This is the main reason why carbon accounting methods that are 
calibrated using field data from industrialized forests significantly 
underestimate a landscape’s carbon carrying capacity. There is 
also the problem of definition of forest and how different average 
values are compared. The definition of forest used in the Australian 
classification is trees taller than 10 m and canopy cover greater 
than 30 per cent, whereas the definition of forest used for the 
IPCC default values is trees taller than 2 m and canopy cover 
greater than 10 per cent (UNFCCC 2002). Additionally, the forests 
of south-eastern Australia have high GPP relative to typical default 
values.

Green carbon accounting tools for natural forests need to be 
calibrated using ecological field data obtained from sites that 
have not been disturbed by intensive human land-use activity, 
especially commercial logging. We made a special effort to find 
such ecological field data for our study region so that our estimates 
of carbon stocks were calibrated appropriately to represent the 
landscape’s carbon carrying capacity.

Further insight into the requirements of green carbon accounting 
can be gained by comparing our estimates with those generated 
from the NCAS (Australian Greenhouse Office 2007a). The 
NCAS was designed to model biomass growth in plantations and 
afforestation/reforestation projects using native plantings. The 
empirically based calculations within the NCAS were calibrated 
using data appropriate for that purpose. Consequently, the NCAS 
was not designed to estimate the carbon carrying capacity of 
undisturbed natural forests. 

To illustrate the need to calibrate carbon models using data that 
are appropriate for the purpose of a study, we used the NCAS to 
calculate carbon stocks at the locations for which we had obtained 
field data. Figure 8 shows the results of this analysis and compares 
the biomass estimates from the NCAS with our modelled predictions 
and with the real biomass calculated at each of the field sites used 
in our study (see Figure 4). 

The NCAS generally underestimates biomass in natural forests 
that are largely undisturbed by human land-use activity—that is, 
the NCAS underestimates the carbon carrying capacity of natural 
forests. This is not surprising because it was not developed with this 
purpose in mind. The NCAS is a well-designed carbon accounting 
tool that represents the main ecological processes shown in 
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Figure 3. It is theoretically and technically possible to modify this 
program by calibrating it with data and empirical relationships—
such as those we have used to develop our model—appropriate 
for the purpose of estimating the natural carbon carrying capacity 
of forests. 

figure 8: comParison of gPP and biomass

GPP was calculated by the methods used in this report and biomass estimates were 
derived from: i) the NcAS (orange open circles); ii) field sites (blue triangles); and 
iii) our modelled relationships between NPP and environmental variables (green 
open diamonds).
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impliCaTions for 
Carbon poliCy

Lichen: Lamington National Park, 
Queensland. Photo: Michael Hodda.

E. obliqua, Mt. Wellington, Tasmania. 
Photo: Rob Blakers.

the imPortance of carbon carrying caPacity

We noted in the introduction that the Intergovernmental Panel 
on Climate Change (IPCC) has identified the need for forest-based 
mitigation analyses that account for natural variability in forest 
conditions, use primary forest structure and composition data and 
provide reliable baseline carbon accounts (Nabuurs et al. 2007). 
The approach we document in this study provides the means to 
generate such reliable baseline green carbon accounts for natural 
forests.

Once estimates of the carbon carrying capacity for a landscape 
have been derived, it is possible to calculate a forest’s future carbon 
sequestration potential. This is the difference between a landscape’s 
current carbon stock (under current land management) and 
the carbon carrying capacity (the maximum carbon stock when 
undisturbed by humans). 

The current carbon stocks reflect the impact of human land-use 
activities in removing woody biomass from the forest, in some 
cases degrading soil carbon, and reducing residence time of organic 
carbon pools in the ecosystem. Some human activities also lead to 
an increase in fire, which again reduces current stocks, especially 
if there is post-fire salvage logging (Mackey et al. 2002). 

The carbon sequestration potential is the amount of green carbon 
that potentially can be sequestered and stored in a landscape, if no 
further carbon-degrading land-use activity occurs and prevailing 
natural disturbance regimes persist. If a natural forest has not been 
subjected to intensive human land-use activity, the current carbon 
stock should be equal to the estimated carbon carrying capacity. 
When the carbon carrying capacity is known, the limiting factor 
in calculating the carbon sequestration potential of a landscape is 
the availability of data needed to calculate current carbon stocks, 
especially data about: 1) land-use history, and 2) the carbon stocks 
in dead and living woody biomass and soil. All of these data are 
needed on a landscape-wide basis. 

The correct baseline to use when undertaking green carbon 
accounting is the carbon carrying capacity, against which the 
significance of changes in carbon stocks can be gauged. The 
calculation of most practical significance is the carbon sequestration 
potential. The approach developed by Roxburgh et al. (2006) 
includes a simulation model that, once calibrated properly, can 
estimate the carbon sequestration potential of natural forests. Such 
analyses are part of our continuing research activities.

Given the extensive impact of human land-use activities, 
particularly land clearing and all forms of commercial logging, 
carbon carrying capacity has to be estimated carefully in many 
landscapes from the best available data. If the carbon carrying 
capacity is not considered explicitly, the current carbon stock 
will be taken as representing the baseline against which future 
changes are gauged. Assuming there is a history of intensive 
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land use, the result will be an underestimate of the green carbon 
account. The landscape’s potential for carbon storage will have 
been undervalued. 

deforestation and forest degradation

After the 2007 Bali Climate Change Conference, the international 
community formally recognized the need to reduce emissions from 
deforestation and forest degradation as part of a comprehensive 
approach to solving the climate change problem. Deforestation is 
the result of a complex process reflecting the interaction of many 
factors such as national development priorities, local community 
needs and aspirations, the concerns of civil society organisations 
and commercial interests. Land and its resources are factors in 
production, and usually end up being allocated to the highest 
market-based economic value, unless governments intervene to 
protect non-market values through special conservation policies 
and legislation. 

Clearing natural forests for bio-fuel plantations currently gives 
the highest economic return in many situations. Unfortunately, 
international rules defining forests and government carbon 
trading do not prevent natural forests in developing countries from 
being cleared for bio-fuel plantations. For example, in Indonesia, 
natural forests are being cleared for monoculture plantations of oil 
palms (Fargione et al. 2008). The international rules also do not 
prevent natural forests in developed countries being cleared for 
monoculture plantations (see Milne 2007). 

Clearing natural forests to establish plantations does not reflect 
a scientific understanding of the difference between natural and 
industrialized forests. In terms of greenhouse gas emissions, the 
international rules that govern carbon trading and national-level 
policies do not distinguish between what we call in this report 
grey, brown and green carbon. Ignoring the difference between 
these forms of carbon can create ecologically perverse incentives 
for changing the land use and land cover.

It has now been shown that converting natural ecosystems to 
produce food-based bio-fuels creates a ‘bio-fuel carbon debt’ by 
releasing 17 to 420 times more carbon dioxide than the annual 
greenhouse gas reductions these bio-fuels provide by displacing 
fossil fuels (Fargione et al. 2008). The larger the natural carbon 
carrying capacity of a forest ecosystem (and the more intact the 
forest’s carbon stocks), the greater will be the carbon debt from 
clearing to grow plantations. For eucalypt forests, recovery of 
the carbon debt from clearing intact natural forest through 
afforestation or reforestation takes more than 100 years (Roxburgh 
et al. 2006).

Forests are defined under the United Nations Framework 
Convention on Climate Change (UNFCCC) as woody vegetation of 
at least 2 m in height and 10 per cent canopy cover. It is therefore 
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a simple structural definition based on the height and density 
of woody plants in an area (UNFCCC 2002)(13). One reason for 
the perverse outcomes we are now witnessing in forests is the 
limitation of this definition and associated rules that do not reflect: 
1) an understanding of green carbon accounting as presented here; 
and 2) an ecological and evolutionary scientific understanding 
about how a natural forest differs from an industrialized forest. To 
appreciate this difference, we need to consider the web of ecological 
and evolutionary processes that sustain the system within which 
the green carbon is stored.

In addition to the dominant tree canopy layer, natural forests 
contain a vast array of other plant species that support, through 
the biomass they produce from photosynthesis, an extraordinary 
diversity of animal species (mammals, birds, reptiles, invertebrates), 
fungi and a multitude of microbial organisms. A natural forest 
contains genetic information that is being copied continually 
(through reproduction), corrected (through the failure to survive 
of organisms with faulty copies), replaced (by the survivors) and 
revised (through proliferation of organisms possessing favourable 
modifications to the genome). Most importantly, this revision of 
the genome allows populations to adapt to environmental changes, 
including the climate change that we are currently experiencing. 

Maintenance of the genetic diversity of natural forests, and 
therefore the capacity of the organisms contained therein to 
continue to adapt to environmental change, requires a self-
perpetuating system. When land is deforested, this store of genetic 
information is reduced and the capacity of the remaining population 
of the species to adapt to environmental change is compromised. 
Clearing of natural forest reduces the population viability of the 
biota in the remaining unmodified forest (Lindenmayer and 
Fischer 2006). The living information in the genetic material of the 
forest biota regulates the bio-geochemical and ecosystem processes 
(Gorshkov et al. 2000). As natural forest is self-sustaining, it is 
able to persist without the need for management inputs from 
humans. Consequently, carbon accounting in natural forests need 
consider only the carbon gains and losses associated with biological 
processes; photosynthesis, respiration and oxidative combustion 
by wildfire and the production of charcoal. 

In contrast with natural forests, industrialized forests comprise a 
very small number of species. Plantations are not self-sustaining 
systems; they consist of copies of genetic information and require a 
succession of energy inputs (mostly sourced from fossil fuels) during 
their lifetime, from seedling propagation to harvest. These include: 
site preparation (removal of existing vegetation), seed collection, 
growth trials to test the potential survival of species, seedling 
nursery inputs to grow seedlings for planting, planting of seedling 

13 In addition to tree crown cover (>10-30%) and height (2-5 m) at maturity, the 

IPCC definition of forest includes consideration of the minimum area (0.05-1.0 ha) and 

width of land.
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trees, application of herbicides to suppress competition from weed 
species, measures to prevent animal species (vertebrates and 
invertebrates) from browsing on the seedlings, fertilizer application 
(most soils in Australia are nutrient impoverished) and continuing 
maintenance to suppress plant and animal pest species and fire.

As plantations are not self-sustaining systems, when the trees are 
harvested or die, energy inputs (again, sourced mostly from fossil 
fuels) are required to establish a new crop of trees. All of these 
fossil-fuel inputs, including those required for the manufacture 
of consumables such as fertilizer and pesticides, need to be taken 
into account, along with the biological processes, when assessing 
the carbon sequestration potential of tree plantations (and other 
agricultural crops). As plantations are eventually harvested, the 
fossil-fuel inputs, such as those required for road-making and 
upgrading, transport of the saw-logs for processing, the energy 
needs (and carbon dioxide emissions) for processing of timber or 
woodchips, and other industrial processes, should also be deducted 
from the gross pre-harvest carbon stock.

Despite the progress we are now seeing in the development of 
international policy responses to the problem of deforestation, 
there remains a lack of clarity about the kinds of human activities 
that contribute to forest degradation. From a climate change 
perspective, forest degradation needs to be defined to include the 
impact of all human land-use activity that reduces the current 
carbon stock in a natural forest compared with its natural carbon 
carrying capacity. The impact of commercial logging on natural 
forests must therefore also be considered when accounting for 
forest degradation. As discussed earlier, commercially logged forests 
have substantially lower carbon stocks and reduced biodiversity 
than intact natural forests, and studies have shown carbon stocks 
to be 40 to 60 per cent lower depending on the intensity of logging 
(Brown et al. 1997; Dean et al. 2003; Roxburgh et al. 2006). 
In Brazilian Amazon, the area of natural forest that is logged 
commercially resulting in degraded carbon stocks is equivalent to 
that subject to deforestation and represents approximately 0.1 Gt 
of green carbon emissions to the atmosphere (Asner et al. 2005). 

While clearing for agriculture (either intensive or subsistence) can 
be a major cause of deforestation and forest degradation (especially 
in tropical forests), commercial logging can also be the initial 
causal factor. Depending on the prevailing regulatory framework, 
a succession of planned and unplanned, legal and illegal land-use 
activities can be introduced into a landscape facilitated by the logging 
infrastructure—in particular, the road network. The end point of 
this process can be broad-scale degradation and deforestation, with 
associated increased carbon dioxide emissions. 

green carbon and mitigation

Given the scale and urgency of the climate change problem, we 
need to take a fresh look at the contribution natural forests can 
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make to mitigating rising levels of atmospheric carbon dioxide. 
We can illustrate the implications of taking a fresh approach by 
considering again the carbon carrying capacity we have calculated 
for the eucalypt forests in south-eastern Australia (Figure 7). Our 
comments here, however, can be of a preliminary nature only as we 
have not yet calculated the carbon sequestration potential of these 
forests—a task that remains part of our continuing research.

About 30 per cent of Australia’s forests have been cleared and 
the land converted to agricultural or other land uses. Of the 
14.5 million ha of eucalypt forest shown in Figure 7 (which is about 
half of Australia’s remaining eucalypt forests), about 4.9 million ha 
are in some kind of protected area, while 9.6 million ha are on 
either public or private land. Of the unprotected natural forest, 
about 8.1 million ha (about 56 per cent) have been logged 
commercially. 

Protecting natural forests can be part of a comprehensive mitigation 
strategy in two ways: 

keeping the carbon in the forest ecosystem—that is, in the 1. 
biomass and bound to soil particles

allowing the forests that have been logged previously to re-2. 
grow and reach their carbon sequestration potential.

The carbon carrying capacity of the 14.5 million ha of eucalypt 
forest in our study area is about 9 Gt C (equivalent to 33 Gt CO

2
). 

About 44 per cent of the area has not been logged and can be 
considered at carbon carrying capacity, which represents about 
4 Gt C (equivalent to 14.5 Gt CO

2
). About 56 per cent of the area 

has been logged, which means these forests are substantially below 
their carbon carrying capacity of 5 Gt C. If it is assumed that logged 
forest is, on average, 40 per cent below carbon carrying capacity 
(Roxburgh et al. 2006), the current carbon stock is 3 Gt C (equivalent 
to 11 Gt CO

2
). The total current carbon stock of the 14.5 million ha 

is 7 Gt C (equivalent to 25.5 Gt CO
2
). If logging in native eucalypt 

forests was halted, the carbon stored in the intact forests would be 

E. regnans in Mt. Baw Baw, Victoria. 
Photo: Chris Taylor.
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protected and the degraded forests would be able to regrow their 
carbon stocks to their natural carbon carrying capacity. Based on 
the assumptions above, the carbon sequestration potential of the 
logged forest area is 2 Gt C (equivalent to 7.5 Gt CO

2
). 

Costa and Wilson (2000) have derived an equivalence factor to 
relate the stock of carbon in the biosphere to the effect of the 
emitted carbon dioxide in the atmosphere, stated as “the effect of 
keeping 1 t CO

2
 out of the atmosphere for 1 year”. This is based 

on the inference that “removing 1 t CO
2
 from the atmosphere 

and storing it for 55 years counteracts the radiative forcing effect, 
integrated over a 100 year time horizon, of a 1 t CO

2
 emission pulse”. 

Applying this equivalence factor, every 1 t CO
2
 sequestered as a 

biosphere stock for 55 years is equal, in a radiative forcing context, 
to 0.0182 t CO

2
 yr-1 (for 100 years) of avoided emissions, and every 

1 Gt CO
2
 stored is equivalent to 18.2 Mt CO

2
 yr-1 (for 100 years) of 

avoided emissions. The effect of retaining the current carbon stock 
of 25.5 Gt CO

2
 in our study area is therefore equivalent to avoided 

emissions of 460 Mt CO
2
 yr-1 for the next 100 years. Allowing logged 

forests to realize their sequestration potential to store 7.5 Gt CO
2
 

is equivalent to avoiding emissions of 136 Mt CO
2
 yr-1 for the next 

100 years. This amount of emissions is equal to 24 per cent of the 
2005 Australian net greenhouse gas emissions across all sectors 
(559 Mt CO

2
 yr-1) (Australian Greenhouse Office 2007b).  This 

approach is assuming a 100 year lifetime for most of the carbon 
dioxide in the atmosphere.  However, Archer (2005) considers a 
better approximation of the lifetime of fossil fuel carbon dioxide 
might be “300 years plus 25% that lasts forever”.

Another way of appreciating the relative importance of the carbon 
stock in forests is to compare it with the stock in the atmosphere. If 
the entire carbon stock was released from the forests in our study 
area into the atmosphere, it would raise the global concentration 
of carbon dioxide by 3.3 ppmv(14). This is a globally significant 
amount of carbon dioxide; since 1750 AD, the concentration 
of carbon dioxide in the atmosphere has increased by some 97 
ppmv.

It is possible to achieve protection of the carbon stocks in natural 
forests by switching to timber sourced from existing plantations 
and, if necessary, from new plantations on previously cleared land. 
In this way, the commercial demand for wood fibre can be met and 
the contribution of natural forests to greenhouse gas mitigation 
can be maximized. Currently, about 68 per cent of wood fibre is 
sourced from the plantation estate, but current plantation stocks 
are sufficient to meet nearly all the national demand for wood and 
paper products (Ajani 2007). 

14  1 ppmv CO
2
 in the atmosphere is equivalent to 2.13 Gt C (Carbon Dioxide 

Information Analysis Center). 



39

ConCludinG 
CommenTs

Canopy leaves: E. delegatensis, Bago State 
Forest, southern NSW. Photo: Heather 
Keith.

In considering the role of natural forests in the climate change 
problem, we must avoid the temptation to take a reductionist 
approach in which all we see is a measure of carbon with a 
fungible, market value. Much of what distinguishes natural 
forests from industrialized forests cannot be measured let alone 
assigned a market value. We are just beginning to understand 
the powerful ways in which micro-evolutionary processes enable 
local adaptations in very dynamic ways and over what were 
previously considered to be ecological time scales (Bradshaw 
and Holzapfel 2006). Molecular analyses are also revealing the 
extraordinary complexity, persistence and geographic patterning 
of  coevolutionary relationships between populations and across 
communities (Thompson 2005). Indeed, it is these elusive 
biological, ecological and evolutionary attributes that underpin 
the qualities that make green carbon in natural forests a more 
reliable and resilient stock compared with the brown carbon of 
industrialized forests. Green carbon is not analogous to the grey 
carbon of coal; it emerges from and is part of complex, adaptive 
ecosystems.

Carbon accounting models must be calibrated specifically with 
appropriate ecological field data before they can generate reliable 
estimates for natural forests. Default Intergovernmental Panel on 
Climate Change (IPCC) values and accounting tools developed 
for industrialized forests will not generate reliable estimates for 
natural forests. Green carbon accounting for natural forests is 
needed, based on reliable estimates of: 1) the carbon carrying 
capacity; 2) current carbon stocks; and 3) the carbon sequestration 
potential. With these data, it is possible to evaluate the carbon 
uptake from, or emission to, the atmosphere from changing 
land-use activities and land cover. Our approach to green carbon 
accounting enables these essential calculations to be undertaken. 
It addresses the IPCC’s call for the need for forest-based mitigation 
analyses that account for natural variability, use primary data and 
provide reliable baseline carbon accounts.

Forest degradation should be defined from a climate change 
perspective to include any human land-use activity that reduces 
the carbon stocks of a forested landscape relative to its carbon 
carrying capacity. The climate change imperative demands that we 
take a fresh look at our forest estate. The carbon impacts of all land 
uses, including commercial logging, must be brought explicitly 
into our calculations in terms of their direct and indirect effects on 
forest degradation. 

The remaining intact natural forests constitute a significant standing 
stock of carbon that should be protected from carbon-emitting 
land-use activities.  There is substantial potential for carbon 
sequestration in forest areas that have been logged commercially, 
if allowed to regrow undisturbed by further intensive human land-
use activities. 

As the world community begins the difficult and complex task of 
negotiating the terms for the post-2012 commitment period under 
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the United Nations Framework Convention on Climate Change 
(UNFCCC), various mechanisms are being proposed to provide 
the incentives and investments necessary for forest protection, 
particularly in developing countries. The international regulatory 
framework being developed to help reduce emissions from 
deforestation and degradation needs to be based on a scientific 
understanding of natural forests and the ecological differences 
between natural forests and industrialized forests, especially 
monoculture plantations. Protecting existing natural forests from 
deforestation is important because it prevents the increase in 
atmospheric carbon dioxide levels that will necessarily result. The 
imperative to protect what is left of the world’s natural forests (in 
addition to their intrinsic and other non-market values) comes 
from recognising their role in the global carbon cycle and the 
need to keep intact an essential component of Earth’s life-support 
systems. The green carbon stored in natural forests is a significant 
component of the global carbon cycle, and about 18 per cent of 
annual greenhouse gas emissions come from deforestation.

More reliable estimates of baseline green carbon will enable the 
contribution of natural forests to the global carbon cycle to be valued 
properly. Our analyses show that in Australia and probably globally, 
the carbon carrying capacity of natural forests is underestimated 
and therefore misrepresented in economic valuations and in 
policy options. Scientifically, it is important to reduce emissions 
from deforestation and forest degradation in all forest biomes—
boreal, tropical and temperate—and in economically developed as 
well as developing countries. Green carbon accounting and forest 
protection of all natural forests in all nations must become part of 
a comprehensive approach to the climate change problem. 

E. regnans in Styx valley, Tasmania  
(1300 t C ha-1 of biomass carbon).  
Photo: Geoff Law.
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Forest fuel reduction alters fire severity and long-term carbon
storage in three Pacific Northwest ecosystems
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Abstract. Two forest management objectives being debated in the context of federally
managed landscapes in the U.S. Pacific Northwest involve a perceived trade-off between fire
restoration and carbon sequestration. The former strategy would reduce fuel (and therefore C)
that has accumulated through a century of fire suppression and exclusion which has led to
extreme fire risk in some areas. The latter strategy would manage forests for enhanced C
sequestration as a method of reducing atmospheric CO2 and associated threats from global
climate change. We explored the trade-off between these two strategies by employing a forest
ecosystem simulation model, STANDCARB, to examine the effects of fuel reduction on fire
severity and the resulting long-term C dynamics among three Pacific Northwest ecosystems:
the east Cascades ponderosa pine forests, the west Cascades western hemlock–Douglas-fir
forests, and the Coast Range western hemlock–Sitka spruce forests. Our simulations indicate
that fuel reduction treatments in these ecosystems consistently reduced fire severity. However,
reducing the fraction by which C is lost in a wildfire requires the removal of a much greater
amount of C, since most of the C stored in forest biomass (stem wood, branches, coarse woody
debris) remains unconsumed even by high-severity wildfires. For this reason, all of the fuel
reduction treatments simulated for the west Cascades and Coast Range ecosystems as well as
most of the treatments simulated for the east Cascades resulted in a reduced mean stand C
storage. One suggested method of compensating for such losses in C storage is to utilize C
harvested in fuel reduction treatments as biofuels. Our analysis indicates that this will not be
an effective strategy in the west Cascades and Coast Range over the next 100 years. We suggest
that forest management plans aimed solely at ameliorating increases in atmospheric CO2

should forgo fuel reduction treatments in these ecosystems, with the possible exception of
some east Cascades ponderosa pine stands with uncharacteristic levels of understory fuel
accumulation. Balancing a demand for maximal landscape C storage with the demand for
reduced wildfire severity will likely require treatments to be applied strategically throughout
the landscape rather than indiscriminately treating all stands.

Key words: biofuels; carbon sequestration; fire ecology; fuel reduction treatment; Pacific Northwest,
USA; Picea sitchensis; Pinus ponderosa; Pseudotsuga menziesii.

INTRODUCTION

Forests of the U.S. Pacific Northwest capture and

store large amounts of atmospheric CO2, and thus help

mitigate the continuing climatic changes that result from

extensive combustion of fossil fuels. However, wildfire is

an integral component to these ecosystems and releases

a substantial amount of CO2 back to the atmosphere via

biomass combustion. Some ecosystems have experienced

an increase in the amount of CO2 released due to a

century-long policy of fire suppression that has led to

increased levels of fuel buildup, resulting in wildfires of

uncharacteristic severity. Fuel reduction treatments have

been proposed to reduce wildfire severity, but like

wildfire, these treatments also reduce the C stored in

forests. Our work examines the effects of fuel reduction

on wildfire severity and long-term C storage to gauge the

strength of the potential trade-off between managing

forests for increased C storage and reduced wildfire

severity.

Forests have long been referenced as a potential sink

for atmospheric CO2 (Vitousek 1991, Turner et al. 1995,

Harmon et al. 1996, Harmon 2001, Smithwick et al.

2002, Pacala and Socolow 2004), and are credited with

contributing to much of the current C sink in the

coterminous United States (Pacala et al. 2001, Hurtt et

al. 2002). This U.S. carbon sink has been estimated to be

between 0.30 and 0.58 Pg C/yr for the 1980s, of which

between 0.17 Pg C/yr and 0.37 Pg C/yr has been

attributed to accumulation by forest ecosystems (Pacala

et al. 2001). While the presence of such a large sink has

been valuable in mitigating global climate change, a

substantial portion of it is due to the development of

understory vegetation as a result of a national policy of

fire suppression (Pacala et al. 2001, Donovan and Brown

2007). Fire suppression, while capable of incurring
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short-term climate change mitigation benefits by pro-

moting the capture and storage of atmospheric CO2 by

understory vegetation and dead fuels (Houghton et al.

2000, Tilman et al. 2000), has, in part, led to increased

and often extreme fire risk in some forests, notably Pinus

ponderosa forests (Moeur et al. 2005, Donovan and

Brown 2007).

Increased C storage usually results in an increased

amount of C lost in a wildfire (Fahnestock and Agee

1983, Agee 1993). Many ecosystems show the effects of

fire suppression (Schimel et al. 2001, Goodale et al.

2002, Taylor and Skinner 2003), and the potential effects

of additional C storage on the severity of future wildfires

is substantial. In the Pinus ponderosa forests of the east

Cascades, for example, understory fuel development is

thought to have propagated crown fires that have killed

old-growth stands not normally subject to fires of high

intensity (Moeur et al. 2005). Various fuel reduction

treatments have been recommended for risk-prone

forests, particularly a reduction in understory vegetation

density, which can reduce the ladder fuels that promote

such severe fires (Agee 2002, Brown et al. 2004, Agee

and Skinner 2005). While a properly executed reduction

in fuels could be successful in reducing forest fire severity

and extent, such a treatment may be counterproductive

to attempts at utilizing forests for the purpose of long-

term C sequestration.

Pacific Northwest forests, particularly those that are

on the west side of the Cascade mountain range, are

adept at storing large amounts of C. Native long-lived

conifers are able to maintain production during the

rainy fall and winter months, thereby out-competing

shorter-lived deciduous angiosperms with a lower

biomass storage capacity (Waring and Franklin 1979).

Total C storage potential, or upper bounds, of these

ecosystems is estimated to be as high as 829.4 Mg C/ha

and 1127.0 Mg C/ha for the western Cascades and Coast

Range of Oregon, respectively (Smithwick et al. 2002).

Of this high storage capacity for west Cascades and

Coast Range forests, 432.8 Mg C/ha and 466.3 Mg

C/ha, respectively, are stored in aboveground biomass

(Smithwick et al. 2002), a substantial amount of fuel for

wildfires.

High amounts of wildfire-caused C loss often reflect

high amounts of forest fuel availability prior to the onset

of fire. Given the magnitude of such losses, it is clear

that the effect of wildfire severity on long-term C

dynamics is central to our understanding of the global C

cycle. What is not clear is the extent to which repeated

fuel removals that are intended to reduce wildfire

severity will likewise reduce long-term total ecosystem

C storage (TECl). Fuel reduction treatments require the

removal of woody and detrital materials to reduce future

wildfire severity. Such treatments can be effective in

reducing future wildfire severity, but they likewise

involve a reduction in stand-level C storage. If repeated

fuel reduction treatments decrease the mean total

ecosystem C storage by a quantity that is greater than

the difference between the wildfire-caused C loss in an

untreated stand and the wildfire-caused C loss in a
treated stand, the ecosystem will not have been

effectively managed for maximal long-term C storage.
Our goal was to test the extent to which a reduction in

forest fuels will affect fire severity and long-term C
storage by employing a test of such dynamics at multi-

century time scales. Our questions were as follows: (1)
To what degree will reductions in fuel load result in
decreases in C stores at the stand level? (2) How much C

must be removed to make a significant reduction in the
amount of C lost in a wildfire? (3) Can forests be

managed for both a reduction in fire severity and
increased C sequestration, or are these goals mutually

exclusive?

METHODS

Model description

We conducted our study using an ecosystem simula-

tion model, STANDCARB (Appendix A), that allows
for the integration of many forest management practices

as well as the ensuing gap dynamics that may result from
such practices. STANDCARB is a forest ecosystem
simulation model that acts as a hybrid between

traditional single-life-form ecosystem models and mul-
ti-life-form gap models (Harmon and Marks 2002). The

model integrates climate-driven growth and decomposi-
tion processes with species-specific rates of senescence

and stochastic mortality while incorporating the dy-
namics of inter- and intraspecific competition that

characterize forest gap dynamics. Inter- and intraspecific
competition dynamics are accounted for by modeling

species-specific responses to solar radiation as a function
of each species’ light compensation point as well as the

amount of solar radiation delineated through the forest
canopy to each individual. By incorporating these

processes the model can simulate successional changes
in population structure and community composition

without neglecting the associated changes in ecosystem
processes that result from species-specific rates of
growth, senescence, mortality, and decomposition.

STANDCARB performs calculations on a monthly
time step and can operate at a range of spatial scales by

allowing a multi-cell grid to capture multiple spatial
extents, as both the size of an individual cell and the

number of cells in a given grid can be designated by the
user. We used a 20 3 20 cell matrix for all simulations

(400 cells total), with 15 3 15 m cells for forests of the
west Cascades and Coast Range and 123 12 m cells for

forests of the east Cascades. Each cell allows for
interactions of four distinct vegetation layers, represent-

ed as upper canopy trees, lower canopy trees, a species-
nonspecific shrub layer, and a species-nonspecific herb

layer. Each respective vegetation layer can have up to
seven live pools, eight detrital pools, and three stable C

pools. For example, the upper and lower tree layers
comprise seven live pools: foliage, fine roots, branches,

sapwood, heartwood, coarse roots, and heart-rot, all of
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which are transferred to a detrital pool following

mortality. Dead wood is separated into snags and logs

to capture the effects of spatial position on microcli-

mate. After detrital materials have undergone significant

decomposition, they can contribute material to three

increasingly decay-resistant, stable C pools: stable

foliage, stable wood, and stable soil. Charcoal is created

in both prescribed fires and wildfires and is thereafter

placed in a separate pool with high decay resistance.

Additional details on the STANDCARB model can be

found in Appendix A.

Fire processes

We generated exponential random variables to assign

the years of fire occurrence (sensu Van Wagner 1978)

based on the literature estimates (see experimental

design for citations) of mean fire return intervals

(MFRI) for different regions in the U.S. Pacific

Northwest. The cumulative distribution for our negative

exponential function is given in Eq. 1 where X is a

continuous random variable defined for all possible

numbers x in the probability function P, and k
represents the inverse of the expected time E [X] for a

fire return interval given in Eq. 2:

P X � xf g ¼
Z x

0

ke�kxdx ð1Þ

where

E½X� ¼ 1

k
: ð2Þ

Fire severities in each year generated by this function

are cell specific, as each cell is assigned a weighted fuel

index calculated from fuel accumulation within that cell

and the respective flammability of each fuel component,

the latter of which is derived from estimates of wildfire-

caused biomass consumption (see Fahnestock and Agee

1983, Covington and Sackett 1984, Agee 1993). Fires

can increase (or decrease) in severity depending on how

much the weighted fuel index of a given cell exceeds (or

falls short of) the fuel level thresholds for each fire

severity class (Tlight, Tmedium, Thigh, and Tmax), and the

probability values for the increase or decrease in fire

severity (Pi and Pd). For example, while the natural fire

severity of many stands of the west Cascades can be

described as high severity, other stands of the west

Cascades have a natural fire severity that can be best

described as being of medium severity (;60–80%

overstory tree mortality) (Cissel et al. 1999). For these

stands, medium-severity fires are scheduled to occur

throughout the simulated stand and can increase to a

high-severity fire depending on the extent to which the

weighted fuel index in a cell exceeds the threshold for a

high-severity fire, as greater differences between the fuel

index and the fire severity threshold will increase the

chance of a change in fire severity. Conversely, medium-

severity fires may decrease to a low-severity fire if the

fuel index is sufficiently below the threshold for a

medium-severity fire. High-severity fires are likely to

become medium-severity fires if the weighted fuel index

within a given cell falls sufficiently short of the threshold

for a high-severity fire, and low-severity fires are likely to

become medium severity if the weighted fuel index in a

given cell is sufficiently greater than the threshold for a

medium-severity fire. Fuel level thresholds were set by

monitoring fuel levels in a large series of simulation runs

where fires were set at very short intervals to see how low

fuel levels needed to be to create a significant decrease in

expected fire severity. We note that, like fuel accumu-

lation, the role of regional climate exerts significant

influence on fire frequency and severity, and that our

model does not attempt to directly model these effects.

We suspect that an attempt to model the highly complex

role of regional climate data on fine-scale fuel moisture,

lightning-based fuel ignition, and wind-driven fire

spread adds uncertainties into our model that might

undermine the precision and applicability of our

modeling exercise. For that reason we incorporated

data from extensive fire history studies to approximate

the dynamics of fire frequency and severity.

Final calculations for the expected stand fire severity

E [Fs] at each fire are performed as follows:

E½Fs� ¼
100

C

Xn

i¼1

ciðLÞmiðLÞ+ ciðMÞmiðMÞ+ciðHÞmiðHÞ ð3Þ

where C is the number of cells in the stand matrix and

ci(L), ci(M), and ci(H) are the number of cells with light,

medium, and high-severity fires, and mi(L), mi(M), and

mi(H)represent fixed mortality percentages for canopy

tree species for light, medium, and high-severity fires,

respectively. This calculation provides an approximation

of the number of upper-canopy trees killed in the fire.

The resulting expected fire severity calculation E [Fs] is

represented on a scale from 0 to 100, where a severity

index of 100 indicates that all trees in the simulated

stand were killed.

Our approach at modeling the effectiveness of fuel

reduction treatments underscores an important trade-off

between fuel reduction and long-term ecosystem C

storage by incorporating the dynamics of snag creation

and decomposition. Repeated fuel reduction treatments

may result in a reduction in long-term C storage, but it is

possible that if such treatments are effective in reducing

tree mortality, they may also offset some of the C losses

that would be incurred from the decomposition of snags

that would be created in a wildfire of higher severity.

STANDCARB accounts for these dynamics by directly

linking expected fire severity with a fuel accumulation

index that can be altered by fuel reduction treatments

while also incorporating the decomposition of snags as

well as the time required for each snag to fall following

mortality.

Total ecosystem C storage (TEC) is calculated by

summing all components of C (live, dead, and stable).

For each replicate (i ¼ 1, 2, . . . 5) and for each period

April 2009 645FUEL TREATMENTS AND FOREST C STORAGE



between fires (x¼ 1, 2, . . . Pi), the mean total ecosystem

C storage (TECl) is calculated by averaging the yearly

TEC values (k ¼ 1, 2, . . . Rx).

TEClði; xÞ ¼
1

R

XR

k¼1

TECði; x; kÞ:

Aggregating TECl values in this manner permits the

number of TECl values to be the same as the number of

E [Fs] values, permitting a PerMANOVA analysis to be

performed on E [Fs] and TECl.

Fuel reduction processes

STANDCARB’s fire module allows for scheduled

prescribed fires of a given severity (light, medium, high)

to be simulated in addition to the nonscheduled wildfires

generated from the aforementioned exponential random

variable function. In addition to simulating the pre-

scribed fire method of fuel reduction, STANDCARB

has a harvest module that permits cell-by-cell harvest of

trees in either the upper or lower canopy. This module

allows the user to simulate understory removal or

overstory thinning treatments on a cell-by-cell basis.

Harvested materials can be left in the cell as detritus

following cutting or can be removed from the forest,

allowing the user to incorporate the residual biomass

that results from harvesting practices. STANDCARB

can also simulate the harvest of dead salvageable

materials such as logs or snags that have not decom-

posed beyond the point of being salvageable.

Site descriptions

We chose the Pinus ponderosa stands of the Pringle

Falls Experimental Forest as our representative for east

Cascades forests (Youngblood et al. 2004). Topography

in the east Cascades consists of gentle slopes, with soils

derived from aerially deposited dacite pumice. The

Tsuga heterophylla–Pseudotsuga menziesii stands of the

H. J. Andrews Experimental Forest were chosen as our

representative of west Cascades forests (Greenland

1994). Topography in the west Cascades consists of

slope gradients that range from 20% to 60% with soils

that are deep, well-drained dystrochrepts. The Tsuga

heterophylla–Picea sitchensis stands of the Cascade

Head Experimental Forest were chosen as our repre-

sentative of Coast Range forests. We note that most of

the Oregon Coast Range is actually composed of Tsuga

heterophylla–Pseudotsuga menziesii community types,

similar to much of the west Cascades. Tsuga hetero-

phylla–Picea sitchensis communities occupy a narrow

strip near the coast, due to their higher tolerance for salt

spray, higher soil moisture optimum, and lower toler-

ance for drought compared to forests dominated by

Pseudotsuga menziesii (Minore 1979), and we incorpo-

rate this region in order to gain insight into this highly

productive ecosystem. Topography in the Cascade Head

Experimental Forest consists of slope gradients of ;10%

with soils that are silt loams to silt clay loams derived

from marine siltstones. Site locations are shown in Fig. 1

and are located within three of the physiographic

regions of Oregon and Washington as designated by

Franklin and Dyrness (1988). Additional site data are

shown in Table 1.

Experimental design

The effectiveness of forest fuel reduction treatments is

often, if not always, inversely related to the time since

their implementation. For this reason, our experiment

incorporated a factorial blocking design where each

ecosystem was subjected to four different frequencies of

each fuel reduction treatment. We also recognize the fact

that fire return intervals can exhibit substantial variation

within a single watershed, particularly those with a high

degree of topographic complexity (Agee 1993, Cissel et

al. 1999), so we examined two likely fire regimes for each

ecosystem. Historic fire return intervals may become

unreliable predictors of future fire intervals (Westerling

et al. 2006); thus ascertaining the differences in TECl

that result from two fire regimes might be a useful metric

in gauging C dynamics resulting from fire regimes that

may be further altered as a result of continued global

climate change.

We based the expected fire return time in Eqs. 1 and 2

on historical fire data for our forests based on the

following studies. Bork (1985) estimated a mean fire

return interval of 16 years for the east Cascades Pinus

ponderosa forests, and we also considered a mean fire

return interval of 8 years for this system. Cissel et al.

(1999) reported mean fire return intervals of 143 and 231

years for forests of medium- and high-severity (stand-

replacing) fire regimes, respectively, among the Tsuga

heterophylla–Pseudotsuga menziesii forests of the west

Cascades. Less is known about the fire history of the

Coast Range, which consists of Tsuga heterophylla–

Pseudotsuga menziesii communities in the interior and

Tsuga heterophylla–Picea sitchensis communities occu-

FIG. 1. Site locations in Oregon. Pringle Falls is our
representative site for the east Cascades, H. J. Andrews is our
representative site for the west Cascades, and Cascade Head is
our representative site for the Coast Range.
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pying a narrow edge of land along the Oregon Coast.

Work by Impara (1997) in the interior region of the Coast

Range suggested a natural fire return interval (expected

fire return time) of 271 years in the Tsuga heterophylla–

Pseudotsuga menziesii zone, and Long et al. (1998)

reported lake-derived charcoal sediment-based estimates

of mean fire return interval for the Coast Range forests to

be fairly similar, at 230 years. However, the Tsuga

heterophylla–Picea sitchensis community type dominant

in our study area of the Cascade Head Experimental

Forest has little resistance to fire, and thus rarely provides

a dendrochronological record. We estimated a mean fire

return interval of 250 years as one fire return interval for a

high-severity fire, derived from interior Coast Range

natural fire return interval estimates, and also included

another high-severity fire regime with a 500-year mean

fire return interval in our analysis.

It is important to note that while the forests of the east

Cascades exhibit a significant and visible legacy of

effects from a policy of fire suppression, many of the

mean fire return intervals for the forests of the west

Cascades and Coast Range exceed the period of fire

suppression (;100 years), and these forests in the west

Cascades and Coast Range will not necessarily exhibit

uncharacteristic levels of fuel accumulation (Brown et al.

2004). However, the potential lack of an uncharacteristic

amount of fuel accumulation does not necessarily

preclude these forests from future fuel reduction

treatments or harvesting; thus we have included these

possibilities in our analysis. The frequencies at which

fuel reduction treatments are applied were designed to

be reflective of literature-derived estimates of each

ecosystem’s mean fire return intervals, since forest

management agencies are urged to perform fuel

reduction treatments at a frequency reflective of the fire

regimes and ecosystem-specific fuel levels (Franklin and

Agee 2003, Dellasala et al. 2004). Treatment frequencies

for the Coast Range and west Cascades were 100, 50, 25

years, plus an untreated control group, while treatment

frequencies in the east Cascades were 25, 10, and 5 years,

and an untreated control group.

We incorporated six different types of fuel reduction

treatments largely based on those outlined in Agee

(2002), Hessburg and Agee (2003), and Agee and

Skinner (2005). Treatments 2–5 were taken directly

from the authors’ recommendations in these publica-

tions, treatment 1 was derived from the same principles

used to formulate those recommendations, and treat-

ment 6, clear-cutting, was not recommended in these

publications but was incorporated into our analysis

because it is a common practice in many Pacific

Northwest forests. Treatments 1–4 were applied to all

ecosystems, while treatments 5 and 6 were applied only

to the west Cascades and Coast Range forests, as such

treatments would be unrealistic at the treatment

intervals necessary to reduce fire severity in the high-

frequency fire regimes of the east Cascades Pinus

ponderosa forests. Note that these treatments and

combinations thereof are not necessarily utilized in each

and every ecosystem. Managers of forests on the Oregon

Coast, for example, would be unlikely to use prescribed

fire as a fuel reduction technique. Our experimental

design simply represents the range of all possible

treatments that can be utilized for fuel reduction and

is applied to all ecosystems purely for the sake of

consistency.

1. Salvage logging (SL).—The removal of large

woody surface fuels limits the flame length of a wildfire

that might enter the stand. Our method of ground fuel

reduction entailed a removal of 75% of salvageable large

woody materials in the stand. Our definition of salvage

logging includes both standing and downed salvageable

materials (sensu Lindenmayer and Noss 2006).

2. Understory removal (UR).—Increasing the dis-

tance from surface fuels to flammable crown fuels will

reduce the probability of canopy ignition. This objective

can be accomplished through pruning, prescribed fire, or

the removal of small trees. We simulated this treatment

in STANDCARB by removing lower canopy trees in all

cells.

3. Prescribed fire (PF).—The reduction of surface

fuels limits the flame length of a wildfire that might enter

the stand. In the field, this is done by removing fuel

through prescribed fire or pile burning, both of which

reduce the potential magnitude of a wildfire by making it

more difficult for a surface fire to ignite the canopy

(Scott and Reinhardt 2001). We implemented this

treatment in STANDCARB by simulating a prescribed

fire at low severity for all cells.

4. Understory removal and prescribed fire (UR +
PF).—This treatment is a combination of treatments 2

and 3, where lower canopy trees were removed

(treatment 2) before a prescribed fire (treatment 3) the

following year for all cells.

TABLE 1. Site characteristics (from Smithwick et al. 2002).

Site characteristic Pringle Falls H. J. Andrews Cascade Head

Vegetation PIPO TSHE–PSME TSHE–PISI
Elevation (m) 1359 785 287
Mean annual temperature (8C) 5.5 8.4 8.6
Mean annual precipitation (mm) 544 2001 2536
Soil porosity sandy loam loam loam
Mean C storage potential (Mg C/ha) 183 829 1127

Note: Species codes: PIPO, Pinus ponderosa; TSHE, Tsuga heterophylla; PSME, Pseudotsuga
menziesii; PISI, Picea sitchensis.
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5. Understory removal, overstory thinning, and pre-

scribed fire (UR + OT + PF).—A reduction in crown

density by thinning overstory trees can make crown fire

spread less probable (Agee and Skinner 2005) and can

reduce potential fuels by decreasing the amount of

biomass available for accumulation on the forest floor.

Some have suggested that such a treatment will be

effective only if used in conjunction with UR and PF

(Perry et al. 2004). We simulated this treatment in

STANDCARB by removing all lower canopy trees

(treatment 2), removing upper canopy trees in 50% of

the cells, and then setting a prescribed fire (treatment 3)

the following year. This treatment was excluded from

the east Cascades forests because it would be unrealistic

to apply it at intervals commensurate with the high-

frequency fires endemic to that ecosystem.

6. Understory removal, overstory removal, and pre-

scribed fire (clear-cutting) (UR + OR + PF).—Clear-

cutting is a common silvicultural practice in the forests of

the Pacific Northwest, notably on private lands in the

OregonCoastRange (Hobbs et al. 2002), andwe included

it in our analysis for two ecosystems (west Cascades and

Coast Range) simply to gain insight into the effects of this

practice on long-term C storage and wildfire severity. We

simulated clear-cutting in STANDCARBby removing all

upper and lower canopy trees, followed by a prescribed

burn the following year. This treatment was excluded

from the east Cascades forests because it would be

unrealistic to apply it at intervals commensurate with the

high-frequency fires endemic to that ecosystem.

7. Control group.—Control groups had no treatments

performed on them. The only disturbances in these

simulations were the same wildfires that occurred in

every other simulation with the same MFRI.

In sum, our east Cascades analysis tested the effects of

four fuel reduction treatment types, four treatment

frequencies, including one control group, and two site

mean fire return intervals (MFRI¼ 8 years, MFRI¼ 16

years). Our analysis of west Cascades and Coast Range

forests tested the effects of six fuel reduction treatment

types, four treatment frequencies, including one control

group, and two site mean fire return intervals (MFRI¼
143 years, MFRI ¼ 230 years for the west Cascades,

MFRI ¼ 250 years, MFRI ¼ 500 years for the Coast

Range) on expected fire severity and long-term C

dynamics. This design resulted in 32 combinations of

treatment types for the east Cascades and 48 combina-

tions of treatment types and frequencies for each fire

regime in the west Cascades and Coast Range, with each

treatment combination in each ecosystem replicated five

times.

Biofuel considerations

Future increases in the efficiency of producing biofuels

from woody materials may reduce potential trade-offs

between managing forests for increased C storage and

reduced wildfire severity. Much research is currently

underway in the area of lignocellulase-based (as opposed

to sugar- or corn-based) biofuels (Schubert 2006). If this

area of research yields efficient methods of utilizing

woody materials directly as an energy source or

indirectly by converting them into biofuels such as

ethanol, fuels removed from the forest could be utilized

as an energy source and thus act as a substitute for fossil

fuels by adding only atmosphere-derived CO2 back to the

atmosphere. However, the conversion of removed forest

biomass into biofuels will only be a useful method of

offsetting fossil fuel emissions if the amount of C stored

in an unmanaged forest is less than the sum of managed

stand TECl, and the amount of fossil fuel emissions

averted by converting removed forest biomass from a

stand of identical size into biofuels over the time period

considered. We performed an analysis on the extent to

which fossil fuel CO2 emissions can be avoided if we were

to use harvested biomass directly for fuel or indirectly for

ethanol production. We recognize that many variables

need to be considered when calculating the conversion

efficiencies of biomass to biofuels, such as the amount of

energy required to harvest the materials, inefficiencies in

the industrial conversion process, and the differences in

efficiencies of various energy sources that exist even after

differences in potential energy are accounted for. Rather

than attempt to predict the energy expended to harvest

the materials, the future of the efficiency of the industrial

conversion process, and differences in energy efficiencies,

we simply estimated the maximum possible conversion

efficiency that can be achieved, given the energy content

of these materials. The following procedure was used to

estimate the extent to which fossil fuel CO2 emissions can

be avoided by substituting harvested biofuels as an

energy source:

1) Estimate the mean annual biomass removal that

results from intensive fuel reduction treatments.

2) Calculate the ratio of the amount of potential

energy per unit C emissions for biofuels (both woody

and ethanol) to the amount of energy per unit C

emissions for fossil fuels.

3) Multiply the potential energy ratios by the mean

annual quantity of biomass harvested to calculate the

mean annual C offset by each biofuel type for each forest.

4) Calculate the number of years necessary for

biofuels production to result in an offset of fossil fuel

C emissions. This procedure was performed for two

land-use histories: managed second-growth forests, and

old-growth forests converted to managed second-growth

forests.

Calculations for each ecosystem are shown in

Appendix B.

Simulation spin-up

STANDCARB was calibrated to standardized silvi-

cultural volume tables for Pacific Northwest stands. We

then calibrated it to permanent study plot data from

three experimental forests in the region (Fig. 1) to
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incorporate fuel legacies, which were taken from a 600-

year spin-up simulation with fire occurrences generated

from the exponential distribution in Eq. 1, where k was

based on each ecosystem’s mean fire return interval.

Spin-up simulations were run prior to the initiation of

each series of fuel reduction treatments, and simulations

were run for a total of 800 years for forests of the east

Cascades, and a total of 1500 years for simulations of

the west Cascades and Coast Range.

Data analysis

We employed a nonparametric multivariate analysis

of variance, PerMANOVA (Anderson 2001), to test

group-level differences in the effects of fuel reduction

frequency and type on mean total ecosystem C storage

and expected fire severity. PerMANOVA employs a test

statistic for the F ratio that is similar to that of an

ANOVA calculated using sum of squares, but unlike an

ANOVA, PerMANOVA calculates sums of squares

from distances among data points rather than from

differences from the mean. PerMANOVA was used

instead of a standard MANOVA because it was highly

unlikely that our data would meet the assumptions of a

parametric MANOVA. PerMANOVA analysis treated

fuel reduction treatment type and treatment frequency as

fixed factors within each respective fire regime for each

ecosystem simulated. The null hypothesis of no treat-

ment effect for different combinations of these factors on

TECl and E [Fs] was tested by permuting the data into

randomly assigned sample units for each combination of

factors so that the number of replicates within each

factor combination were fixed. Each of our 12 PerMA-

NOVA tests incorporated 10 000 permutations using a

Euclidian distance metric, and multiple pairwise com-

parison testing for differences among treatment types

and treatment frequencies was performed when signif-

icant differences were detected (i.e., P , 0.05).

RESULTS

Results of the PerMANOVA tests indicate that mean

expected fire severity (E [Fs]) and mean total ecosystem C

storage (TECl) were significantly affected by fuel

reduction type (P , 0.0001), frequency (P , 0.0001),

and interactions between type and frequency (P ,

0.0001) in all three ecosystems. These results were

significant for type, frequency, and interaction effects

even when clear-cutting was excluded from the analysis

for the west Cascades and Coast Range simulations, just

as it was a priori for simulations of the east Cascades.

When the PerMANOVA was performed on only one of

our response variables (E [Fs] or TECl), groupwise

comparisons of effects of treatment type showed that

the most significant effects of treatment and frequency

were related to TECl. TECl was strongly affected by

treatment frequency for each fire regime in each

ecosystem (P , 0.0001) and consistently showed an

inverse relationship to the quantity of C removed in a

given fuel reduction treatment, and was thus highly

related to treatment type. E [Fs], similar to TECl, showed

significant relationships with treatment frequency for all

three ecosystems (P , 0.0001), with statistically signif-

icant differences among most treatment types. Boxplots

of TECl and E [Fs] for each treatment type in each fire

regime for each ecosystem are shown in Appendix C.

Fuel reduction treatments in east Cascades simula-

tions reduced TECl with the exception of one treatment

type; UR treatments (see Table 2 for acronym descrip-

tions) in these systems occasionally resulted in addition-

al C storage compared to the control group. These

differences were very small (0.6–1.2% increase in TECl)

but statistically significant (Student’s paired t test, P ,

0.05) for the treatment return interval of 10 years in the

light fire severity regime No. 1 (MFRI¼ 8 years) and for

all treatment return intervals in light fire severity regime

No. 2 (MFRI¼ 16 years). The fuel reduction treatment

that reduced TECl the least was SL, which, depending

on treatment frequency and fire regime, stored between

93% and 98% of the control group, indicating that there

was little salvageable material. UR + PF, depending on

treatment frequency and fire regime, resulted in the

largest reduction of TECl in east Cascades forests,

storing between 69% and 93% of the control group.

Simulations of west Cascades and Coast Range

forests showed a decrease in C storage for all treatment

types and frequencies. Fuel reduction treatments with

the smallest effect on TECl were either SL or UR, which

were nearly the same in effect. The treatment that most

reduced TECl was UR + OT + PF. Depending on

treatment frequency and fire regime, this treatment

resulted in C storage of between 50% and 82% of the

control group for the west Cascades, and between 65%

and 88% of the control group for the Coast Range.

Simulations with clear-cutting (UR + OR + PF),

depending on application frequency and fire regime,

resulted in C storage that was between 22% and 58% of

TABLE 2. Treatment abbreviations.

Treatment abbreviation Treatment

SL salvage logging
UR understory tree removal
PF prescribed fire
UR + PF understory tree removal + prescribed fire
UR + PF + OT understory removal + prescribed fire + overstory thinning
UR + PF + OR understory removal + prescribed fire + overstory removal
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the control group for the west Cascades and between

44% and 87% of the control group for the Coast Range.

Similar to TECl, E [Fs] was significantly affected by

fuel reduction treatments. Fuel reduction treatments

were effective in reducing E [Fs] for all simulations. UR

treatments had the smallest effect on E [Fs] in the east

Cascades simulations and E [Fs] in the east Cascades

simulations was most affected by combined UR + PF

treatments applied every five years, which reduced E [Fs]

by an average of 6.01 units (units range from 0 to 100,

see Eq. 3) for stands with an MFRI ¼ 8 years and by

11.08 units for stands with an MFRI ¼ 16 years. In the

west Cascades and Coast Range, E [Fs] was least affected

by UR treatments, similar to the east Cascades

simulations. The most substantial reductions in E [Fs]

were exhibited by treatments that removed overstory as

well as understory trees, as in treatments UR + OT +
PF and UR + OR + PF. In the west Cascades

simulations, depending on treatment frequency, E [Fs]

was reduced by an average of 11.72–15.68 units where

the MFRI¼ 143 years and by an average of 3.92–26.42

units where the MFRI¼230 years when UR + OT + PF

was applied. When UR + OT + PF was applied to the

Coast Range, E [Fs] was reduced by an average of 7.06–

23.72 units where the MFRI ¼ 250 years and by an

average of 1.95–20.62 units where the MFRI ¼ 500

years, depending on treatment frequency. Some UR +
OR + PF treatments, when applied at a frequency of 25

years, resulted in E [Fs] that was higher than that seen in

UR + OT + PF in spite of lower TECl in UR + OT +
PF. A result such as this is most likely due to an

increased presence of lower canopy tree fuels as a

consequence of the increased lower stratum light

availability that follows a clear-cut, as lower canopy

tree fuels are among the highest weighted fuels in our

simulated stands.

Modeled estimates of E [Fs] were reflective of the mean

amounts of C lost in a wildfire (C̄WF). C̄WF was lower in

the stands simulated with fuel reduction treatments

compared to the control groups, with the exception of

the east Cascades stands subjected to understory

removal. Reductions in the amount of C lost in a

wildfire, depending on treatment type and frequency,

were as much as 50% in the east Cascades, 57% in the

west Cascades, and 50% in the Coast Range. In the east

Cascades simulations, amounts lost in wildfires were

inversely related to the amounts of C removed in an

average fire return interval for each ecosystem (Fig. 2),

except for the Light Fire Regime No. 1 (MFRI ¼ 8

years). Simulations in this fire regime revealed a slightly

FIG. 2. Scatterplots of C removed in fuel reduction treatments between wildfires CFR(T) (representing fuel reduction [treatment])
and C lost in wildfires CWF(T) for the east Cascades, west Cascades, and Coast Range. Notice the differences in the axes scales. Also
note the downward sloping trend for all ecosystems except for the east Cascades where MFRI¼ 8 years.
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increasing amount of C lost in wildfires with increasing

amounts removed, though amounts removed were

nonetheless larger than the amounts lost in a typical

wildfire.

Biofuels

Biofuels cannot offset the reductions in TECl

resulting from fuel reduction, at least not over the next

100 years. For example, our simulation results suggest

that an undisturbed Coast Range Tsuga heterophylla–

Picea sitchensis stand (where MFRI ¼ 500 years) has a

TECl of 1089 Mg C/ha. By contrast, a Coast Range

stand that is subjected to UR + OT + PF every 25 years

has a TECl of 757.30 Mg C/ha. Over a typical fire return

interval of 450 years (estimated MFRI was 500 years,

MFRI generated from the model was 450 years) this

stand has 1107 Mg C/ha removed, a forest fuel/biomass

production of 2.46 Mg C�ha�1�yr�1, which amounts to

emissions of 1.92 Mg C�ha�1�yr�1and 0.96 Mg

C�ha�1�yr�1 that can be avoided by substituting biomass

and ethanol, respectively, for fossil fuels (see calcula-

tions in Appendix B). This means that it would take 169

years for C offsets via solid woody biofuels and 339

years for C offsets via ethanol production before

ecosystem processes result in net C storage offsets (see

Fig. 3). Converting Coast Range old-growth forest to

second-growth forest reduces the amount of time

required for atmospheric C offsets to 34 years for

biomass and 201 years for ethanol, and like all other

biofuel calculations in our analysis, these are assuming a

perfect conversion of potential energies. West Cascades

Tsuga heterophylla–Pseudotsuga menziesii ecosystems

(where MFRI ¼ 230 years) that are subjected to UR +
OT + PF every 25 years would require 228 years for C

offsets using biomass as an offset of fossil-fuel-derived C

and 459 years using ethanol. Converting west Cascades

old-growth forest to second-growth forest reduces the

amount of time required for atmospheric C offsets to

107 years for biomass fuels and 338 years for ethanol.

Simulations of east Cascades Pinus ponderosa ecosys-

tems had cases where stands treated with UR stored

more C than control stands, implying that there is little

or no trade-off in managing stands of the east Cascades

for both fuel reduction and long-term C storage.

DISCUSSION

We employed an ecosystem simulation model,

STANDCARB, to examine the effects of fuel reduction

on expected fire severity and long-term C dynamics in

three Pacific Northwest ecosystems: the Pinus ponderosa

forests of the east Cascades, the Tsuga heterophylla–

Pseudotsuga menziesii forests of the west Cascades, and

the Tsuga heterophylla–Picea sitchensis forests of the

Coast Range. Our fuel reduction treatments for east

Cascades forests included salvage logging, understory

removal, prescribed fire, and a combination of under-

story removal and prescribed fire. West Cascades and

Coast Range simulations included these treatments as

well as a combination of understory removal, overstory

thinning, and prescribed fire. We also examined the

effects of clear-cutting followed by prescribed fire on

expected fire severity and long-term C storage in the

west Cascades and Coast Range.

Our results suggest that fuel reduction treatments can

be effective in reducing fire severity, a conclusion that is

shared by some field studies (Stephens 1998, Pollet and

FIG. 3. Time series plots of C storage, mean C storage, and
biofuels offsets for control groups and fuel reduction treatment
UR + OT + PF (understory removal + overstory thinning +
prescribed fire) applied to a second-growth forest every 25 years
for the west Cascades and Coast Range. East Cascades
simulations were excluded from this plot because there was
little or no trade-off incurred in managing these forests for both
fuel reduction and C sequestration.
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Omi 2002, Stephens and Moghaddas 2005) and model-

ing studies (Fulé et al. 2001). However, fuel removal

almost always reduces C storage more than the

additional C that a stand is able to store when made

more resistant to wildfire. Leaves and leaf litter can and

do have the majority of their biomass consumed in a

high-severity wildfire, but most of the C stored in forest

biomass (stem wood, branches, coarse woody debris)

remains unconsumed even by high-severity wildfires.

For this reason, it is inefficient to remove large amounts

of biomass to reduce the fraction by which other

biomass components are consumed via combustion.

Fuel reduction treatments that involve a removal of

overstory biomass are, perhaps unsurprisingly, the most

inefficient methods of reducing wildfire-related C losses

because they remove large amounts of C for only a

marginal reduction in expected fire severity. For

example, total biomass removal from fuel reduction

treatments over the course of a high-severity fire return

interval (MFRI¼ 230 years) in the west Cascades could

exceed 500 Mg C/ha while reducing wildfire-related

forest biomass losses by only ;70 Mg C/ha in a given

fire (Fig. 2). Coast Range forests could have as much as

2000 Mg C/ha removed over the course of an average

fire return interval (MFRI ¼ 500 years), only to reduce

wildfire-related biomass combustion by ;80 Mg C/ha

(Fig. 2).

East Cascades simulations also showed a trend of

decreasing E [Fs] with increasing biomass removal,

though a higher TECl was seen in some understory

removal treatments compared to control groups. We

believe that the removal of highly flammable understory

vegetation led to a reduction in overall fire severity that

consequently lowered overall biomass combustion,

thereby allowing increased overall C storage. Such a

result may be indicative of actual behavior under field

conditions, but the very low magnitude of the differenc-

es between the treated groups and the control group

(0.6%–1.2%) suggests caution in assuming that under-

story removal in this or any ecosystem can be effective in

actually increasing long-term C storage. Furthermore,

we recognize that the statistically significant differences

between the treated and control groups are likely to

overestimate the significance of the differences between

groups that would occur in the field, as the differences

we are detecting are modeled differences rather than

differences in field-based estimates. Field-based esti-

mates are more likely to exhibit higher inter- and

intrasite variation than modeled estimates, even when

modeled estimates incorporate stochastic processes, such

as those in STANDCARB. Our general findings,

however, are nonetheless consistent with many of the

trends revealed by prior field-based research on the

effects of fuel reduction on C storage (Tilman et al.

2000), though differences between modeled and field-

based estimates are also undoubtedly apparent through-

out other comparisons of treated and control stands in

our study.

We note an additional difference that may exist

between our modeled data and field conditions. Our

study was meant to ascertain the long-term average C

storage (TECl) and expected fire severities (E [Fs]) for

different fuel reduction treatment types and application

frequencies, a goal not be confused with an assessment

of exactly what treatments should be applied at the

landscape level in the near future. Such a goal would

require site-specific data on the patterns of fuel

accumulation that have occurred in lieu of the policies

and patterns of fire suppression that have been enacted

in the forests of the Coast Range, west Cascades, and

east Cascades for over a century. We did not incorporate

the highly variable effects of a century-long policy of fire

suppression on these ecosystems, as we know of no way

to account for such effects in a way that can be usefully

extrapolated for all stands in the landscape. Pinus

ponderosa forests may exhibit the greatest amount of

variability in this respect, as they are among the

ecosystems that have been most significantly altered as

a result of fire suppression (Veblen et al. 2000,

Schoennagel et al. 2004, Moeur et al. 2005). Further-

more, additional differences may be present in our

estimates of soil C storage for the east Cascades. Our

estimates of soil C storage match up very closely with

current estimates from the Pringle Falls Experimental

Forest, but it is unclear how much our estimates would

differ under different fuel reduction treatment types and

frequencies. Many understory community types exist in

east Cascades Pinus ponderosa forests (i.e., Festuca

idahoensis, Purshia tridentata, Agropyron spicatum, Stipa

comata, Physocarpus malvaceus, and Symphoricarpos

albus communities) (Franklin and Dyrness 1988). An

alteration of these communities may result from fuel

reduction treatments such as understory removal or

prescribed fire, leading to a change in the amount and

composition of decomposing materials, which can

influence long-term belowground C storage (Wardle

2002). Furthermore, there may be an increase in soil C

storage resulting from the addition of charcoal to the

soil C pool, whether from prescribed fire or wildfire

(DeLuca and Aplet 2008).

By contrast, ecosystems with lengthy fire return

intervals, such as those of the west Cascades and Coast

Range, may not be strongly altered by such a policy, as

many stands would not have accumulated uncharacter-

istic levels of fuel during a time of fire suppression that is

substantially less than the mean fire return intervals for

these systems. Forests such as these may actually have

little or no need for fuel reduction due to their lengthy

fire return intervals. Furthermore, fire severity in many

forests may be more a function of severe weather events

rather than fuel accumulation (Bessie and Johnson 1995,

Brown et al. 2004, Schoennagel et al. 2004). Thus, the

application of fuel reduction treatments such as

understory removal is thought to be unnecessary in

such forests and may provide only limited effectiveness

(Agee and Huff 1986, Brown et al. 2004). Our results
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provide additional support for this notion, as they show

a minimal effect of understory removal on expected fire

severity in these forests, and if in fact climate has far

stronger control over fire severity in these forests than

fuel abundance, then the small reductions in expected

fire severity that we have modeled for these fuel

reduction treatments may be even smaller in reality.

We also note that the extent to which fuel reductions

in these forests can result in a reduction in fire severity

during the extreme climate conditions that lead to

broad-scale catastrophic wildfires may be different from

the effects shown by our modeling results, and are likely

to be an area of significant uncertainty. Fuel reductions,

especially overstory thinning treatments, can increase air

temperatures near the ground and wind speeds through-

out the forest canopy (van Wagtendonk 1996, Agee and

Skinner 2005), potentially leading to an increase in fire

severity that cannot be accounted for within our

particular fire model. In addition to the microclimatic

changes that may follow an overstory thinning, logging

residues may be present on site following such a

procedure, and may potentially nullify the effects of

the fuel reduction treatment or may even lead to an

increase in fire severity (Stephens 1998). Field-based

increases in fire severity that occur in stands subjected to

overstory thinning may in fact be an interaction between

the fine fuels created by the thinning treatment and the

accompanying changes in forest microclimate. These

microclimate changes may lead to drier fuels and allow

higher wind speeds throughout the stand (Raymond and

Peterson 2005). While our model does incorporate the

creation of logging residue that follows silvicultural

thinning, increases in fire spread and intensity due to

interactions between fine fuels and increased wind speed

are neglected. However, we note that even if our model

is failing to capture these dynamics, our general

conclusion that fuel reduction results in a decrease in

long-term C storage would then have even stronger

support, since the fuel reduction would have caused C

loss from the removal of biomass while also increasing

the amount that is lost in a wildfire.

The amounts of C lost in fuel reduction treatments,

whether nearly equal to or greater than our estimates,

can be utilized in the production of biofuels. It is clear,

however, that an attempt to substitute forest biomass for

fossil fuels is not likely to be an effective forest

management strategy for the next 100 years. Coast

Range Tsuga heterophylla–Picea sitchensis ecosystems

have some of the highest known amounts of biomass

production and storage capacity, yet under the UR +
OT + PF treatment a 169-year period is necessary to

reach the point at which biomass production will offset

C emitted from fossil fuels, and 338 years for ethanol

production. Likewise, managed forests in the west

Cascades require time scales that are too vast for biofuel

alternatives to make a difference over the next 100 years.

Even converting old-growth forests in these ecosystems

would require at least 33 and 107 years for woody

biomass utilization in the Coast Range and west

Cascades, respectively, and these figures assume that

all possible energy in these fuels can be utilized.

Likewise, our ethanol calculations assumed that the

maximum theoretical ethanol yield of biomass is

realized, which has yet to be done (Schubert 2006); a

70% realization of our maximum yield is a more realistic

approximation of contemporary capacities (Galbe and

Zacchi 2002).

In addition to these lags, management constraints

could preclude any attempt to fully utilize Pacific

Northwest forests for their full biofuels production

potential. Currently in the Pacific Northwest there are

;3.6 3 106 ha of forests in need of fuel reduction

treatments (Stephens and Ruth 2005), and in 2004 the

annual treatment goal for this area was 52 000 ha

(1.44%). Unless a significantly larger fuel reduction

treatment workforce is employed, it would take 69 years

to treat this area once, a period that approximates the

effective duration of fire suppression (Stephens and

Ruth 2005). The use of SPLATs (strategically placed

area treatments) may be necessary to reduce the extent

and effects of landscape-level fire (Finney 2001).

SPLATs are a system of overlapping area fuel treat-

ments designed to minimize the area burned by high-

intensity head fires in diverse terrain. These treatments

are costly, and estimates of such treatment costs may be

underestimating the expense of fuel reduction in areas

with high-density understory tree cohorts that are time

consuming to extract and have little monetary value to

aid in offsetting removal expenses (Stephens and Ruth

2005). Nevertheless, it is clear that not all of the Pacific

Northwest forests that are in need of fuel reduction

treatments can be reached, and the use of strategically

placed fuel reduction treatments such as SPLATs may

represent the best option for a cost-effective reduction in

wildfire severity, particularly in areas near the wildland–

urban interface. However, the application of strategi-

cally placed fuel reduction treatments is unlikely to be a

sufficient means in itself toward ecosystem restoration in

the forests of the east Cascades. Stand-level ecosystem

restoration efforts such as understory removal and

prescribed fire may need to be commenced once

landscape-level reductions in fire spread risk have been

implemented.

CONCLUSIONS

Managing forests for the future is a complex issue that

necessitates the consideration of multiple spatial and

temporal scales and multiple management goals. We

explored the trade-offs for managing forests for fuel

reduction vs. C storage using an ecosystem simulation

model capable of simulating many types of forest

management practices. With the possible exception of

some xeric ecosystems in the east Cascades, our work

suggests that fuel reduction treatments should be

forgone if forest ecosystems are to provide maximal

amelioration of atmospheric CO2 over the next 100
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years. Much remains to be learned about the effects of

forest fuel reduction treatments on fire severity, but our

results demonstrate that if fuel reduction treatments are

effective in reducing fire severities in the western

hemlock–Douglas-fir forests of the west Cascades and

the western hemlock–Sitka spruce forests of the Coast

Range, it will come at the cost of long-term C storage,

even if harvested materials are utilized as biofuels. We

agree with the policy recommendations of Stephens and

Ruth (2005) that the application of fuel reduction

treatments may be essential for ecosystem restoration

in forests with uncharacteristic levels of fuel buildup, as

is often the case in the xeric forest ecosystems of the east

Cascades. However, this is often impractical and may

even be counterproductive in ecosystems that do not

exhibit uncharacteristic or undesirable levels of fuel

accumulation. Ecosystems such as the western hemlock–

Douglas-fir forests in the west Cascades and the western

hemlock–Sitka spruce forests of the Coast Range may in

fact have little sensitivity to forest fuel reduction

treatments and may be best utilized for their high C

sequestration capacities.
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ABSTRACT

Eddy-covariance and biometeorological methods

show significant net annual carbon uptake in an

old-growth Douglas-fir64 forest in southwestern

Washington, USA. These results contrast with

previous assumptions that old-growth forest eco-

systems are in carbon equilibrium. The basis for

differences between conventional biomass-based

carbon sequestration estimates and the biomete-

orologic estimates are discussed. Annual net eco-

system exchange was comparable to younger

ecosystems at the same latitude, as quantified in

the AmeriFlux program. Net ecosystem carbon

uptake was significantly correlated with photo-

synthetically active radiation and air temperature,

as well as soil moisture and precipitation. Optimum

ecosystem photosynthesis occurred at relatively

cool temperatures (5�–10�C). Understory and soil

carbon exchange always represented a source of

carbon to the atmosphere, with a strong seasonal

cycle in source strength. Understory and soil carbon

exchange showed a Q10 temperature dependence

and represented a substantial portion of the eco-

system carbon budget. The period of main carbon

uptake and the period of soil and ecosystem respi-

ration are out of phase, however, and driven by

different climatic boundary conditions. The period

of strongest ecosystem carbon uptake coincides

with the lowest observed values of soil and eco-

system respiration. Despite the substantial contri-

bution of soil, the overall strength of the

photosynthetic sink resulted in the net annual

uptake. The net uptake estimates here included

two correction methods, one for advection and the

other for low levels of turbulence.

Key words: net ecosystem exchange (NEE); gross

ecosystem production; eddy covariance; biomete-

orology; old-growth forest; carbon flux; carbon di-

oxide; Wind River Canopy Crane.

INTRODUCTION

Despite controversy about the location of a carbon

(C) sink, there is an emerging consensus about the
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existence of a terrestrial carbon sink of 1–2 Pg1

carbon per year in the Northern Hemisphere

(Pacala and others 2001). Several mechanisms

have been suggested to account for this sink, in

particular forest regrowth, especially reforestation

in the eastern United States have been suggested

(Schimel 1995; Goulden and others 1996; Fan and

others 1998; Battle and others 2000; Schimel and

others 2000). The role of old-growth forests in se-

questering carbon has not been explored, and it has

been generally assumed that these forests represent

carbon sources or are neutral (Odum 1963, 1965;

Melillo and others 1996). Recently Carey and col-

leagues (2001) found a potentially significant car-

bon sink in old forests in the Rocky Mountains.

Detailed measurements of the exchange of carbon

dioxide (CO2) between vegetation and the atmos-

phere are needed to understand the role of various

forest ecosystems in the global carbon budget.

A number of articles published in the past

15 years have suggested that old-growth conifer

forests are at equilibrium with respect to net eco-

system productivity (NEP) or net ecosystem ex-

change (NEE) (DeBell and Franklin 1987; Franklin

and DeBell 1988; Schulze and others 1999), as an

age-class end point of ecosystem development.

Related to this concept is the view that young

forests represent some of the most significant sinks

of CO2 because of their rapid growth (Houghton

and others2 1983; Birdsey and others 1993; Heath

and Birdsey 1993; Wofsy and others 1993; Turner

and others 1995; Schimel and others 1996: 783 ;

DeLucia and others 1999). Janish and Harmon

(2002) examined carbon stores in the Wind River

watershed and found maximum carbon accumu-

lation in forests of the 200-year age class. Respira-

tion in young stands released more carbon because

of legacies from prior forests. Goodale and col-

leagues (2002), using inventory data of temperate

and boreal forests and models, concluded that over

80% of the estimated terrestrial sink occurred in

just one-third of the forest area, in temperate re-

gions affected by fire suppression, agricultural

abandonment, and plantation forestry, implying

that regrowth was a significant factor in forest

carbon sequestration. These studies have been

mainly based on aboveground biomass estimates

derived from biometry and other inventory meth-

ods. It is generally assumed that forests reach

maximum productivity at an intermediate age and

productivity declines in mature and old-growth

stands (Franklin 1988), presumably as dead woody

debris and other respiratory demands increase.

Douglas-fir–western hemlock forests reach a tran-

sition point between density-dependent mortality

(thinning) due to competitive exclusion and den-

sity-independent mortality (due to insects, disease,

and windthrow) between 80 and 250 years, when

woody debris accumulates and crown gaps begin to

be created (Franklin and others 2002). Presumably,

the increasing respiratory costs largely account for

declining productivity. Maturity-related declines in

forest productivity are relevant to planning miti-

gation strategies (Banuri and others 2001).

Other biometric and inventory studies have re-

ported that older forests may have substantial sink

activities (Grier and Logan 1977; Turner and others

2000). The difficulty in determining source and

sink relationships in such studies partially stems

from the large number of processes that must be

inventoried, including significant belowground

processes that may be major fractions of the total

NEE and NEP (Ehman and others 2002; Malhi and

others 1999; Schulze and others 1999).

One way to estimate NEE independently is to use

micrometeorologic methods (Malhi and others

1999; Post and others 1999). Although traditionally

these methods have been confined to idealized lo-

cations with flat terrain and uniform vegetation

cover over large areas, they have been extended to

much less ideal ecosystems (nonflat terrain, heter-

ogeneous ecosystems) in the past decade (Wofsy

and others 1993; Goulden and others 1996; Bal-

docchi and others 2000; Valentini and others 2000;

Paw U and others 2000). Eddy covariance involves

the fewest assumptions of any of the micromete-

orologic techniques. In this method, high-fre

quency data from scalars, such as the CO2 con-

centration, are multiplied, point by point, with

corresponding high-frequency data of the vertical

wind velocity, to obtain the vertical exchange of

the scalar. Some caution must be used, in esti-

mating NEE from eddy flux, as described by Lee

(1998) and Paw U and colleagues (2000), and as

described in the methods section4 .

In this report, we describe the estimation of CO2

exchange from the oldest forest ecosystem

(500 years old) in the AmeriFlux network, based

on eddy covariance, using accepted AmeriFlux

correction techniques for low friction velocities and

turbulence levels, and related advection calculation

methods. We examine the CO2 exchange response

to diurnal, seasonal, annual, and interannual var-

iations, and relate the exchange to meteorologic

variables such as photosynthetically active radia-

tion (PAR) and soil and air temperatures. Harmon

and colleagues (2004) estimate NEE from inven-

tory methods, and Winner and coworkers (2004)

from scaling photosynthesis measurements. Rela-

tionships between environmental variables and
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photosynthesis are described by Winner and col-

leagues (2004), transpiration is described by Uns-

worth and colleagues (2004), and the light

environment is described by Parker and coworkers

(2004) and Mariscal and colleagues (20045 ). To-

gether, these studies provide insight into the

mechanisms and controls on carbon exchange in

an old-growth forest.

METHODS

The 500-year-old Wind River old-growth forest

studied is in southwestern Washington, USA, and is

composed mainly of Douglas-fir (Pseudotsuga men-

ziesii) and western hemlock (Tsuga heterophylla)

(Shaw and others 2004). It represents the end point

of several gradients: age, biomass (Harmon and

others 2004) and structural complexity (leaf-area

index estimates range from 7 to 12, tallest tree height

of 65 m),6 and tree density (Franklin and others 2002;

Parker and others 2004; Shaw and others 2004). The

site and canopy crane are described more completely

by Morell (1994), Shaw and colleagues (2004), and

Parker and colleagues (2004).

The climate is strongly seasonal with most pre-

cipitation confined to the winter and drought oc-

curring during the summer (Shaw and others

2004). The mean air temperature at the site is

8.7�C, and the mean precipitation is 2467 mm y)1.

The site of the study is located in the Gifford Pin-

chot National Forest, in southern Washington

(latitude 45�49)13.76 second, longitude 121�57)
06.88 second, elevation 371 m above sea level).

The slope is 3.5% from southwest toward the

northeast. The predominant wind direction, based

on the modal frequency from an annual wind rose,

is from the west. The site has its best micromete-

orologic fetch to the west, where several kilometers

of old-growth forest grows across a gradual slope

(see above7 ). Hills to the northwest and to the east

could potentially influence our measurements, by

creating mean vertical flow and other turbulence

features if the wind flows directly over the hills.

However, wind-rose data show that the wind flows

around the hills, reducing adverse topographic ef-

fects. Microclimatic measurements were made at

stations at 2, 12, 23, 40, 57, and 68 m above ground

level. Further information about the microclimate

data is reported by Pyles and colleagues (2000) and

Shaw and colleagues (2004).

Our estimates of NEE involved the following

general methodology. Data reported here were

collected between May 1998 and August 1999.

Eddy covariance was assumed to represent an im-

perfect measurement technique because of limita-

tions at low turbulence levels and because it is only

one component in the general mass budget equa-

tion for scalar exchange (Paw U and others 2000).

The general mass budget equation for NEE for an

elemental volume involves much more than tur-

bulent exchange (Paw U and others 2000); after

integration in time (half-hour periods usually), the

vertical equation becomes:

NEE ¼ Fh þ Fv þ Fe þ Sþ Feu ð1Þ

where the terms are identified by their associated

processes: S is the storage, Fh is the mean horizontal

advection, Fv is the mean vertical advection, Fe is

the detectable vertical eddy covariance of CO2

measured at 70 m, and Feu is any undetectable

vertical eddy covariance of CO2 (because of small

turbulent velocities or CO2 perturbations). We as-

sumed that Feu was small and could be neglected.

When NEE is reported in this article as carbon mass

exchange, it has been converted from the measured

or estimated CO2 exchange, Fe.

We used two types of methods, the first of which

assumed all nonnegligible terms were measured or

estimated. The second method assumed that the

sum (Fh + Fv) at low turbulence levels (see below8

for the u*9 threshold discussion) could be approxi-

mated by a function based on the dependence of

Fe3 and Fe on soil and air temperature, measured

during moderate to high turbulence levels, where

Fe3 is the eddy covariance measured at the 3-m

level. The sum (Fh + Fv) was assumed to be negli-

gible when the turbulent friction velocity u* was

above the threshold discussed below10 , following

Figure 1. Nighttime half-hour 70 m eddy-covariance as

a function of friction velocity u*. The 0.5 m s)1 threshold

is shown with the vertical line, with u* values greater

than the threshold exhibiting reduced scatter.
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standard methods in eddy-covariance studies

(Black and others 1996; Goulden and others 1996;

Falge and others 2001; Pilegaard and others 2001;

Barr and others 2002). S was not directly measured

and was neglected because it should be approxi-

mately zero when integrated over a daily or an

annual cycle. However, the storage term is poten-

tially important for hourly and half-hourly analysis

of energy budget data (Pyles and others 2000).

Two identical eddy-covariance systems were

mounted at 3 m (35 m west of the Wind River

canopy crane tower) and at 70 m (on the tower).

Eddy-covariance estimates of vertical water11 and

CO2 fluxes were made using Solent Gill HS 3-D

sonic anemometers (Gill Instruments, Lymington,

UK) and fast-response Li-Cor 6262 infrared gas

analyzers (IRGAs; Li-Cor Biosciences, Lincoln, NE,

USA65 ), which measured the velocity vector, sonic

temperature, and the concentrations of water12 and

CO2 at 10 Hz. The IRGAs were located close to the

sonic anemometer, and heated sample tubes were

kept short (l–5 m) with high flow rates of 10 L

min)1 to minimize signal loss and to keep time lag

between vertical velocity13 and water13;14 and CO2, re-

spectively, minimal (Dt = 0.5–0.6 s). The lower

eddy-covariance system measured understory (3 m

and below) and soil NEE, and the upper eddy-co-

variance system measured NEE for the ecosystem.

The sonic anemometers operate at low rainfall

rates, and only at the highest rainfall rates (greater

than 4 mm h)1) were data quality degraded. In

addition, power outages and maintenance neces-

sitated replacing missing data periods, the method

for which is described below15 .

All fast-response velocity components and scalars

(sonic-derived temperature, water16 and CO2 con-

centrations) were logged at 10 Hz, and all raw data

were archived. Turbulent statistics, included eddy

covariances, were estimated for 0.5-h intervals of

the raw data. Covariance exchange data were cor-

rected for spectral drop-off and effects that Webb

and colleagues (1980) associated with water-vapor

fluctuations [temperature fluctuations were negli-

gible by the time the gas samples reached the IRGA

because of the line length and the relatively high

thermal conductivity of polytetraflouroethylene

(PTFE)]. Both these corrections were small, affect-

ing only a few percent.

A vertical and horizontal advection system for

CO2 and water was17 implemented by constructing a

manifold valve system to sample the gas concen-

trations at 15 points along two horizontal and one

vertical, almost perpendicular, axes. The manifold

valve system was attached to a single Li-Cor 6262

IRGA, with each of 15 ports sampled every 3 min

during a half-hour period. Eight vertical samples

were taken at 2, 10, 20, 30, 40, 50, 60, and 70 m,

and seven additional horizontal samples were tak-

en 50 and 100 m to the west and 60 m to the north,

at 2 and 30 m above the ground.

We estimated advection by using data gathered

during intensive field campaigns of approximately

2 weeks in April 1999. The horizontal advection

term Fh was estimated by vertically integrating (to

3 m) the product of the half-hour mean horizontal

velocity vector and mean horizontal concentration

gradient. The mean horizontal velocity and

concentration fields were interpolated and ex-

trapolated to the canopy top, from the data taken

at 2 and 30 m, and assuming zero horizontal

concentration gradient above the canopy, where

no carbon source or sinks existed. Similarly, the

vertical advection term Fv was estimated by ver-

tically integrating from 0 to 60 m the product of

the half-hour mean vertical velocity interpolated

throughout the vertical from the 70-m measure-

ment, and the vertical concentration gradients in

layers, as measured by the eight vertical sample

locations. The tilt of the mean airflow18 in com-

parison to the sensor orientation was determined

using the two-dimensional plane regression

method described by Paw U and colleagues

(2000).

The ratio of the mean horizontal advection and

the mean 3-m eddy covariance of CO2 measured

during a field campaign was used to define two

linked correction factors. The correction factor

(0.21 ± 0.21) was multiplied by the 3-m eddy-

covariance data to estimate Fh (mean horizontal

Figure 2. Understory CO2-exchange estimated from the

diurnal half-hourly 3 m eddy-covariance data and in-

cluding storage estimates. Composite averages for half-

hourly values, in February, April and July 1999 are

presented.
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advection). On an annual basis, the 3 m respiration

is approximately 0.7 of the total ecosystem respi-

ration at this site; hence, a second correction factor

of 0.3 was used to incorporate aboveground respi-

ration. These values are slightly higher, but con-

sistent with estimates by Thom (1975) of the 0.12–

0.13 fraction of vertical eddy flux that represents

horizontal advection. The mean vertical advection

(Fv) was negligible on the average, so it was omit-

ted. It was assumed that the correction factor ac-

curately represented the entire year, based on the

hypothesis that the mean turbulent Peclet number

was well represented during the field campaign.

The corrected NEE was estimated as the sum of the

eddy-covariance values at 70 m and estimated Fh

(the 3-m eddy covariance times the correction

factor).

Another widely used correction method was

developed for low wind-speed conditions, when

the low friction velocity u* was less than 0.25–0.5

m s)1 (the threshold was varied to evaluate the

effects) indicated19 that the eddy-covariance sensors

may have missed weak signals or that, under low

turbulence conditions, advection may dominate.

Below u* values of 0.5 m s)1, a decreasing overall

trend and an increase in scatter were20 observed for

Fe70, whereas, above this threshold, Fe70 was always

positive (Figure 1). Therefore, a threshold of u* less

than 0.5 m s)1 was chosen for this site. The rela-

tionship between u* and nighttime Fe did not show

any seasonality. This method also involved the as-

sumption that, under moderate to high winds, the

sum of (Fh + Fv + Feu) could be approximated by a

function based on the dependence of Fe on air

temperature. When the u* was less than the

threshold, eddy-covariance data at 70 m were re-

placed by ecosystem respiration estimated from the

canopy air temperature. Approximately 36% of all

data were replaced for u* less than 0.50 m s)1 (the

screening criterion was applied only to data gath-

ered at night). A related method was used to re-

place Fe3 data during the day to estimate respiration

rather than soil and understory exchange below 3

m where daytime data was discarded but no u*

threshold was applied. An exponential fit against 5-

cm-depth soil temperature was made for all noc-

turnal Fe3.

Other missing data [caused by heavy rain, wind

directions between 45� and 135� (from the east-

erly direction moving over a hill and through the

tower), and power and maintenance outages]

were each replaced by calculating a 4-day average

from the same half-hour period of neighboring

days (12.7% of the data; no apparent seasonal

trend, monthly fill values varying from 1% to

29%). In the case of rainy days, in general,

neighboring days also had high-humidity, cloudy

conditions, such that the NEE was expected to be

similar.

The two correction methods were relatively

independent because the first advection correc-

tion method employed Fe3 for all times multiplied

by the correction factor. In the second method,

high wind-speed measurements of Fe3 and Fe

were used to obtain temperature-dependent re-

lationships; then data with u* values less than

the threshold were omitted and were replaced

with the temperature-based estimates of Fe3 and

Fe, for nocturnal time periods. Therefore, some-

what different data sets were used for these

corrections.

Fe3 did not show any degradation in data quality

by stability during nighttime hours. Vertical tem-

perature profiles show a local temperature inver-

sion at the bottom of the canopy, with warm air

trapped in the lowest 10–20 m of the canopy.

Spectral analysis shows that turbulence is well

formed during nighttime hours. Hence, no u* cor-

rection was applied to the Fe3 data. However, data

clearly show a daytime depression in the Fe3, which

is exclusively positive, representing continuous

respiration into the canopy at the lower boundary.

This depression of soil/understory respiration is

clearly shown in Figure 2 and represents carbon

Figure 3. Average diurnal old-growth forest-atmosphere

exchange of CO2 for May and July of 1998 and 1999, as

measured by eddy-covariance at 70 m, and storage

measured by a vertical profile system. July 1998 was

during El Ni*o-La Ni*a transition associated drought

period, in contrast to July 1999 when ample soil moisture

was available. The night-time temperatures were higher

in 1998 than 1999. Positive values represent a source of

CO260 .
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uptake by photosynthetic activity by the under-

story vegetation. To get an estimate of soil respi-

ration only, we had to correct the half-hourly data

set for this missing amount of carbon by using a

nighttime respiration versus temperature model

and then replace all daytime data with the modeled

results, using this equation:

Fe70 ¼ a expðbTa2Þ ð2Þ

where Ta2 was the 0.5-h mean air temperature at 2

m, a is a constant equal to 1.7 lmol m)2 s)1 with a

standard deviation of 0.3 lmol m)2 s)1, and b is a

constant equal to 0.07�C)1 with a standard devia-

tion of 0.01�C)1, and an overall r2 of 0.2. Tower

effects on 0.5 hour flux estimates were determined

to be less than 5% for the upwind direction, but

potentially higher (15%–30%) in the rare, down-

wind direction, based on an experiment where

sonic anemometers were mounted upwind and

downwind of the tower at 70 m. A footprint model

(Wilson and Swaters 1991) indicated the fetch for

the 70-m measurements was good (200 m or less)

in all directions under unstable (usually daytime)

conditions, but was problematic under stable con-

ditions (1–100 km) due to fragmentation of age

classes in the surrounding areas beyond the old-

growth stand that extended 4 km toward the west.

Preliminary data indicated, however, that eddy-

covariance respiration fluxes (expected to be high

at night) were not sensitive to wind direction,

probably because the nocturnal respiration rates for

the younger biomes21 surrounding the old-growth

forest were similar to that of the old-growth forest

(J. Chen and others 200422 ), and land cover in the

predominant wind directions were forested.

RESULTS AND DISCUSSION

Net Ecosystem exchange

The diurnal variation of estimated NEE, averaged

over a month, involved maximum uptake of CO2 in

the day and net CO2 release at night (Figure 3).

Daily maximum uptake rates were on the order of

20 lmol m)2 s)1. The diurnal maximum in Fig-

ure 3 does not represent the typical clear-sky

maximum because it is the average of data from

both cloudy and clear days.

Both photosynthesis and respiration decreased

during daylight hours when the soil was dry, which

limited net ecosystem photosynthesis in July 1998

compared to July 1999, a period with wetter soil

conditions. The May data show higher net photo-

synthesis rates than July, for both years. In general,

soil moisture is greater in the spring than later

when the seasonal drought starts, allowing for

higher net photosynthesis in spring.

Although there were no sustained periods longer

than a month when a net sink for carbon did not

take place, on a monthly averaged basis some CO2

was released to the atmosphere in July and Sep-

tember of 1998 (Figure 4). July 1998 was a drought

period (no precipitation was recorded; data in the

lowest quartile of climatological records of 1931–77

for this month), probably associated with the El

Niño–La Niña transition (based on Pacific Ocean23

surface-temperature changes). The low precipita-

tion pattern continued through September, result-

ing in lower soil moisture levels in 1998 than 1999

(Unsworth and others 2004). For example, in the

interval 7–17 September 1998, the volumetric soil

moisture averaged 0.106, compared to the same

interval in 1999, where the moisture averaged

0.119 (Unsworth and others 2004). Phillips and

colleagues (2002) also showed soil moisture levels

in August 1998 approximately 10% drier than in

August of 1999. In the more typical climatology of

1999, there were no monthly averages with net

release of CO2; precipitation in May 1999 was in

the highest quartile of the climatological records,

whereas the succeeding 2 months were near the

median. The cumulative NEE from the Wind River

old-growth forest shows remarkable sequestration

of carbon, comparable to many younger forests

(Figure 4). The annual integrated carbon uptake (1

August 1998 to 31 July 1999) from the atmosphere

by the old-growth forest was estimated using the

Figure 4. Cumulative carbon exchange as measured by

the 70 m station between July 1998 and the end of July

1999. The dash-dotted line represents uncorrected mea-

surements; the solid line, advection-corrected estimates

with a 0.21 correction factor; solid gray line, advection-

corrected with a 0.30 correction factor; and the dotted

line, low u* (u* < 0.5 m s)1) corrected estimates61 .
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advection correction (0.21) at 1.9 Mg C ha)1 y)1

(range, 0.2–3.6 Mg C ha)1 y)1), estimated using

0.30 advection correction at 1.5 Mg C ha)1 y)1

(range, )0.2 to 3.2 Mg C ha)1 y)1) and estimated

using the widely used low u* canopy air-tempera-

ture correction method at 1.5 Mg C ha)1 y)1

(range, 1.0–1.9 Mg C ha)1 y)1). Our estimates were

relatively insensitive to choice of the u* threshold

(see Figure 5). Our values are comparable to the

average (1.8 Mg C ha)1 y)1) of younger AmeriFlux

forest sites (40–250 years old; sites are Harvard,

Howland, Metolius, Niwot Ridge, Park Falls/WLEF24 ,

and Willow Creek) at approximately the same lat-

itude (40�–50�) and lower than the average

(2.8 Mg C ha)1 y)1) for younger Fluxnet forests at a

wider range of latitudes (2�–64�), ranging from 30

to 250 years old, including the AmeriFlux sites

identified above and, in addition, Blodgett, Brass-

chaat, Castelporziano, Duke, Flakaliden, Hesse,

Hyytalia, Loobos, Manaus, North Boreas, Norunda,

Tharandt, Vielsalm, and Walker Branch. Forest

types were temperate coniferous, high-altitude

coniferous, boreal coniferous, temperate decidu-

ous, cold-temperate deciduous, Mediterranean ev-

ergreen, and tropical rain forest (Falge and others

2002). Results were also slightly lower than the

average of 2.2 Mg C ha)1 y)1 for the Harvard Forest

from 1990 to 1995 (Goulden and others 1996).

These results apparently contradict the interpreta-

tion of some biomass inventory studies that re-

ported that old-growth forests are not sinks or are

only feeble sinks of CO2 [other forest sites: DeBell

and Franklin (1987), Franklin and DeBell (1988),

Harmon and others (1990), and Schulze and others

(1999); our site: Harmon and others (2004)]. These

results are compatible with other inventory reports

of significant carbon sinks of 1.7–2.9 Mg C m)2 y)1

in forests from 80 to over 200 years old [(Turner

and others 2000) the lower number for the older

forests, no specific site] and a similar estimate of

0.8–2.8 Mg C m)2 y)1 (average, 1.7 Mg C m)2 y)1)

for a 450-year-old Douglas-fir forest (Grier and

Logan 1977), which may have had less nutrient

limitations than the Wind River old-growth forest.

Also, a statistical survey of young, mature, and old-

growth Douglas-fir stands in the Cascade Moun-

tains found increasing basal area and woody-debris

volume between the mature and old-growth age

classes (Spies and Franklin 1991), which also sug-

gests a carbon sink in older stands. Differences be-

tween mature forests and old-growth forests are

often confused. Our definition is adopted from that

of25 Franklin and colleagues (2002), which considers

that mature forests are composed of large live trees

of near full height and a closed canopy. In contrast,

the structure of an old-growth forest differs from a

mature forest in the complexity of its vertical and

horizontal structure, the presence of shade-tolerant

species in the upper canopy, trees of all age classes,

presence of canopy gaps, standing snags, large

woody debris, and more complex structured soil.

The large ranges of plausible values associated

with both the biomass inventory (noted below26 ) and

the micrometeorologic estimates (discussed above27 )

imply that the micrometeorologic and biometric

inventory results are in reasonable agreement

(Anthoni and others 1999; Field and Kaduk 200428 ).

Biomass estimation methods reflect a much longer

time integration and therefore could differ from an

annual measurement. Biomass estimates may have

a wide range of possible errors, not all of which can

be easily quantified by statistical analysis if the

sources of errors are not well understood. This is

reflected in a wide range of estimation values in the

literature for various inventory components at

other sites (Santantonio and others 1977; Keyes

and Grier 1981; Santantonio and Hermann 1985;

Steele and others 1997; Ehman and others 2002;

Malhi and others 1999; Clark and others 2001).

Micrometeorologic methods also have potentially

large errors, as indicated earlier in this report. Thus,

the results reported by Harmon and colleagues

(2004) and ours agree within the range of errors of

the two methods.

The ecosystem net CO2 exchange saturates at

PAR intensities above 1000 lmol m)2 s)1 (Fig-

ure 6). Parker and colleagues (2004) and Mariscal

and colleagues (2004) show that the canopy above

30-m height routinely receives sufficient light for

photosynthetic saturation. The apparent ecosystem

Figure 5. Variation in annual cumulative carbon ex-

change with u* threshold62 .
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compensation point (zero CO2 flux) was approxi-

mately 50 lmol m)2 s)1, well within the range of

several closed canopy forests described by Ruimy

and colleagues (1995). On-site leaf-based chamber

measurements for P. menziesii and T. heterophylla

show a similar saturation at 500–1200 lmol m)2 s)1

(Winner and others 2004). An optimum tempera-

ture range of 5�–10�C was found in April 1999,

which coincides with the mean April air tempera-

ture of 6.4�C, the mean April radiative surface

temperature of 7.1�C (approximately the tissue

temperature), and the mean annual temperature of

the region (8.7�C for the nearby Carson Fish

Hatchery station, averaged between 1978 and

1998). During April 1999, vapor-pressure deficit29

values were low, and no discernible control of water

stress on net CO2 exchange could be determined.

Soil Respiration and Understory Flux

The 3-m eddy fluxes show a Q10 relationship (2.0

for minimum temperature; r2 = 0.61) between the

integrated daily soil and understory respiration and

5-cm-depth soil temperature (Figure 7). The curves

are very similar to the canopy respiration estimates

reported by Greco and Baldocchi (1996). Interest-

ingly, there appeared to be soil respiration even for

slightly subzero temperatures in the soil. This can

be interpreted that the deeper layers of the soil

were sufficiently warm for continued respiration,

or that free water was available possibly because of

freezing-point depression.

Preliminary soil chamber measurements (from

measurements taken during a few hours a day per

month) in May and July 1999 yielded soil efflux

rates ranging from 3.9 to 5.0 lmol m)2 s)1 (J.30

Klopatek personal communication) compared to

the monthly mean 3-m eddy-covariance rates

(corrected for advection and photosynthesis) of

2.2–4.2 lmol m)2 s)1. For the weeks in which the

chamber measurements were taken, the soil tem-

perature-based estimates from the model increased

from 1.9 to 4.8 lmol m)2 s)1. Chamber and

micrometeorologic measurements for gases such as

CO2 and water vapor31 may differ from eddy-covar-

iance measurements. Concurrent eddy-flux meas-

urements range from greater than chamber

measurements, near equality between the two, and

greatly below chamber measurements by more

than 80% (Dugas and others 1991; Norman and

others 1997; Law and others 1999; Janssen and

others 2000, 2001; Anderson and Farrar 200132 ).

The flux measured with the 3-m eddy-covari-

ance33 system represents soil efflux and understory

exchange, including understory photosynthetic

uptake of CO2. On a diurnal basis, we can identify

the contribution of the uptake by vegetation, as

shown by a depression in the efflux during the

middle of the day (Figure 2) during spring and

summer. The flux never becomes negative; that is,

the soil respiration is sufficiently strong that the

understory vegetation cannot photosynthesize all

respired carbon under 3 m, resulting in typical

values of over 2.5 lmol m)2 s)1 for July 1999. In

April 1999, the midday depression is still clearly

visible even though its magnitude and the overall

efflux have been reduced due to lower light and

temperature levels. For the winter, the diurnal

course is almost flat, greatly reduced to values

around or below 1 lmol m)2 s)1, but still positive

with only a very small depression during the day as

shown for February 1999.

The averaged monthly values of the 3-m eddy-

covariance CO2 flux steadily declined from 3–

4 lmol m)2 s)1 in the summer down to 1 lmol m)2

s)1 in December 1998 as the soil temperature

dropped (Figure 3). In the summer of 1998, the site

experienced a 78-day drought in connection with

the 1997–98 El Niño event, such that the associated

water stress reduced understory carbon uptake.

The effects of precipitation dominate carbon ex-

change (Nemani and others 2002). A difference

between the 2 years is apparent (Figure 3) proba-

bly as a result of elevated soil respiration in 1998

compared to 1999, related to temperature effects

(mean July 1998 5-cm-soil temperature 18.0�C;

mean July 1999 soil temperature 15.5�C). Overall,

the forest was a source of carbon for the summer of

1998 due to the dominance of respiration.

Figure 6. Half-hourly exchange of 70 m eddy-covar-

iance CO2-exchange, plotted as a function of above-ca-

nopy PAR, and mean air temperature at 70 m, in April

1999.
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The late winter–early spring (March to May–

June 1999) was the period of the greatest NEE34

uptake as measured by the 70-m eddy-covariance35

system (Figure 4). The relatively low soil respira-

tion coupled with very active photosynthesis by the

canopy enabled the ecosystem to take up signifi-

cant amounts of carbon. During 1999, a cool and

wet summer (La Niña 1998–99), the stand acted as

a sink for carbon despite the elevated respiration

term. The figure also shows that, contrary to the

slow decline in the 3-m CO2 eddy flux for the fall,

the rise in the spring takes place rather rapidly,

jumping from 1 lmol m)2 s)1 in April to 3 lmol

m)2 s)1 in June 1999.

The respiratory exchange from the forest un-

derstory (measured at the 3-m height), including

advection and photosynthetic correction, was

10.9 Mg C ha)1 y)1 (9.0–12.8 Mg C ha)1 y)1), and

the annual ecosystem respiration based on canopy

air temperature and nocturnal 70-m eddy-covari-

ance data was 14.0 Mg C ha)1 y)1. This yields a

gross ecosystem production of approximately 15.5–

15.9 Mg C ha)1 y)1, which is greater than the 10.2–

13.5 Mg C ha)1 y)1 estimated for midlatitude

mixed deciduous forests, boreal forests, and Euro-

flux forests at approximately the same latitude

(Wofsy and others 1993; Black and others 1996;

Goulden and others 1996; Schmid and others 2000;

Valentini and others 2000), but less than the bio-

metric estimates of gross primary production

(21.0 Mg C ha)1 y)1) reported by Harmon and

colleagues (2004).

Total ecosystem respiration can be estimated

using the temperature model for nighttime Fe70 for

hours with u* greater than 0.5 m/s and running it

for all hours of the year. Subtraction of the annual

sum of the 3-m eddy-covariance data corrected for

photosynthesis of the understory from the annual

total ecosystem respiration estimate yielded an es-

timate of 3.1 Mg C ha)1 y)1. This value is an ap-

proximation for aboveground respiration from the

living and dead biomass based on eddy-covariance

data and derived temperature models only, and it is

lower than the biometric estimates (Harmon and

others 2004). It should be emphasized that this

estimate was not used in computing NEE.

CONCLUSIONS

In contrast to frequently stated opinions, old-

growth forests can be significant carbon sinks. Our

eddy-flux estimates of NEE for the 16-month pe-

riod show net carbon gain for the period and are

within the error estimates derived independently

from inventory data by Harmon and colleagues

(2004) that integrate data over a much longer pe-

riod and are based on data measured from a wide

range of sites. The old-growth forest at the Wind

River canopy crane site retains the capacity to se-

quester significant amounts of carbon on an annual

basis. For the period reported here, the annual rate

varied between years consistent with the interan-

nual difference in weather. In the year with higher-

than-average rainfall, carbon sequestration was at

or near the values of other forests, including

younger forests and deciduous broadleaf forests.

The mild winters permit carbon sequestration

throughout the winter, and there were no ex-

tended periods of dormancy, which contributed to

the high annual rate of carbon uptake. The low

light compensation point, penetration of diffuse

light deep into the canopy, and the cool tempera-

ture optimum of photosynthesis contribute to net

carbon sequestration during winter. The highest

rates of carbon uptake occur in spring. The length

and severity of the summer drought appear to

control the magnitude and timing of the switch

from a carbon sink to a carbon source. The old-

growth forests of the Pacific Northwest can con-

tribute to optimizing carbon sequestration strate-

gies while continuing to provide ecosystem services

essential to supporting biodiversity.
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EXECUTIVE SUMMARY

During the last decade of the 20th century, deforestation in 
the tropics and forest regrowth in the temperate zone and parts 
of the boreal zone remained the major factors responsible for 
emissions and removals, respectively. However, the extent to 
which the carbon loss due to tropical deforestation is offset 
by expanding forest areas and accumulating woody biomass 
in the boreal and temperate zones is an area of disagreement 
between land observations and estimates by top-down models. 
Emissions from deforestation in the 1990s are estimated at 5.8 
GtCO2/yr (medium agreement, medium evidence). 

Bottom-up regional studies show that forestry mitigation 
options have the economic potential at costs up to 100 US$/
tCO2-eq to contribute 1.3-4.2 GtCO2-eq/yr (average 2.7 GtCO2-
eq/yr) in 2030. About 50% can be achieved at a cost under 20 
US$/tCO2-eq (around 1.6 GtCO2/yr) with large differences 
between regions. Global top-down models predict far higher 
mitigation potentials of 13.8 GtCO2-eq/yr in 2030 at carbon 
prices less than or equal to 100 US$/tCO2-eq. Regional studies 
tend to use more detailed data and a wider range of mitigation 
options are reviewed, Thus, these studies may more accurately 
refl ect regional circumstances and constraints than simpler, 
more aggregate global models. However, regional studies 
vary in model structure, coverage, analytical approach, and 
assumptions (including baseline assumptions). In the sectoral 
comparison in Section 11.3, the more conservative estimate 
from regional studies is used. Further research is required 
to narrow the gap in the potential estimates from global and 
regional assessments (medium agreement, medium evidence). 

The carbon mitigation potentials from reducing deforestation, 
forest management, afforestation, and agro-forestry differ 
greatly by activity, regions, system boundaries and the time 
horizon over which the options are compared. In the short 
term, the carbon mitigation benefi ts of reducing deforestation 
are greater than the benefi ts of afforestation. That is because 
deforestation is the single most important source, with a net loss 
of forest area between 2000 and 2005 of 7.3 million ha/yr.

Mitigation options by the forestry sector include extending 
carbon retention in harvested wood products, product 
substitution, and producing biomass for bioenergy. This carbon 
is removed from the atmosphere and is available to meet 
society’s needs for timber, fi bre, and energy. Biomass from 
forestry can contribute 12-74 EJ/yr to energy consumption, 
with a mitigation potential roughly equal to 0.4-4.4 GtCO2/yr 
depending on the assumption whether biomass replaces coal or 
gas in power plants (medium agreement, medium evidence). 

In the long term, a sustainable forest management strategy 
aimed at maintaining or increasing forest carbon stocks, while 
producing an annual sustained yield of timber, fi bre or energy 
from the forest, will generate the largest sustained mitigation 
benefi t. Most mitigation activities require up-front investment 
with benefi ts and co-benefi ts typically accruing for many years 

to decades. The combined effects of reduced deforestation and 
degradation, afforestation, forest management, agro-forestry 
and bioenergy have the potential to increase from the present to 
2030 and beyond (medium agreement, medium evidence). 

Global change will impact carbon mitigation in the forest 
sector but the magnitude and direction of this impact cannot 
be predicted with confi dence as yet. Global change may affect 
growth and decomposition rates, the area, type, and intensity 
of natural disturbances, land-use patterns, and other ecological 
processes (medium agreement, medium evidence). 

Forestry can make a very signifi cant contribution to a 
low-cost global mitigation portfolio that provides synergies 
with adaptation and sustainable development. However, this 
opportunity is being lost in the current institutional context and 
lack of political will to implement and has resulted in only a 
small portion of this potential being realized at present (high 
agreement, much evidence).

Globally, hundreds of millions of households depend 
on goods and services provided by forests. This underlines 
the importance of assessing forest sector activities aimed at 
mitigating climate change in the broader context of sustainable 
development and community impact. Forestry mitigation 
activities can be designed to be compatible with adapting to 
climate change, maintaining biodiversity, and promoting 
sustainable development. Comparing environmental and social 
co-benefi ts and costs with the carbon benefi t will highlight trade-
offs and synergies, and help promote sustainable development 
(low agreement, medium evidence).

Realization of the mitigation potential requires institutional 
capacity, investment capital, technology RD and transfer, as 
well as appropriate policies and incentives, and international 
cooperation. In many regions, their absence has been a barrier 
to implementation of forestry mitigation activities. Notable 
exceptions exist, however, such as regional successes in 
reducing deforestation rates and implementing large-scale 
afforestation programmes. Considerable progress has been made 
in technology development for implementation, monitoring and 
reporting of carbon benefi ts but barriers to technology transfer 
remain (high agreement, much evidence).

Forestry mitigation activities implemented under the Kyoto 
Protocol, including the Clean Development Mechanism (CDM), 
have to date been limited. Opportunities to increase activities 
include simplifying procedures, developing certainty over 
future commitments, reducing transaction costs, and building 
confi dence and capacity among potential buyers, investors and 
project participants (high agreement, medium evidence).

While the assessment in this chapter identifi es remaining 
uncertainties about the magnitude of mitigation benefi ts and 
costs, the technologies and knowledge required to implement 
mitigation activities exist today. 
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9.1    Introduction

In the context of global change and sustainable development, 
forest management activities play a key role through mitigation 
of climate change. However, forests are also affected by 
climate change and their contribution to mitigation strategies 
may be infl uenced by stresses possibly resulting from it. Socio-
economically, global forests are important because many 
citizens depend on the goods, services, and fi nancial values 
provided by forests. Within this context, mitigation options 
have to be sought. 

The world’s forests have a substantial role in the global 
carbon cycle. IPCC (2007a) reports the latest estimates for the 
terrestrial sink for the decade 1993-2003 at 3,300 MtCO2/yr, 
ignoring emissions from land-use change (Denman et al., 2007, 
Table 7.1). The most likely estimate of these emissions for 
1990s  is 5,800 MtCO2/yr, which is partly being sequestered on 
land as well (IPCC, 2007a). 

The IPCC Third Assessment Report (TAR) (Kauppi et 
al., 2001) concluded that the forest sector has  a biophysical 
mitigation potential of 5,380 MtCO2/yr on average up until 
2050, whereas the SR LULUCF (IPCC, 2000a) presented a 
biophysical mitigation potential on all lands of 11670 MtCO2/
yr in 2010 (copied in IPCC, 2001, p. 110).  

Forest mitigation options include reducing emissions from 
deforestation and forest degradation, enhancing the sequestration 
rate in existing and  new forests, providing wood fuels as a 
substitute for fossil fuels, and providing wood products for more 
energy-intensive materials. Properly designed and implemented, 
forestry mitigation options will have substantial co-benefi ts in 
terms of employment and income generation opportunities, 
biodiversity and watershed conservation, provision of timber 
and fi bre, as well as aesthetic and recreational services. 

Many barriers have been identifi ed that preclude the full use 
of this mitigation potential. This chapter examines the reasons 
for  the discrepancy between a large theoretical potential and 
substantial co-benefi ts versus the rather low implementation 
rate. 

Developments since TAR

Since the IPCC Third Assessment Report (TAR), new mitigation 
estimates have become available from local to global scale 
(Sathaye et al., 2007) as well as major economic reviews and 
global assessments (Stern, 2006). There is early research into 
the integration of mitigation and adaptation options and the 
linkages to sustainable development (MEA, 2005a). There is 
increased attention to reducing emissions from deforestation 
as a low cost mitigation option, and with signifi cant positive 
side-effects (Stern, 2006). There is some evidence that climate 
change impacts can also constrain the forest potential. There are 

very few multiple land-use studies that examine a wider set of
forest functions and economic constraints (Brown et al., 2004). 
Furthermore, the literature shows a large variation of mitigation 
estimates, partly due to the natural variability in the system, but 
partly also due to differences in baseline assumptions and data 
quality. In addition, Parties to the Convention are improving 
their estimates through the design of National Systems for 
Greenhouse Gas (GHG) Inventories.

Basic problems remain. Few major forest-based mitigation 
analyses have been conducted using new primary data. There is 
still limited insight regarding impacts on soils, lack of integrated 
views on the many site-specifi c studies, hardly any integration 
with climate impact studies, and limited views in relation to 
social issues and sustainable development. Little new effort 
was reported on the development of global baseline scenarios 
of land-use change and their associated carbon balance, against 
which mitigation options could be examined. There is limited 
quantitative information on the cost-benefi t ratios of mitigation 
interventions. Finally, there are still knowledge gaps in how 
forest mitigation activities may alter, for example, surface 
hydrology and albedo (IPCC, 2007b: Chapter 4).

This chapter: a) provides an updated estimate of the economic 
mitigation potential through forests; b) examines the reasons 
for difference between a large theoretical potential and a low 
rate of implementation; and c) and integrates the estimates of 
the economic potential with considerations to  both adaptation 
and mitigation in the context of sustainable development. 

9.2    Status of the sector and trends

9.2.1 Forest area

The global forest cover is 3952 million ha (Table 9.1), which 
is about 30 percent of the world’s land area (FAO, 2006a). Most 
relevant for the carbon cycle is that between 2000 and 2005, 
gross deforestation continued at a rate of 12.9 million ha/yr. 
This is mainly as a result of converting forests to agricultural 
land, but also due to expansion of settlements, infrastructure, 
and unsustainable logging practices (FAO, 2006a; MEA, 2005b). 
In the 1990s, gross deforestation was slightly higher, at 13.1 
million ha/yr. Due to afforestation, landscape restoration and 
natural expansion of forests, the most recent estimate of net loss 
of forest  is 7.3 million ha/yr. The loss is still largest in South 
America, Africa and Southeast Asia (Figure 9.1). This net loss 
was less than that of 8.9 million ha/yr in the 1990s. 

Thus, carbon stocks in forest biomass decreased in Africa, 
Asia, and South America, but increased in all other regions. 
According to FAO (2006a), globally net carbon stocks in forest 
biomass decreased by about 4,000 MtCO2 annually between 
1990 and 2005 (Table 9.1). 
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The area of forest plantation was about 140 million ha in 
2005 and increased by 2.8 million ha/yr between 2000 and 2005, 
mostly in Asia (FAO, 2006a). According to the Millennium 
Ecosystem Assessment (2005b) scenarios, forest area in 
industrialized regions will increase between 2000 and 2050 by 
about 60 to 230 million ha. At the same time, the forest area 
in the developing regions will decrease by about 200 to 490 
million ha. In addition to the decreasing forest area globally, 
forests are severely affected by disturbances such as forest 

fi res, pests (insects and diseases) and climatic events including 
drought, wind, snow, ice, and fl oods. All of these factors have 
also carbon balance implications, as discussed  in Sections 9.3 
and 9.4. Such disturbances affect roughly 100 million ha of 
forests annually (FAO, 2006a). Degradation, defi ned as decrease 
of density or increase of disturbance in forest classes, affected 
tropical regions at a rate of 2.4 million ha/yr in the 1990s. 

Region

Forest area, 
(mill. ha)

Annual change
(mill. ha/yr)

Carbon stock in living biomass
(MtCO2)

Growing 
stock in 2005

2005 1990-2000 2000-2005 1990 2000 2005 million m3

Africa 63,5412 -4.4 -4.0 241,267 228,067 222,933 64,957

Asia 571,577 -0.8 1.0 150,700 130,533 119,533 47,111

Europea) 1001,394 0.9 0.7 154,000 158,033 160,967 107,264

North and Central 
America

705,849 -0.3 -0.3 150,333 153,633 155,467 78,582

Oceania 206,254 -0.4 -0.4 42,533 41,800 41,800 7,361

South America 831,540 -3.8 -4.3 358,233 345,400 335,500 128,944

World 3,952,026 -8.9 -7.3 1,097,067 1,057,467 1,036,200 434,219

a) Including all of the Russian Federation
Source: FAO, 2006a

Table 9.1: Estimates of forest area, net changes in forest area (negative numbers indicating decrease), carbon stock in living biomass, and growing stock in 1990, 2000, and 
2005

Figure 9.1: Net change in forest area between 2000 and 2005 
Source: FAO, 2006a.
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society’s needs for timber through intensive management of 
a smaller forest area creates opportunities for enhanced forest 
protection and conservation in other areas, thus contributing 
to climate change mitigation. With rather stable harvested 
volumes, the manufacture of forest products has increased as a 
result of improved processing effi ciency. Consumption of forest 
products is increasing globally, particularly in Asia.

9.3 Regional and global trends in 
terrestrial greenhouse gas emissions 
and removals

Mitigation measures will occur against the background of 
ongoing change in greenhouse gas emissions and removals. 
Understanding current trends is critical for evaluation of 
additional effects from mitigation measures. Moreover, the 
potential for mitigation depends on the legacy of past and present 
patterns of change in land-use and associated emissions and 
removals. The contribution of the forest sector to greenhouse 
gas emissions and removals from the atmosphere remained the 
subject of active research, which produced an extensive body of 
literature (Table 9.2 and IPCC, 2007a: Chapter 7 and 10). 

Globally during the 1990s,  deforestation in the tropics and 
forest regrowth in the temperate zone and parts of the boreal 
zone were the major factors responsible for emissions and 
removals, respectively (Table 9.2; Figure 9.2). However, the 
extent to which carbon loss due to tropical deforestation is offset 
by expanding forest areas and accumulating woody biomass 
in the boreal and temperate zones is the area of disagreement 
between land observations and estimates by top-down models. 
The top-down methods based on inversion of atmospheric 
transport models estimate the net terrestrial carbon sink for the 
1990s, which is the balance of sinks in northern latitudes and 
source in tropics (Gurney et al., 2002). The latest estimates are 
consistent with the increase found in the terrestrial carbon sink 
in the 1990s over the 1980s. 

Denman et al. (2007) reports the latest estimates for gross 
residual terrestrial sink for the 1990s at 9,500 MtCO2/yr, while 
their estimate for emissions from deforestation amounts to 5,800 
MtCO2/yr. The residual sink estimate is signifi cantly higher 
than any land-based global sink estimate and in the upper range 
of estimates produced by inversion of atmospheric transport 
models (Table 9.2). It includes the sum of biases in estimates 
of other global fl uxes (fossil fuel burning, cement production, 
ocean uptake, and land-use change) and the fl ux in terrestrial 
ecosystems that are not undergoing change in land use.

Improved spatial resolution allowed separate estimates of 
the land-atmosphere carbon fl ux for some continents (Table 
9.2). These estimates generally suggest greater sink or smaller 
source than the bottom-up estimates based on analysis of 
forest inventories and remote sensing of change in land-cover 

9.2.2 Forest management

Data on progress towards sustainable forest management 
were  collected for the recent global forest resources assessment 
(FAO, 2006a). These data indicate  globally there are many 
good signs and positive trends (intensive forest plantation and 
rising conservation efforts), but also negative trends continue 
(primary forests continue to become degraded or converted to 
agriculture in some regions). Several tools have been developed 
in the context of sustainable forest management, including 
criteria and indicators, national forest programmes, model 
forests and certifi cation schemes. These tools  can also support 
and provide sound grounds for mitigation of climate change 
and thus carbon sequestration.

Nearly 90% of forests in industrialized countries are managed 
“according to a formal or informal management plan” (FAO, 
2001). National statistics on forest management plans are not 
available for many developing countries. However, preliminary 
estimates show that at least 123 million ha, or about 6% of 
the total forest area in these countries is covered by a “formal, 
nationally approved forest management plan covering a period 
of at least fi ve years.” Proper management plans are seen as 
prerequisites for the development of management strategies 
that can also include  carbon-related objectives. 

Market-based development of environmental services 
from forests, such as biodiversity conservation, carbon 
sequestration, watershed protection, and nature-based tourism, 
is receiving attention as a tool for promoting sustainable forest 
management. Expansion of these markets may remain slow and 
depends on government intervention (Katila and Puustjärvi, 
2004). Nevertheless, development of these markets and 
behaviour of forest owners may infl uence roundwood markets 
and availability of wood for conventional uses, thus potentially 
limiting substitution possibilities. 

9.2.3 Wood supply, production and consumption of 
forest products

Global wood harvest is about 3 billion m3 and has been 
rather stable in the last 15 years (FAO, 2006a). Undoubtedly, the 
amount of wood removed is higher, as illegally wood removal is 
not recorded. About 60% of removals are industrial roundwood; 
the rest is  wood fuel (including fuelwood and charcoal). The 
most wood removal in Africa and substantial proportions in Asia 
and South America are non-commercial wood fuels. Recently, 
commercial biomass for bioenergy received a boost because 
of the high oil prices and the government policies initiated to 
promote renewable energy sources.

Although accounting for only 5% of global forest cover, 
forest plantations were estimated in 2000 to supply about 35% 
of global roundwood harvest and this percentage is expected 
to increase (FAO, 2006a). Thus, there is a trend towards 
concentrating the harvest on a smaller forest area. Meeting 
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(Houghton, 2005). While the estimates of forest expansion and 
regrowth in the temperate and boreal zones appear relatively 
well constrained by available data and consistent across 
published results, the rates of tropical deforestation are uncertain 
and hotly debated (Table 9.2; Fearnside and Laurance, 2004). 
Studies based on remote sensing of forest cover report lower 
rates than UN-ECE/FAO (2000) and lower carbon emissions 
carbon (Achard et al., 2004). 

Recent analyses highlight the important role of other carbon 
fl ows. These fl ows were largely overlooked by earlier research 
and include carbon export through river systems (Raymond and 
Cole, 2003), volcanic activity and other geological processes 
(Richey et al., 2002), transfers of material in and out of products 
pool (Pacala et al., 2001), and uptake in freshwater ecosystems 
(Janssens et al., 2003).

Attribution of estimated carbon sink in forests to the short- 
and long-term effects of the historic land-use change and shifting 
natural disturbance patterns on one hand, and to the effects of N 
and CO2 fertilization and climate change on the other, remains 
problematic (Houghton, 2003b). For the USA, for example, 
the fraction of carbon sink attributable to changes in land-use 
and land management might be as high as 98% (Caspersen 
et al., 2000), or as low as 40% (Schimel et al., 2001). Forest 
expansion and regrowth and associated carbon sinks were 
reported in many regions (Table 9.2; Figure 9.2). The expanding 
tree cover in South Western USA is attributed to the long-term 
effects of fi re control but the gain in carbon storage was smaller 
than previously thought. The lack of consensus on factors that 
control the carbon balance is an obstacle to development of 
effective mitigations strategies.

Large year-to-year and decade scale variation of regional 
carbon sinks (Rodenbeck et al., 2003) make it diffi cult to defi ne 
distinct trends. The variation refl ects the effects of climatic 
variability, both as a direct impact on vegetation and through 

the effects of wild fi res and other natural disturbances. There 
are indications that higher temperatures in boreal regions will 
increase fi re frequency; possible drying of the Amazon basin 
would increase fi re frequency there as well (Cox et al., 2004). 
Global emissions from fi res in the 1997/98 El Nino year are 
estimated at 7,700 MtCO2/yr, 90% from tropics (Werf et al., 
2004). 

The picture emerging from Table 9.2 is complex because 
available estimates differ in the land-use types included and in 
the use of gross fl uxes versus net carbon balance, among other 
variables. This makes it impossible to set a widely accepted 
baseline for the forestry sector globally. Thus, we had to rely 
on the baselines used in each regional study separately (Section 
9.4.3.1), or used in each global study (Section 9.4.3.3). However, 
this approach creates large uncertainty in assessing the overall 
mitigation potential in the forest sector. Baseline CO2 emissions 
from land-use change and forestry in 2030 are the same as or 
slightly lower than in 2000 (see Chapter 3, Figure 3.10).

9.4    Assessment of mitigation options

In this section, a conceptual framework for the assessment of 
mitigation options is introduced and specifi c options are briefl y 
described. Literature results are summarized and compared for 
regional bottom-up approaches, global forest sector models, and 
global top-down integrated model approaches. The assessment 
is limited to CO2 balances and economic costs of the various 
mitigation options. Broader issues including biodiversity, 
sustainable development, and interactions with adaptation 
strategies are discussed in subsequent sections.

9.4.1 Conceptual introduction 

Terrestrial carbon dynamics are characterized by long periods 
of small rates of carbon uptake, interrupted by short periods of 
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Figure 9.2: Historical forest carbon balance (MtCO2) per region, 1855-2000. 

Notes: green  = sink. EECCA=Countries of Eastern Europe, the Caucasus and Central Asia. Data averaged per 5-year period, year marks starting year of period.
Source: Houghton, 2003b. 
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rapid and large carbon releases during disturbances or harvest. 
Depending on the stage of stand1 development, individual 
stands are either carbon sources or carbon sinks (1m3 of wood 

stores ~ 0.92 tCO2)2. For most immature and mature stages of 
stand development, stands are carbon sinks. At very old ages, 
ecosystem carbon will either decrease or continue to increase 

Regions Annual carbon fl ux based on 
international statistics

Annual carbon fl ux during 1990s

UN-ECE, 2000 Based on inversion of 
atmospheric transport 

models

Based on land observations

MtCO2/yr

OECD North America 1,833 ± 2,2009 0 ÷ 1,1005   

Separately: Canada
USA

340 
610

 

OECD Pacifi c 224      0±7331

Europe 316 495  ± 7526       0  ± 7331

51311

Countries in Transition 1,726 3,777 ± 3,4472 1,100 ± 2,9339

1,181 ÷  -1,5887

Separately:  Russia 1,572 4,767 ±  2,9339 1,907± 4698

Northern Africa 623 ± 3,5932

Sub-Saharan Africa -576 ±2353

-440 ± 1104

-1,283 ± 7331

Caribbean, Central and South America -2,310 -1,617 ± 9723

-1,577 ± 7334

-2,750 ± 1,1001

Separately: Brazil ± 73312

Developing countries of South and East 
Asia and Middle East

 -2,493 ± 2,7132     -3,997 ± 1,8331

-1,734 ± 5503

-1,283 ± 5504

Separately: China 2,273 ± 2,4202  - 110 ± 7331

     128 ± 9513

      24914

Global total    4,767 ± 5,5009

 2,567 ± 2,93310

 4,9132

 951617

-7,993 ± 2,9331

-3,300 ÷ 7,7005

-4,00015 

-5,800 16 
-848518

Annex I (excluding Russia) 130019

Notes: Positive values represent carbon sink, negative values represent source. Sign ÷ indicates a range of values; sign ± indicates error term.
Because of differences in methods and scope of studies (see footnotes), values from different publications are not directly comparable. They represent a sample of 
reported results.
1 Houghton 2003a (fl ux from changes in land use and land management based on land inventories); 2 Gurney et al., 2002 (inversion of atmospheric transport models, 
estimate for Countries in Transition applies to Europe and boreal Asia; estimate for China applies to temperate Asia); 3 Achard et al., 2004 (estimates based on remote 
sensing for tropical regions only); 4 DeFries, 2002 (estimates based on remote sensing for tropical regions only); 5 Potter et al., 2003 (NEP estimates based on remote 
sensing for 1982-1998 and ecosystem modelling, the range refl ects inter-annual variability); 6 Janssens et al., 2003 (combined use of inversion and land observations; 
includes forest, agricultural lands and peatlands between Atlantic Ocean and Ural Mountains, excludes Turkey and Mediterranean isles); 7 Shvidenko and Nilson, 2003 
(forests only, range represents difference in calculation methods); 8 Nilsson et al., 2003 (includes all vegetation); 9 Ciais et al., 2000 (inversion of atmospheric transport 
models, estimate for Russia applies to Siberia only); 10 Plattner et al., 2002 (revised estimate for 1980’s is 400±700); 11Nabuurs et al., 2003 (forests only); 12 Houghton 
et al., 2000 (Brazilian Amazon only, losses from deforestation are offset by regrowth and carbon sink in undisturbed forests); 13 Fang et al., 2005; 14 Pan et al., 2004, 
15 FAO, 2006a (global net  biomass loss resulting from deforestation and regrowth); 16 Denman et al.,2007 (estimate of biomass loss from deforestation), 17 Denman et 
al.,2007 (Residual terrestrial carbon sink), 18 EDGAR database for agriculture and forestry (see Chapter 1, Figure 1.3a/b (Olivier et al., 2005)). These include emissions 
from bog fi res and delayed emissions from soils after land- use change, 19 (Olivier et al., 2005).

Table 9.2: Selected estimates of carbon exchange of forests and other terrestrial vegetation with the atmosphere (in MtCO2/yr) 

1 In this chapter, ‘stand’ refers to an area of trees of similar characteristics (e.g., species, age, stand structure or management regime) while ‘forest’ refers to a larger estate com-
prising many stands. 

2 Assuming a specifi c wood density of 0.5g dry matter/cm3 and a carbon content of 0.5g C/g dry matter.

2,090 ± 3,3372 293 ± 7331
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slowly with accumulations mostly in dead organic matter and 
soil carbon pools. In the years following major disturbances, 
the losses from decay of residual dead organic matter exceed 
the carbon uptake by regrowth. While individual stands in a 
forest may be either sources or sinks, the forest carbon balance 
is determined by the sum of the net balance of all stands. The 
theoretical maximum carbon storage (saturation) in a forested 
landscape is attained when all stands are in old-growth state, 
but this rarely occurs as natural or human disturbances maintain 
stands of various ages within the forest. 

The design of a forest sector mitigation portfolio should 
consider the trade-offs between increasing forest ecosystem 
carbon stocks and increasing the sustainable rate of harvest 
and transfer of carbon to meet human needs (Figure 9.3). The 
selection of forest sector mitigation strategies should minimize 
net GHG emissions throughout the forest sector and other 
sectors affected by these mitigation activities. For example, 
stopping all forest harvest would increase forest carbon stocks, 
but would reduce the amount of timber and fi bre available to 
meet societal needs. Other energy-intensive materials, such 
as concrete, aluminium, steel, and plastics, would be required 
to replace wood products, resulting in higher GHG emissions 
(Gustavsson et al., 2006). Afforestation may affect the net 
GHG balance in other sectors, if for example, forest expansion 
reduces agricultural land area and leads to farming practices 
with higher emissions (e.g., more fertilizer use), conversion of 
land for cropland expansion elsewhere, or increased imports of 
agricultural products (McCarl and Schneider, 2001). The choice 
of system boundaries and time horizons affects the ranking of 
mitigation activities (Figure 9.3). 

Forest mitigation strategies should be assessed within 
the framework of sustainable forest management, and with 
consideration of the climate impacts of changes to other 
processes such as albedo and the hydrological cycle (Marland 
et al., 2003). At present, however, few studies provide such 
comprehensive assessment.

For the purpose of this discussion, the options available to 
reduce emissions by sources and/or to increase removals by sinks 
in the forest sector are grouped into four general categories: 
• maintaining or increasing the forest area through reduction 

of deforestation and degradation and through afforestation/
reforestation; 

• maintaining or increasing the stand-level carbon density 
(tonnes of carbon per ha) through the reduction of forest 
degradation and through planting, site preparation, tree im-
provement, fertilization, uneven-aged stand management, 
or other appropriate silviculture techniques;

• maintaining or increasing the landscape-level carbon den-
sity using forest conservation, longer forest rotations, fi re 
management, and protection against insects; 

• increasing off-site carbon stocks in wood products and en-
hancing product and fuel substitution using forest-derived 
biomass to substitute products with high fossil fuel require-
ments, and increasing the use of biomass-derived energy to 
substitute fossil fuels.

Each mitigation activity has a characteristic time sequence 
of actions, carbon benefi ts and costs (Figure 9.4). Relative to 
a baseline, the largest short-term gains are always achieved 
through mitigation activities aimed at emission avoidance 
(e.g., reduced deforestation or degradation, fi re protection, and 
slash burning). But once an emission has been avoided, carbon 
stocks on that forest will merely be maintained or increased 
slightly. In contrast, the benefi ts from afforestation accumulate 
over years to decades but require up-front action and expenses. 
Most forest management activities aimed at enhancing sinks 
require up-front investments. The duration and magnitude of 
their carbon benefi ts differ by region, type of action and initial 
condition of the forest. In the long term, sustainable forest 
management strategy aimed at maintaining or increasing forest 
carbon stocks, while producing an annual yield of timber, fi bre, 
or energy from the forest, will generate the largest sustained 
mitigation benefi t. 

Reduction in fossil fuel use in forest management activities, 
forest nursery operations, transportation and industrial 
production provides additional opportunities similar to those 
in other sectors, but are not discussed here (e.g., see Chapter 
5, Transportation). The options available in agro-forestry 
systems are conceptually similar to those in other parts of the 
forest sector and in the agricultural sector (e.g., non-CO2 GHG 
emission management). Mitigation using urban forestry includes 
increasing the carbon density in settlements, but indirect effects 
must also be evaluated, such as reducing heating and cooling 
energy use in houses and offi ce buildings, and changing the 
albedo of paved parking lots and roads. 

9.4.2 Description of mitigation measures 

Each of the mitigation activities is briefl y described. The 
development of a portfolio of forest mitigation activities requires 

Figure 9.3: Forest sector mitigation strategies need to be assessed with regard to 
their impacts on carbon storage in forest ecosystems on sustainable harvest rates 
and on net GHG emissions across all sectors.
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an understanding of the magnitude and temporal dynamics 
of the carbon benefi ts and the associated costs. 

9.4.2.1 Maintaining or increasing forest area: reducing 
deforestation and degradation

Deforestation - human-induced conversion of forest to non-
forest land uses - is typically associated with large immediate 
reductions in forest carbon stock, through land clearing. 
Forest degradation - reduction in forest biomass through non-
sustainable harvest or land-use practices - can also result in 
substantial reductions of forest carbon stocks from selective 
logging, fi re and other anthropogenic disturbances, and 
fuelwood collection (Asner et al., 2005). 

In some circumstances, deforestation and degradation can 
be delayed or reduced through complete protection of forests 
(Soares-Filho et al., 2006), sustainable forest management 
policies and practices, or by providing economic returns from 
non-timber forest products and forest uses not involving tree 
removal (e.g., tourism). Protecting forest from all harvest 
typically results in maintained or increased forest carbon 
stocks, but also reduces the wood and land supply to meet other 

societal needs. 

Reduced deforestation and degradation is the forest 
mitigation option with the largest and most immediate carbon 
stock impact in the short term per ha and per year globally (see 
Section 9.2 and global mitigation assessments below), because 
large carbon stocks (about 350-900 tCO2/ha) are not emitted 
when deforestation is prevented. The mitigation costs of reduced 
deforestation depend on the cause of deforestation (timber or 
fuelwood extraction, conversion to agriculture, settlement, or 
infrastructure), the associated returns from the non-forest land 
use, the returns from potential alternative forest uses, and on any 
compensation paid to the individual or institutional landowner 
to change land-use practices. These costs vary by country and 
region (Sathaye et al., 2007), as discussed below. 

9.4.2.2 Maintaining or increasing forest area: 
afforestation/reforestation 

Afforestation and reforestation are the direct human-induced 
conversion of non-forest to forest land through planting, 
seeding, and/or the human-induced promotion of natural seed 
sources. The two terms are distinguished by how long the non-
forest condition has prevailed. For the remainder of this chapter, 
afforestation is used to imply either afforestation or reforestation. 
To date, carbon sequestration has rarely been the primary driver 
of afforestation, but future changes in carbon valuation could 
result in large increases in the rates of afforestation (US EPA, 
2005). 

Afforestation typically leads to increases in biomass and 
dead organic matter carbon pools, and to a lesser extent, in 
soil carbon pools, whose small, slow increases are often hard 
to detect within the uncertainty ranges (Paul et al., 2003). 
Biomass clearing and site preparation prior to afforestation 
may lead to short-term carbon losses on that site. On sites with 
low initial soil carbon stocks (e.g., after prolonged cultivation), 
afforestation can yield considerable soil carbon accumulation 
rates (e.g., Post and Kwon (2000) report rates of 1 to 1.5 t CO2/
yr). Conversely, on sites with high initial soil carbon stocks, 
(e.g., some grassland ecosystems) soil carbon stocks can decline 
following afforestation (e.g., Tate et al. (2005) report that in 
the whole of New Zealand soil carbon losses amount up to 2.2 
MtCO2/yr after afforestation). Once harvesting of afforested 
land commences, forest biomass carbon is transferred into 
wood products that store carbon for years to many decades. 
Accumulation of carbon in biomass after afforestation varies 
greatly by tree species and site, and ranges globally between 1 
and 35 t CO2/ha.yr (Richards and Stokes, 2004). 

Afforestation costs vary by land type and region and are 
affected by the costs of available land, site preparation, and 
labour. The cost of forest mitigation projects rises signifi cantly 

3  We thank Mike Apps for a draft of this fi gure.

Figure 9.4: Generalized summary of forest sector options and type and timing of 
effects on carbon stocks and the timing of costs 3
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when opportunity costs of land are taken into account (VanKooten 
et al., 2004). A major economic constraint to afforestation is the 
high initial investment to establish new stands coupled with the 
several-decade delay until afforested areas generate revenue. 
The non-carbon benefi ts of afforestation, such as reduction in 
erosion or non-consumptive use of forests, however, can more 
than off-set afforestation cost (Richards and Stokes, 2004).

9.4.2.3 Forest management to increase stand- and 
landscape-level carbon density

Forest management activities to increase stand-level forest 
carbon stocks include harvest systems that maintain partial 
forest cover, minimize losses of dead organic matter (including 
slash) or soil carbon by reducing soil erosion, and by avoiding 
slash burning and other high-emission activities. Planting 
after harvest or natural disturbances accelerates tree growth 
and reduces carbon losses relative to natural regeneration. 
Economic considerations are typically the main constraint, 
because retaining additional carbon on site delays revenues 
from harvest. The potential benefi ts of carbon sequestration can 
be diminished where increased use of fertilizer causes greater 
N2O emissions. Drainage of forest soils, and specifi cally of 
peatlands, may lead to substantial carbon loss due to enhanced 
respiration (Ikkonen et al., 2001). Moderate drainage, however, 
can lead to increased peat carbon accumulation (Minkkinen et 
al., 2002). 

Landscape-level carbon stock changes are the sum of stand-
level changes, and the impacts of forest management on carbon 
stocks ultimately need to be evaluated at landscape level. 
Increasing harvest rotation lengths will increase some carbon 
pools (e.g., tree boles) and decrease others (e.g., harvested 
wood products (Kurz et al., 1998). 

9.4.2.4 Increasing off-site carbon stocks in wood products 
and enhancing product and fuel substitution 

Wood products derived from sustainably managed forests 
address the issue of saturation of forest carbon stocks. The 
annual harvest can be set equal to or below the annual forest 
increment, thus allowing forest carbon stocks to be maintained 
or to increase while providing an annual carbon fl ow to meet 
society’s needs of fi bre, timber and energy. The duration of 
carbon storage in wood products ranges from days (biofuels) 
to centuries (e.g., houses and furniture). Large accumulations 
of wood products have occurred in landfi lls (Micales and 
Skog, 1997). When used to displace fossil fuels, woodfuels 
can provide sustained carbon benefi ts, and constitute a large 
mitigation option (see Box 9.2).

Wood products can displace more fossil-fuel intensive 
construction materials such as concrete, steel, aluminium, and 
plastics, which can result in signifi cant emission reductions 
(Petersen and Solberg, 2002). Research from Sweden and 
Finland suggests that constructing apartment buildings with 

wooden frames instead of concrete frames reduces lifecycle net 
carbon emissions by 110 to 470 kg CO2 per square metre of 
fl oor area (Gustavsson and Sathre, 2006). The mitigation benefi t 
is greater if wood is fi rst used to replace concrete building 
material and then after disposal, as biofuel. 

9.4.3 Global assessments

For quantifi cation of the economic potential of future 
mitigation by forests, three approaches are presented in current 
literature. These are: a) regional bottom-up assessments per 
country or continent; b) global forest sector models; and c) 
global multi-sectoral models. An overview of studies for these 
approaches is presented in Section 9.4.3. The fi nal integrated 
global conclusion and regional comparison is given in Section 
9.4.4. Supply of forest biomass for bioenergy is given in Box 
9.2 and incorporated in Section 11.3.1.4, within the energy 
sector’s mitigation potential. For comments on the baselines, 
see Section 9.3.

9.4.3.1 Regional bottom-up assessments

Regional assessments comprise a variety of model results. 
On the one hand, these assessments are able to take into 
account the detailed regional specifi c constraints (in terms 
of ecological constraints, but also in terms of land owner 
behaviour and institutional frame).On the other hand, they also 
vary in assumptions, type of potential addressed, options taken 
into account, econometrics applied (if any), and the adoption 
of baselines. Thus, these assessments may have strengths, 
but when comparing and summing up, they have weaknesses 
as well. Some of these assessments, by taking into account 
institutional barriers, are close to a market potential.

Tropics

The available studies about mitigation options differ widely 
in basic assumptions regarding carbon accounting, costs, land 
areas, baselines, and other major parameters. The type of 
mitigation options considered and the time frame of the study 
affect the total mitigation potential estimated for the tropics. 
A thorough comparative analysis is, therefore, very diffi cult. 
More detailed estimates of economic or market potential for 
mitigation options by region or country are needed to enable 
policy makers to make realistic estimates of mitigation potential 
under various policy, carbon price, and mitigation program 
eligibility rule scenarios. Examples to build on include Benitez-
Ponce et al. (2007) and Waterloo et al. (2003), highlighting 
the large potential by avoiding deforestation and enhancing 
afforestation and reforestation, including bioenergy.

Reducing deforestation

Assumptions of future deforestation rates are key factors in 
estimates of GHG emissions from forest lands and of mitigation 
benefi ts, and vary signifi cantly across studies. In all the studies, 
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however, future deforestation is estimated to remain high 
in the tropics in the short and medium term. Sathaye et al. 
(2007) estimate that deforestation rates continue in all regions, 
particularly at high rates in Africa and South America, for a 
total of just under 600 million ha lost cumulatively by 2050. 
Using a spatial-explicit model coupled with demographic and 
economic databases, Soares-Filo et al. (2006) predict that, under 
a business-as-usual scenario, by 2050, projected deforestation 
trends will eliminate 40% of the current 540 million ha of 
Amazon forests, releasing approximately 117,000 ± 30,000 
MtCO2 of carbon to the atmosphere (Box 9.1).

Reducing deforestation is, thus, a high-priority mitigation 
option within tropical regions. In addition to the signifi cant 
carbon gains, substantive environmental and other benefi ts 
could be obtained from this option. Successfully implementing 
mitigation activities to counteract the accelerated loss of tropical 
forests requires understanding the causes for deforestation, 
which are multiple and locally based; few generalizations are 
possible (Chomitz et al., 2006).

Recent studies have been conducted at the national, regional, 
and global scale to estimate the mitigation potential (areas, 
carbon benefi ts and costs) of reducing tropical deforestation. 
In a short-term context (2008-2012), Jung (2005) estimates that 
93% of the total mitigation potential in the tropics corresponds 
to avoided deforestation. For the Amazon basin, Soares- Filo 
et al. (2006) estimate that by 2050 the cumulative avoided 
deforestation potential for this region reaches 62,000 MtCO2 
under a “governance” scenario (see Box 9.1). 

Looking at the long-term, (Sohngen and Sedjo, 2006) 
estimate that for 27.2 US$/tCO2, deforestation could potentially 
be virtually eliminated. Over 50 years, this could mean a net 
cumulative gain of 278,000 MtCO2 relative to the baseline and 

422 million additional hectares in forests. For lower prices of 
1.36 US$/tCO2, only about 18,000 MtCO2 additional could be 
sequestered over 50 years. The largest gains in carbon would 
occur in Southeast Asia, which gains nearly 109,000 MtCO2 
for 27.2 US$/tCO2, followed by South America, Africa, and 
Central America, which would gain 80,000, 70,000, and 22,000 
MtCO2 for 27.2 US$/tCO2, respectively (Figure 9.5).

In a study of eight tropical countries covering half of the 
total forested area, Grieg-Gran (2004) present a best estimate 
of total costs of avoided deforestation in the form of the net 
present value of returns from land uses that are prevented, at 5 
billion US$ per year. These fi gures represent costs of 483 US$ 
to 1050 US$/ha.

Afforestation and reforestation

The assumed land availability for afforestation options 
depends on the price of carbon and how that competes with 
existing or other land-use fi nancial returns, barriers to changing 
land uses, land tenure patterns and legal status, commodity 
price support, and other social and policy factors. 

Cost estimates for carbon sequestration projects for different 
regions compiled by Cacho et al., (2003) and by Richards and 
Stokes (2004) show a wide range. The cost is in the range of 
0.5 US$ to 7 US$/tCO2 for forestry projects in developing 
countries, compared to 1.4 US$ to 22 US$/tCO2 for forestry 
projects in industrialized countries. In the short-term (2008-
2012), an estimate of economic potential area available for 
afforestation/ reforestation under the Clean Development 
Mechanism (CDM) is estimated to be 5.3 million ha in Africa, 
Asia and Latin America together, with Asia accounting for 4.4 
million ha (Waterloo et al., 2003).

Summing the measures, the cumulative carbon mitigation 
benefi ts (Figure 9.6) by 2050 for a scenario of 2.7 US$/
tCO2 + 5% annual carbon price increment for one model are 
estimated to be 91,400 MtCO2; 59% of it coming from avoided 
deforestation. These estimates increase for a higher price 
scenario of 5.4 US$/tCO2 + 3%/yr annual carbon price into 
104,800 MtCO2), where 69% of total mitigation comes from 
avoiding deforestation (Sathaye et al., 2007). During the period 
2000-2050, avoided deforestation in South America and Asia 
dominate by accounting for 49% and 21%, respectively, of the 
total mitigation potential. When afforestation is considered, 
Asia dominates. The mitigation potential of the continents Asia, 
Africa and Latin America dominates the global total mitigation 
potential for the period up to 2050 and 2100, respectively 
(Figure 9.6). 

In conclusion, the studies report a large variety for mitigation 
potential in the tropics. All studies indicate that this part of the 
world has the largest mitigation potential in the forestry sector. 
For the tropics, the mitigation estimates for lower price ranges 
(<20 US$/tCO2) are around 1100 MtCO2/yr in 2040, about 
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Figure 9.5: Cumulative carbon gained through avoided deforestation by 2055 over 
the reference case, by tropical regions under various carbon price scenarios
Source: Sohngen and Sedjo, 2006.
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half of this potential is located in Central and South America 
(Sathaye et al., 2007; Soares Filho et al., 2006; Sohngen and 
Sedjo, 2006). For each of the regions Africa and Southeast Asia, 
this mitigation potential is estimated at 300 MtCO2/yr in 2040. 
In the high range of price scenarios (< 100 US$/tCO2), the 
mitigation estimates are in the range of 3000 to 4000MtCO2/yr 
in 2040. In the summary overviews in Section 9.4.4, an average 
estimate of 3500 is used, with the same division over regions: 
875, 1750 and 875 for Africa, Latin and South America, and 
Southeast Asia, respectively. The global economic potential for 
the tropics ranges from 1100 to 3500 MtCO2/yr in 2040 (Table 
9.6).

OECD North America

Figure 9.8 shows the technical potential of management 
actions aimed at modifying the net carbon balance in Canadian 
forests (Chen et al., 2000). Of the four scenarios examined, 
the potential was largest in the scenario aimed at reducing 
regeneration delays by reforesting after natural disturbances. 
The second largest estimate was obtained with annual, large-
scale (125 million ha) low-intensity (5 kg N/ha/yr) nitrogen
fertilization programmes. Neither of these scenarios is realistic,
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Box 9.1 Deforestation scenarios for the Amazon Basin

An empirically based, policy-sensitive simulation model of deforestation for the Pan-Amazon basin has been developed 
(Soares-Filho et al., 2006) (Figure 9.7). Model output for the worst-case scenario (business-as-usual) shows that, by 2050, 
projected deforestation trends will eliminate 40% of the current 5.4 million km2 of Amazon forests, releasing approximately 
117,000 MtCO2 cumulatively by 2050. Conversely, under the best-case governance scenario, 4.5 million km2 of forest would 
remain in 2050, which is 83% of the current extent or only 17% deforested, reducing cumulative carbon emissions by 2050 
to only 55,000 MtCO2. Current experiments in forest conservation on private properties, markets for ecosystem services, 
and agro-ecological zoning must be refi ned and implemented to achieve comprehensive conservation. Part of the fi nancial 
resources needed for these conservation initiatives could come in the form of carbon credits resulting from the avoidance of 
62,000 MtCO2 emissions over 50 years. 

Figure 9.7:  Current carbon stocks for the Pan-Amazon and Brazilian Amazon (left bar) and estimates of cumulative future emission by 2050 from deforestation 
under BAU (business-as-usual) and governance scenarios. 
Note: The difference between the two scenarios represents an amount equivalent to eight times the carbon emission reduction to be achieved during the fi rst 
commitment period of the Kyoto Protocol.
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however, but can be seen as indications of the type of measures
and impact on carbon balance (as described by Chen et al., 
2000). Chen’s measures sum up to a technical potential of 570 
MtCO2/yr. Based on the assumption that the economic potential 
is about 10% of technical potential (see Section 9.4.3.3. for 
carbon prices 20 US$/tCO2), the economic potential can be 
“guesstimated” at around 50-70 MtCO2/yr (Table 9.6). 

Other studies have explored the potential of large-scale 
afforestation in Canada. Mc Kenney et al. (2004) project that at 
a carbon price of 25 US$/tCO2, 7.5 million ha of agricultural land 
would become economically attractive for poplar plantations. 
Economic constraints are contributing to the declining trend in 
afforestation rates in Canada from about 10,000 ha/yr in 1990 
to 4,000 ha/yr in 2002 (White and Kurz, 2005). 

For the USA, Richards and Stokes (2004) reviewed eight 
national estimates of forest mitigation and found that carbon 
prices ranging from 1 to 41 US$/tCO2 generated an economic 
mitigation potential of 47-2,340 MtCO2/yr from afforestation, 
404 MtCO2 from forest management, and 551-2,753 MtCO2/yr 
from total forest carbon. Sohngen and Mendelsohn (2003) found 
that a carbon programme with prices rising from 2 US$/tCO2 
to 51 US$/tCO2 during this century could induce sequestration 
of 122 to 306 MtCO2/yr total carbon sequestration, annualized 
over a 100-year time frame.

US EPA (2005) present that, at 15 US$/tCO2, the mitigation 
potential of afforestation and forest management (annualized) 
would amount to 356 MtCO2/yr over a 100-year time frame. 
At 30 US$/tCO2, this analysis would generate 749 MtCO2 
annualized over 100 years. At higher prices and in the long 
term, the potential was mainly determined by biofuels. With 
the mitigation potential given above for Canada, the OECD 
North America sums to a range of 400 to 820 MtCO2/yr in 2040 
(Table 9.6).

Europe

Most assessments shown (Figure 9.9) are of the carbon 
balance of the forest sector of Europe’s managed forest as a 
whole4. Additional effects of measures were studied by Cannell 
(2003), Benitez-Ponce et al. (2007), EEA (2005), and Eggers 
et al. (2007). Karjalainen et al, (2003) present a projection of 
the full sector carbon balance (Figure 9.9). Eggers et al. (2007) 
presents the European forest sector carbon sink under two 
global SRES scenarios, and a maximum difference between 
scenarios of 197 MtCO2/yr in 2040. Therefore, an additionally 
achievable sink of 90 to 180 MtCO2/yr was estimated (Table 
9.6). Economic analyses were not only done; country studies 
were done, for example, Hoen and Solberg (1994) for Norway. 
New European scale economic analyses may be available from 
the INSEA5 project, MEACAP project6, and Carbo Europe 7.

Issues in European forestry where mitigation options can 
be found include: afforestation of abandoned agricultural 
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lands; bioenergy from complementary fellings; and forest 
management practices to address carbon saturation in older 
forests. Furthermore, management of small now under-managed 
woodlands represent a potential (Viner et al., 2006) and also 
in combination with adaptation measures in connecting the 
fragmented nature reserves (Schröter et al., 2005). 

Russian Federation

The forests of the Russian Federation include large areas of 
primary (mostly boreal) forests. Most estimates indicate that 
the Russian forests are neither a large sink nor a large source. 
Natural disturbances (fi re) play a major role in the carbon 
balance with emissions up to 1,600 MtCO2/yr (Zhang et al., 
2003). Large uncertainty surrounds the estimates for the current 
carbon balance ((Shvidenko and Nilsson et al., 2003). For the 
decade 1990-2000, the range of carbon sink values for Russia 
is 350-750 MtCO2/yr (Nilsson et al., 2003; Izrael et al., 2002). 
A recent analysis estimated the net sink in Russia at 146-439 
MtCO2/yr at present (Sohngen et al., 2005). They projected 
this baseline to be about 257 MtCO2 per year in 2010, declining 
to a net source by 2030 as younger forests mature and are 
harvested. They estimated the economic potential in Russia of 
afforestation and reforestation at 73-124 MtCO2/yr on average 
over an 80-year period, for a carbon price of 1.9-3.55 US$/
tCO2, and 308-476 MtCO2/yr at prices of more than 27 US$/
tCO2 (Figure 9.10). Based on these estimates, the estimated 
economic mitigation potential would be between 150 and 300 
MtCO2/yr in the year 2040 (Table 9.6). 

OECD Pacifi c

Richards and Brack (2004) used estimates of establishment 
rates for hardwood (short and long rotation) and softwood 

plantations to model a carbon account for Australia’s post-1990 
plantation estate. The annual sequestration rate in forests and 
wood products together is estimated to reach 20 MtCO2/yr in 
2020. 

New Zealand reached a peak in new planting of around 
98,000 ha in 1994 and estimates of stock changes largely 
depend on afforestation rates (MfE, 2002). If a new planting 
was maintained at 40,000 ha/yr, the stock increase in forests 
established since 1990 (117 MtCO2 cumulative since 1990) is 
estimated to offset all increases in emissions in New Zealand 
since 1990. The total stock increase in all forests would offset 
all emissions increases until 2020.

However, the current new planting rate has declined to 6,000 
ha and conversion of 7,000 ha of plantations to pasture has led 
to net deforestation in the year to March 2005 (MAF, 2006). 
As a result, the total removal units anticipated to be available 
during the fi rst commitment period dropped to 56 MtCO2 in 
2005 (MfE, 2005). Trotter et al. (2005) estimate New Zealand 
has approximately 1.45 million ha of marginal pastoral land 
suitable for afforestation. If all of this area was established, 
total sequestration could range from 10 to 42 MtCO2/yr. This 
would lead to a removal of approximately 44 to 170 MtCO2 
cumulative by 2010 at 13 US$/tCO2.

In Japan, 67% of the land is covered with forests including 
semi-natural broad-leaved forests and planted coniferous 
forests mostly. The sequestration potential is estimated in the 
range of 35 to 70 MtCO2/yr (Matsumoto et al., 2002; Fang et 
al., 2005), and planted forests account for more than 60% of 
the carbon sequestration. These assessments show that there 
is little potential for afforestation and reforestation, while 
forest management and practices for planted forests including 
thinning and regeneration are necessary to maintain carbon 
sequestration and to curb saturation. In addition,  there seems to 
be large potential for bioenergy as a mitigation option.

These three countries for the region lead to an estimate of 
potential in the range of 85 to 255 MtCO2/yr in 2040 (Table 
9.6). 

Non-annex I East Asia 

East Asia to a large extent formed by China, Korea, and 
Mongolia has a range of forest covers from a relatively small 
area of moist tropical forest to large extents of temperate 
forest and steppe-like shrubland. Country assessments for the 
forest sector all project a sink ranging from 75 to 400 MtCO2/
yr (Zhang and Xu, 2003). Given the large areas and the fast 
economic development (and thus demand for wood products 
resulting in increased planting), the additional potential in the 
region would be in the high range of the country assessments at 
150 to 400 MtCO2/yr (Table 9.6). Issues in forestry with which 
the carbon sequestration goal can be combined sustainably are: 
reducing degradation of tropical and dry woodlands; halting 
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Figure 9.10: Russian Federation forest sector carbon sink projections, with as-
sumptions regarding implementation rates differing in the various studies 
Note: positive = sink. 
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desertifi cation of the steppes (see Chapter 8); afforestation; and 
bioenergy from complementary fellings. 

9.4.3.2 Global Forest sectoral modelling

Currently, no integrated assessment (Section 9.4.3.3) and 
climate stabilization economic models (Section 3.3.5) have 
fully integrated a land use sector with other sectors in the 
models. Researchers have taken several approaches, however, 
to account for carbon sequestration in integrated assessment 
models, either by iterating with the land sector models (e.g., 
Sohngen and Mendelsohn, 2003), or implementing mitigation 
response curves generated by the sectoral model (Jakeman and 
Fisher, 2006). The sectoral model results described here use 
exogenous carbon price paths to simulate effects of different 
climate policies and assumptions. The starting point and rate of 
increase are determined by factors such as the aggressiveness of 
the abatement policy, abatement option and cost assumptions, 
and the social discount rate (Sohngen and Sedjo, 2006).

Since TAR, several new global assessments of forest 
mitigation potential have been produced. These include Benitez-
Ponce et al, (2004; 2007), Waterloo et al. (2003) with a 
constraints study, Sathaye et al. (2007), Strengers et al. (2007) 
Vuuren et al. (2007), and Riahi et al. (2006). Global estimates 
are provided that are consistent in methodology across countries 
and regions, and in terms of measures included. Furthermore, 
they provide a picture in which the forestry sector is one option 
that is part of a multi sectoral climate policy and its measures. 
Thus, these assessments provide insight into whether land-
based mitigation is a cost-effi cient measure in comparison to 
other mitigation efforts. Some of these models use a grid-based 
global land-use model and provide insight into where these 
models allocate the required afforestation (Figure 9.11).

The IMAGE model (Strengers et al., 2007) allocates bio-
energy plantations and carbon plantations mostly in the fringes 
of the large forest biomes, and in Eastern Europe. The Waterloo 
study only looked at tropical countries, but found by far the 
largest potential in China and Brazil. Several models report at 
the regional level, and project strong avoided deforestation in 
Africa, the Amazon, and to a lesser extent in Southeast Asia 
(where land opportunity costs in the timber market are relatively 
high). Benitez-Ponce (2004) maps geographic distribution of 
afforestation, adjusted by country risk estimates, under a 50 

Figure 9.11: Comparison of allocation of global afforestation in various studies 
(A)   Location of bioenergy and carbon plantations  
(B)   Additional sequestration from afforestation per tropical country per year in the 
period 2008-2012 (MtC/yr), 
(C)   Percentage of a grid cell afforested 
(D)   Cumulative carbon sequestration through afforestation between 2000 and 2012 
in Central and South America). 

Source: (A) Strengers et al., 2007; (B) Waterloo et al., 2003; (C) Strengers et al., 2007; (D) 
Benitez-Ponce et al., 2007. 
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US$/t carbon price. Afforestation activity is clustered in bands 
in South-Eastern USA, Southeast Brazil and Northern South 
America, West Africa, north of Botswana and East Africa, the 
steppe zone grasslands from Ukraine through European Russia, 
North- Eastern China, and parts of India, Southeast Asia, and 
Northern Australia. Hence, forest mitigation is likely to be 
patchy, but predictable using an overlay of land characteristics, 
land rental rates, and opportunity costs, risks, and infrastructure 
capacity.

Several models produced roughly comparable assessments 
for a set of constant and rising carbon price scenarios in the 
EMF 21 modelling exercise, from 1.4 US$/tCO2 in 2010 and, 
rising by 5% per year to 2100, to a 27 US$ constant CO2 
price, to 20 US$/tCO2 rising by 1.4 US$/yr though 2050 then 
capped. This exercise allowed more direct comparison of 
modelling assumptions than usual. Caveats include: (1) models 
have varying assumptions about deforestation rates over time, 
land area in forest in 2000 and beyond, and land available for 
mitigation; and (2) models have different drivers of land use 
change (e.g., population and GDP growth for IMAGE, versus 
land rental rates and timber market demand for GTM). 

Global models provide broad trends, but less detail than 
national or project analyses. Generally global models do not 
address implementation issues such as transaction costs (likely 
to vary across activities, regions), barriers, and mitigation 
programme rules, which tend to drive mitigation potential 
downward toward true market potential. Political and fi nancial 
risks in implementing afforestation and reforestation by country 
were considered by Benitez-Ponce et al. (2007), for example, 
who found that the sequestration reduced by 59% once the risks 
were incorporated. 

In the last few years, more insight has been gained into 
carbon supply curves. At a price of 5 US$/tCO2, Sathaye et al. 
(2007) project a cumulative carbon gain of 10,400 MtCO2 by 
2050 (Figure 9.12b). The mitigation results from a combination 
of avoided deforestation (68%) and afforestation (32%). These 
results are typical in their very high fraction of mitigation from 
reduced deforestation. Sohngen and Sedjo (2006) estimate some 
80% of carbon benefi ts in some scenarios from land-use change 
(e.g., reduced deforestation and afforestation/reforestation) 
versus some 20% from forest management.

Benitez-Ponce et al. (2007) project that at a price of 13.6 
US$/tCO2, the annual sequestration from afforestation and 
reforestation for the fi rst 20 years amounts to on average 510 
MtCO2/yr (Figure 9.12a). For the fi rst 40 years, the average 
annual sequestration is 805 MtCO2/yr. The single price of 13.6 
US$/tCO2 used by Benitez-Ponce et al. (2005) should make 
afforestation an attractive land-use option in many countries. It 
covers the range of median values for sequestration costs that 
Richards and Stokes (2004) give of 1 US$ to 12 US$/tCO2, 
although VanKooten et al. (2004) present marginal cost results 
rising far higher. Sathaye et al. (2007) project the economic 

potential cumulative carbon gains from afforestation and avoided 
deforestation together (see also tropics, Section 9.4.3.1.). In the 
moderate carbon price scenarios, the cumulative carbon gains 
by 2050 add up to 91,400 to 104,800 MtCO2. 

The anticipated carbon price path over time has important 
implications for forest abatement potential and timing. 
Rising carbon prices provide an incentive for delaying forest 
abatement actions to later decades, when it is more profi table 
(Sohngen and Sedjo, 2006). Carbon price expectations infl uence 
forest investment decisions and are, therefore, an important 
consideration for estimating mitigation potential. Contrary, high 
constant carbon prices generate signifi cant early mitigation, but 
the quantity may vary over time. Mitigation strategies need to 
take into account this temporal dimension if they seek to meet 
specifi c mitigation goals at given dates in the future (US EPA, 
2005).

Some patterns emerge from the range of estimates reviewed 
in order to assess the ratio between economic potential and 
technical potential (Sathaye et al., 2007; Lewandrowski et al., 
2004; US EPA, 2005; Richards and Stokes, 2004). The technical 
potential estimates are generally signifi cantly larger than the 
economic potential. These studies are diffi cult to compare, 
since each estimate uses different assumptions by different 
analysts. Economic models used for these analyses can generate 
mitigation potential estimates in competition to other forestry 
or agricultural sector mitigation options. Generally, they do 
not specify or account for specifi c policies and measures and 
market penetration rates, so few market potential estimates are 
generated. Many studies do not clearly state which potentials 
are estimated.

The range of economic potential as a percentage of technical 
potential is 2% to 100% (the latter against all costs). At carbon 
prices less than 7 US$/tCO2, the highest estimate of economic 
potential is 16% of the technical potential. At carbon prices 
from 27 US$/tCO2 to 50 US$/tCO2, the range of economic 
potential is estimated to be 58% or higher of the technical 
potential, a much higher fraction as carbon prices rise. Table 
9.3 summarizes mitigation results for four major global forest 
analyses for a single near-term date of 2030: two forest sector 
models - GTM (Sohngen and Sedjo, 2006; and GCOMAP 
(Sathaye et al., 2007), one recent detailed spatially resolved 
analysis of afforestation (Benitez-Ponce et al., 2007), and one 
integrated assessment model with detail for the forest sector 
(IMAGE 2.2, Vuuren et al., 2007). These studies offer roughly 
comparable results, including global coverage of the forest 
sector, and land-use competition across at least two forest 
mitigation options (except Benitez-Ponce et al., 2007). All 
but the Benitez-Ponce et al. study have been compared by 
the modelling teams in the EMF 21 modelling exercise (see 
Sections 3.2.2.3 and 3.3.5) as well.

These global models (Table 9.3) present a large potential for 
climate mitigation through forestry activities. The global annual 
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potential in 2030 is estimated at 13,775 MtCO2/yr (at carbon 
prices less than or equal to 100 US$/tCO2), 36% (~5000 MtCO2/
yr) of which can be achieved under a price of 20 US$/tCO2. 
Reduced deforestation in Central and South America is the most 
important measure in a single region with 1,845 MtCO2/yr. The 
total for the region is the largest for Central and South America 
with an estimated total potential of 3,100 MtCO2/yr. Regions 
with a second largest potential, each around 2000 MtCO2, are 

Africa, Centrally Planned Asia, other Asia, and USA. These 
results project signifi cantly higher mitigation than the regional 
largely bottom-up results. This is somewhat surprising, and 
likely, the result of the modelling structure, assumptions, and 
which activities are included. Additional research is required to 
resolve the various estimates to date using different modelling 
approaches of the potential magnitude of forestry mitigation of 
climate change.
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Figure 9.12: Comparison of carbon supply curves globally from various studies
(A)  Cumulative carbon supply curves: afforestation and reforestation by year and price scenario. At a price of 100 US$/tC after 70 years, some 40 Gt carbon will have 
been supplied cumulatively from afforestation.
(B)  Annual cost-supply curves for abandoned agricultural land in the B2 scenario. For example, at a price of 100 US$/tC, in 2075, some 250 Mt carbon will have been 
supplied annually from afforestation and reducing deforestation.
(C)  Annual marginal cost curves for carbon sequestration in forests: estimates for boreal, temperate, and tropical regions. For example, at a price of 100 US$/tC, some 
1400 Mt carbon will have been supplied annually from afforestation and reducing deforestation in 2100.

Sources: (A) Benitez-Ponce et al., 2005; (B) Strengers et al., 2007; (C) Sohngen and Sedjo, 2006. 
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Table 9.3: Potential of mitigation measures of global forestry activities. Global model results indicate annual amount sequestered or emissions avoided, above business as 
usual, in  2030 for carbon prices 100 US$/tCO2 and less.

Region Activity

Potential at costs  equal 
or less than 

100 US$/tCO2 , in 
MtCO2/yr in 2030 1)

Fraction in cost class: 
1-20 US$/tCO2

Fraction in cost class: 
20-50 US$/tCO2

 USA Afforestation 445 0.3 0.3

Reduced deforestation 10 0.2 0.3

Forest management 1,590 0.26 0.32

TOTAL 2,045 0.26 0.31

 Europe Afforestation 115 0.31 0.24

Reduced deforestation 10 0.17 0.27

Forest management 170 0.3 0.19

TOTAL 295 0.3 0.21

OECD Pacifi c Afforestation 115 0.24 0.37

Reduced deforestation 30 0.48 0.25

Forest management 110 0.2 0.35

TOTAL 255 0.25 0.34

Non-annex I East Asia Afforestation 605 0.26 0.26

Reduced deforestation 110 0.35 0.29

Forest management 1,200 0.25 0.28

TOTAL 1,915 0.26 0.27

Countries in transition Afforestation 545 0.35 0.3

Reduced deforestation 85 0.37 0.22

Forest management 1,055 0.32 0.27

TOTAL 1,685 0.33 0.28

Central and South America Afforestation 750 0.39 0.33

Reduced deforestation 1,845 0.47 0.37

Forest management 550 0.43 0.35

TOTAL 3,145 0.44 0.36

 Africa Afforestation 665 0.7 0.16

Reduced deforestation 1,160 0.7 0.19

Forest management 100 0.65 0.19

TOTAL 1,925 0.7 0.18

Other Asia Afforestation 745 0.39 0.31

Reduced deforestation 670 0.52 0.23

Forest management 960 0.54 0.19

TOTAL 2,375 0.49 0.24

Middle East Afforestation 60 0.5 0.26

Reduced deforestation 30 0.78 0.11

Forest management 45 0.5 0.25

TOTAL 135 0.57 0.22

TOTAL Afforestation 4,045 0.4 0.28

Reduced deforestation 3,950 0.54 0.28

Forest management 5,780 0.34 0.28

TOTAL 13,775 0.42 0.28

1) Results average activity estimates reported from three global forest sector models including GTM (Sohngen and Sedjo, 2006), GCOMAP (Sathaye et al., 2007), and 
IIASA-DIMA (Benitez-Ponce et al., 2007). For each  model, output for different price scenarios has been published. The original authors were asked to provide data on 
carbon supply under various carbon prices. These were summed and resulted in the total carbon supply as given  middle column above. Because carbon supply under 
various price scenarios was requested, fractionation was possible as well. 
Two right columns represent the proportion available in the given cost class. None of the models reported mitigation available at negative costs. The column for the 
carbon supply fraction at costs between 50 and 100 US$/tCO2 can easily be derived as 1- sum of the two right hand columns. 
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9.4.3.3 Global forest mitigation in climate stabilization   
 analysis 

Evaluating the cost-competitiveness of forestry mitigation 
versus other sector options in achieving climate mitigation goals 
requires different modelling capabilities. Global integrated 
assessment and climate economic models are top-down models, 
generally capable of dynamically representing feedbacks in the 
economy across sectors and regions and reallocations of inputs, 
as well as interactions between economic and atmospheric-
ocean-terrestrial systems. These models can be used to evaluate 
long-term climate stabilization scenarios, like achieving a 
stabilization target of 450 or 650 CO2-eq by 2100 (see Section 
3.3.5). In this framework, the competitive mitigation role of 
forest abatement options, such as afforestation, can be estimated 
as part of a dynamic portfolio of the least-cost combination 
of mitigation options from across all sectors of the economy, 
including energy, transportation, and agriculture. 

To date, researchers have used various approaches to 
represent terrestrial carbon sequestration in integrated 
assessment models. These approaches include iterating with 
the land-sector models (e.g., Sohngen and Mendelsohn, 2003), 
and implementing mitigation response curves generated by 
a sectoral model (Jakeman and Fisher, 2006). At present, all 
integrated assessment models include afforestation strategies, 
but only some consider avoided deforestation, and none 
explicitly model forest management mitigation options (e.g., 
harvest timing: Rose et al., 2007). However, the top-down 
mitigation estimates account for economic feedbacks, as well 
as for some biophysical feedbacks such as climate and CO2 
fertilization effects on forest growth.

The few estimates of global competitive mitigation potential 
of forestry in climate stabilization in 2030 are given in Table 9.4. 
Some estimates represent carbon plantation gains only, while 
others represent net forest carbon stock changes that include 
plantations as well as deforestation carbon loses induced by 
bioenergy crops. On-going top-down land-use modelling 
developments should produce more refi ned characterization of 
forestry abatement alternatives and cost-effective mitigation 
potential in the near future. The results in Table 9.4 suggest 
a reasonable central estimate of about 700 million tonne CO2 
in 2030 from forestry in competition with other sectors for 
achieving stabilization, signifi cantly less than the regional 
bottom-up or global sector top-down estimates in this chapter 
summarized in Table 9.7.

Carbon price in sce-
nario

(US$/tCO2-eq)

Mitigation potential in 2030

MtCO2-eq/yr
Number of 

scenario results

0 - 20 40 - 970 4

20 - 50 604 - 790 3

50 - 100 nd 0

>100 851 1

Notes: Jakeman and Fisher (2006) estimated 2030 forest mitigation of 3,059 
MtCO2, well above other estimates, but not included due to an inconsistency 
infl ating their forest mitigation estimates for the early 21st century.  
nd = no data.
Source: Section 3.3.5; data from Rose et al., 2007. 

Table 9.4: Global forest cost-effective mitigation potential in 2030 from climate 
stabilization scenarios, or 450-650 CO2-eq atmospheric concentration targets, 
produced by top-down global integrated assessment models. Forest options are in 
competition with other sectoral options to generate least-cost mitigation portfolios 
for achieving long-run stabilization.

Box 9.2: Commercial biomass for bioenergy from forests

Current use of biomass from fuelwood and forest residues reaches 33 EJ (see Section 4.3.3). Three main categories of for-
est residues may be used for energy purposes: primary residues (available from additional stemwood fellings or as residues 
(branches) from thinning salvage after natural disturbances or fi nal fellings); secondary residues (available from processing 
forest products) and tertiary residues (available after end use). Various studies have assessed the future potential supply 
of forest biomass (Yamamoto et al., 2001; Smeets and Faaij, 2007; Fischer and Schrattenholzer, 2001). Furthermore, some 
global biomass potential studies include forest residues aggregated with crop residue and waste (Sørensen, 1999). At a 
regional or national scale, studies are more detailed and often include economic considerations (Koopman, 2005; Bhattacha-
rya et al., 2005; Lindner et al., 2005; Cuiping et al., 2004). Typical values of residue recoverability are between 25 and 50 % 
of the logging residues and between 33 and 80% of processing residues. Lower values are often assumed for developing 
regions (Yamamoto et al., 2001; Smeets and Faaij, 2007). At a global level, scenario studies on the future energy mixture 
(IPCC, 2000c; Sørensen, 1999; OECD, 2006) have included residues from the forestry sector in their energy supply (market 
potential). 

The technical potential of primary biomass sources given by the different global studies is aggregated by region in Table Box 
9.2. From this table, it can conclude that biomass from forestry can contribute from about a few percent to about 15% (12 
to 74 EJ/yr) of current primary energy consumption. It is outside the scope of this chapter to examine all pros and cons of 
increased production required for biomass for bioenergy (see Section 11.9).
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9.4.4 Global summation and comparison 

An overview of estimates derived in the regional bottom-up 
estimates as given in Section 9.4.3.1 are presented in Table 9.6. 
Based on indications in literature and carbon supply curves, the 
fraction of the mitigation potential in the cost class < 20 US$/
tCO2 was estimated.

Assuming a linear implementation rate of the measures, the 
values in Table 9.4 were adjusted to 2030 values (the values 

Box 9.2 continued

Table 9.5. The technical potential of primary biomass for bioenergy from the forest sector at a regional level (in EJ/yr), for the period 2020-2050. The economic 
potential under 20 US$/tCO2 is assumed to be in the range of 10-20% of these numbers.

In general, the delivery or production costs of forestry residues are expected to be at a level of 1.0 to 7.7 US$/GJ. Smeets 
and Faaij (2007) concluded that at a global level, the economic potential of all types of biomass residues is 14 EJ/yr: at the 
very lower level of estimates in the table. This and the notion that the summation of the column of lower ranges of dry mat-
ter supply equals 700 million tonnes (which is assumed stemwood) is half of current global stemwood harvesting) was the 
reason to estimate the economic potential at 10-20% of above given numbers.

The CO2 mitigation potential can only be calculated if the actual use and the amount of use of forestry biomass supply are 
known. This depends on the balance of supply and demand (see bioenergy in Section 11.3.1.4.). However, to give an indica-
tion of the order of magnitude of the fi gures the CO2-eq emissions avoided have been calculated from the numbers in Table 
9.5 using the assumption that biomass replaces either coal (high range) or gas (low range). Based on these calculations8, the 
CO2-eq emissions avoided range from 420 to 4,400 MtCO2/yr for 2030. This is about 5 to 25% of the total CO2-eq emissions 
that originate from electricity production in 2030, as reported in the World Energy Outlook (OECD, 2006).

Regions
EJ/yr

LOW HIGH

OECD

OECD North America
OECD Europe
Japan + Australia + New Zealand

3
1
1

11
4
3

Economies in Transition

Central and Eastern Europe, the Cauca-
sus and Central Asia

2 10

Non-OECD

Latin America
Africa
Non-Annex I East Asia
Non-Annex I Other Asia
Middle East

1
1
1
1
1

21
10
5
8
2

World low and high estimates 12 74

World (based on global studies)
assumed economic potential

14 65

required in the cross sector summation in Chapter 11, Table 
11.3). The 2030 values are presented in Table 9.7 against the 
values derived from global forest sector models, and from global 
integrated models for three world regions. The mitigation effect 
of biomass for bioenergy (see text, Box 9.2) was excluded. 

The range of estimates in the literature and presented in 
Table 9.7 help in understanding the uncertainty surrounding 
forestry mitigation potential. Bottom-up estimates of mitigation 
generally include numerous activities in one or more regions 

8 Assuming that it is used in a biomass combustion plant of 30% conversion effi ciency and replaces a coal combustion plant with an effi ciency of 48% (see IEA 2002) and a coal 
CO2 content of 95 kgCO2/GJ for the high range or a gas IGCC with an effi ciency of 49% and a gas CO2 content of 57 kgCO2/GJ.

Notes: Conversion factors used: 0.58 tonne dry matter/m3, a heating value of 15 GJ/tonne air dry matter, and a percentage of 49% carbon of dry matter. 
For example, 14 EJ (left column) is roughly comparable to 700 million tonnes of dry matter, which is (if assumed this has to come from additional stem-
wood fellings) comparable to roughly 1.5 billion m3 of roundwood, half of current global harvesting of wood. 
Sources: Fischer and Schrattenholzer, 2001; Ericsson and Nilsson, 2006; Yoshioka et al., 2006; Yamamoto, 2001; Williams, 1995; Walsh et al., 1999; Smeets 
and Faaij, 2007.
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represented in detail. Top-down global modelling of sectors and 
of long-term climate stabilization scenario pathways generally 
includes fewer, simplifi ed forest options, but allows competition 
across all sectors of the economy to generate a portfolio of 
least-cost mitigation strategies. Comparison of top-down and 
bottom-up modelling estimates (Figure 9.13) is diffi cult at 
present. This stems from differences in how the two approaches 
represent mitigation options and costs, market dynamics, and 
the effects of market prices on model and sectoral inputs and 
outputs such as labour, capital, and land. One important reason 
that bottom-up results yield a lower potential consistently 
for every region (Figure 9.13) is that this type of study takes 
into account (to some degree) barriers to implementation. The 
bottom-up estimate has, therefore, characteristics of a market 
potential study, but the degree is unknown. 

The uncertainty and differences behind the studies referred 
to, and the lack of baselines are reasons to be rather conservative 
with the fi nal estimate for the forestry mitigation potential. 
Therefore, mostly the bottom-up estimates are used in the fi nal 
estimate. This stands apart from any preference for a certain 
type of study. Thus synthesizing the literature, we estimate 
that forestry mitigation options have the economic potential (at 

carbon prices up to 100 US$/tCO2) to contribute between 1270 
and 4230 MtCO2/yr in 2030 (medium confi dence, medium 
agreement). About 50% of the medium estimate can be achieved 
at a cost under 20 US$/tCO2 (= 1550 MtCO2/yr: see Figure 9.14). 
The combined effects of reduced deforestation and degradation, 
afforestation, forest management, agro-forestry and bioenergy 
have the potential to increase gradually from the present to 
2030 and beyond. For comparison with other sectors in Chapter 
11, Table 11.2, data on cost categories <0 US$/tCO2 and 20-50 
US$100/tCO2 have been derived from Tables 9.3 and 9.6, using 
cost information derived from regional bottom-up studies and 
global top- down modelling. The cost classes assessed should 
be seen as rough cost-class indications, as the information 
in the literature varies a lot. These analyses assume gradual 
implementation of mitigation activities starting at present. 

This sink enhancement/emission avoidance will be located 
for 65% in the tropics (high confi dence, high agreement; Figure 
9.14); be found mainly in above-ground biomass; and for 10% 
achieved through bioenergy (medium confi dence, medium 
agreement). In the short term, this potential is much smaller, with 
1180 MtCO2/yr in 2010 (high confi dence, medium agreement). 
Uncertainty from this estimate arises from the variety of studies 

Note: These fi gures are surrounded by uncertainty. Differences in studies, assumptions, baselines, and price scenarios make a simple summation 
diffi cult.

Economic potential in 2040                  
(MtCO2/yr)

low

Economic potential in 2040                
(MtCO2/yr)

high

Fraction of total 
(technical) potential in 

cost class <20 US$/tCO2

North America 400 820 0.2

Europe 90 180 0.2

Russian Federation 150 300 0.3

Africa 300 875 0.6

OECD Pacifi c 85 255 0.35

Caribbean, Central and South 
America

500 1750 0.6

Non Annex I East Asia 150 400 0.3

Non Annex I South Asia 300 875 0.6

Total 1,975 5,455

Table 9.6: Summation of regional results (excluding bioenergy) as presented in Section 9.4.3.1 for 2040. Fraction by cost class is derived from Section 9.4.3.1.

Regional bottom-up estimate Global forest sector 
models

Global integrated 
assessment modelsMean Low High

OECD 700 420 980 2,730

Economies in transi-
tion

150 90 210 3,600

Non-OECD 1,900 760 3,040 7,445

Global 2,750a 1,270 4,230 13,775 700

Table 9.7:  Comparison of estimates of economic mitigation potential by major world region and methodology excluding biomass for bioenergy in MtCO2/yr in 2030, at carbon 
prices less or equal to 100 US$/tCO2. Fraction by cost class is given in Tables 9.3 and 9.6.

a Excluding bioenergy (see Box 9.2). Including the emission reduction effect of the economic potential of biomass for bioenergy would yield a total mean emission 
reduction potential (based on bottom up) of 3140 MtCO2/yr in 2030. 
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used, the different assumptions, the different measures taken 
into account, and not taking into account possible leakage 
between continents.

These fi nal results allow comparison with earlier IPCC 
estimates for forestry mitigation potential (Figure 9.15). 
The estimates for Second Assessment Report (SAR), Third 
Assessment Report (TAR) and Special Report have to be seen 
as estimates for a technical potential, and are comparable to our 
Fourth Assessment Report (AR4) estimates for a carbon dioxide 
price < 100 US$/tCO2 (as displayed). As the bars in this fi gure 
are lined by the year to which they apply, one would expect an 
increasing trend towards the right-hand columns. This is not the 

case. Instead a large variety is displayed. There is a trend visible 
through the consecutive IPCC reports, and not so much through 
the years to which the estimate applies. When ignoring the TAR 
synthesis, we start with the highest estimate in SAR (just over 
8000 MtCO2/yr), then follows SR LULUCF with 5500 MtCO2, 
and TAR with 5300. Finally, the present report follows with a 
conservative estimate of 3140 (including bioenergy). 

9.5 Interactions with adaptation and 
vulnerability 

Some of the mitigation potential as given in this chapter might 
be counteracted by adverse effects of climate change on forest 
ecosystems (Fischlin et al., 2007).  Further, mitigation-driven 
actions in forestry could have positive adaptive consequences 
(e.g., erosion protection) or negative adaptation consequences 
(e.g., increase in pest and fi res). Similarly, adaptation actions 
could have positive or negative consequences on mitigation. To 
avoid trade-offs, it is important to explore options to adapt to 
new climate circumstances at an early stage through anticipatory 
adaptation (Robledo et al., 2005). The limits to adaptation 
stem in part from the way that societies exacerbate rather than 
ameliorate vulnerability to climate fl uctuations (Orlove, 2005) 
that can also affect mitigation potentials. There are signifi cant 
opportunities for mitigation and for adapting to climate change, 
while enhancing the conservation of biodiversity, and achieving 
other environmental as well as socio-economic benefi ts. 
However, mitigation and adaptation have been considered 
separately in the global negotiations as well as in the literature 
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Figure 9.13: Comparison of estimates of economic mitigation potential in the 
forestry sector (up to 100 US$/tCO2 in 2030) as based on global forest sector models 
(top-down) versus  regional modelling results (bottom-up).

Note: Excluding bioenergy; data from Table 9.3 and Table 9.6. 

0

200

400

600

800

1000

Nor
th

 A
m

er
ica

Eur
op

e

EECCA

Afri
ca

OECD P
ac

ific

Car
ibb

ea
n,

 C
en

tra
l 

an
d 

Sou
th

 A
m

er
ica

Non
-A

nn
ex

 I

Eas
t A

sia

Oth
er

 A
sia

Mt CO2/y

20 - 100 US$/tonne CO2

< 20 US$/tonne CO2

Figure 9.14: Annual economic mitigation potential in the forestry sector by world 
region and cost class in 2030. 

Note: EECCA=Countries of Eastern Europe, the Caucasus and Central Asia.

0

2000

4000

6000

8000

10000

12000

2010   SR-
LULUCF

Forestry and
agriculture

2010  TAR
synthesis

report. Forestry

2030  AR4
Forestry;
Regional
modelling         

(< 20 US$tCO2)
(< 20 US$tCO2)

2030   AR4
Forestry;  Top-

down modelling 

2050   TAR,
WG III, ch4,

Forestry
measures

Mt CO2/yr 

Figure 9.15: Comparison of estimates of mitigation potential in previous IPCC 
reports (blue) and the current report (in red).

Note the difference in years to which the estimate applies, in applied costs, and 
between forest sector only versus whole LULUCF estimates. 



564

Forestry Chapter 9

until very recently. Now, the two concepts are seen to be linked, 
however to achieve synergies may be a challenge (Tol, 2006). 
In the IPCC Third Assessment Report, potential synergy and 
trade-off issues were not addressed. This section explores the 
synergy between mitigation and adaptation in the forest sector 
(Ravindranath and Sathaye, 2002). The potential and need for 
incorporating adaptation strategies and practices in mitigation 
projects is illustrated with a few examples. 

9.5.1 Climate impacts on carbon sink and 
adaptation

In addition to natural factors, forest ecosystems have long 
been subjected to many human-induced pressures such as land-
use change, over-harvesting, overgrazing by livestock, fi re, 
and introduction of new species. Climate change constitutes 
an additional pressure that could change or endanger these 
ecosystems. The IPCC Fourth Assessment report (Fischlin et al., 
2007 and Easterling et al., 2007) has highlighted the potential 
impacts of climate change on forest ecosystems. New fi ndings 
indicate that negative climate change impacts may be stronger 
than previously projected and positive impacts are being over-
estimated as well as the uncertainty on predictions.

Recent literature indicates that the projected potential 
positive effect of climate change as well as the estimated 
carbon sink in mature forests may be substantially threatened 
by enhancing or changing the regime of disturbances in forests 
such as fi re, pests, drought, and heat waves, affecting forestry 
production including timber (Fuhrer et al., 2007; Sohngen et 
al., 2005; Ciais et al., 2005).

Most model limitations persist; models do not include 
key ecological processes, and feedbacks. There are still 
inconsistencies between the models used by ecologists to 
estimate the effects of climate change on forest production 
and composition, and the models used by foresters to predict 
forest yield (Easterling et al., 2007). Despite the achievements 
and individual strengths of the selected modelling approaches, 
core problems of global land-use modelling have not yet 
been resolved. For a new generation of integrated large-scale 
land-use models, a transparent structure would be desirable 
(Heistermann et al., 2006).

Global change, including the impacts of climate change, 
can affect the mitigation potential of the forestry sector by 
either increasing (nitrogen deposition and CO2 fertilization), 
or decreasing (negative impacts of air pollution,) the carbon 
sequestration. But, recent studies suggest that the benefi cial 
impacts of climate change are being overestimated by ignoring 
some of the feedbacks (Körner, 2004) and assumption of 
linear responses. Also, the negative impacts may be larger 
than expected (Schroter et al., 2005), with either some effects 
remaining incompletely understood (Betts et al., 2004) or 
impossible to separate one from the other.

9.5.2 Mitigation and adaptation synergies

The mitigation and adaptation trade-offs and synergies in 
the forestry sector are dealt with in Klein et al. (2007). Many 
of the response strategies to address climate change, such as 
Global Environmental Facility (GEF) and Clean Development 
Mechanism (CDM), Activities under Article 3.3 and Article 
3.4 and the Adaptation Fund aim at implementation of either 
mitigation or adaptation technologies or policies. It is necessary 
to promote synergy in planning and implementation of forestry 
mitigation and adaptation projects to derive maximum benefi t 
to the global environment as well as local communities or 
economies, for example promoting adaptive forest management 
(McGinley & Finegan, 2003). However, recent analyses not 
specifi cally focused on the Forestry sector point out that it may 
be diffi cult to enhance synergies. This is due to the different 
actors involved in mitigation and adaptation, competitive use of 
funds, and the fact that in many cases both activities take place 
at different implementation levels (Tol, 2006). It should also 
be taken into account that activities to address mitigation and 
adaptation in the forestry sector are planned and implemented 
locally. 

It is likely that adaptation practices will be easier to implement 
in forest plantations than in natural forests. Several adaptation 
strategies or practices can be used in the forest sector, including 
changes in land use choice (Kabat et al., 2005), management 
intensity, hardwood/softwood species mix, timber growth 
and harvesting patterns within and between regions, changes 
in rotation periods, salvaging dead timber, shifting to species 
more productive under the new climatic conditions, landscape 
planning to minimize fi re and insect damage, and to provide 
connectivity, and adjusting to altered wood size and quality 
(Spittlehouse and Stewart, 2003). A primary aim of adaptive 
management is to reduce as many ancillary stresses on the forest 
resource as possible. Maintaining widely dispersed and viable 
populations of individual species minimizes the probability that 
localized catastrophic events will cause extinction (Fischlin et 
al., 2007). While regrowth of trees due to effective protection 
will lead to carbon sequestration, adaptive management of 
protected areas also leads to conservation of biodiversity and 
reduced vulnerability to climate change. For example, ecological 
corridors create opportunities for migration of fl ora and fauna, 
which facilitates adaptation to changing climate.

Adaptation practices could be incorporated synergistically 
in most mitigation projects in the forest sector. However, in 
some cases, mitigation strategies could also have adverse 
implications for watersheds in arid and semi-arid regions 
(UK FRP, 2005) and biodiversity (Caparros and Jacquemont, 
2003). To achieve an optimum link between adaptation and 
mitigation activities, it is necessary to clearly defi ne who does 
the activity, where and what are the activities for each case. 
Several principles can be defi ned (Murdiyarso et al., 2005): 
prioritizing mitigation activities that help to reduce pressure on 
natural resources, including vulnerability to climate change as 
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a risk to be analysed in mitigation activities; and prioritizing 
mitigation activities that enhance local adaptive capacity, and 
promoting sustainable livelihoods of local populations.

Considering adaptation to climate change during the planning 
and implementation of CDM projects in forestry may also 
reduce risks, although the cost of monitoring performance may 
become very complex (Murdiyarso et al., 2005). Adaptation 
and mitigation linkages and vulnerability of mitigation options 
to climate change are summarized in Table 9.8, which presents 
four types of mitigation actions.

Reducing deforestation is the dominant mitigation option 
for tropical regions (Section 9.4). Adaptive practices may be 
complex. Forest conservation is a critical strategy to promote 
sustainable development due to its importance for biodiversity 
conservation, watershed protection and promotion of livelihoods 

of forest-dependent communities in existing natural forest 
(IPCC, 2002). 

Afforestation and reforestation are the dominant mitigation 
options in specifi c regions (e.g., Europe). Currently, afforestation 
and reforestation are included under Article 3.3 and in Articles 
6 and 12 (CDM) of the Kyoto Protocol. Plantations consisting 
of multiple species may be an attractive adaptation option as 
they are more resilient, or less vulnerable, to climate change. 
The latter as a result of different tolerance to climate change 
characteristic of each plantation species, different migration 
abilities, and differential effectiveness of invading species 
(IPCC, 2002). 

Agro-forestry provides an example of a set of innovative 
practices designed to enhance overall productivity, to increase 
carbon sequestration, and that can also strengthen the system’s 

Mitigation option Vulnerability of the mitigation option to 
climate change

Adaptation options Implications for GHG emissions 
due to adaptation

A.  Increasing or maintaining the forest area

Reducing deforestation and forest 
degradation 

Vulnerable to changes in rainfall, 
higher temperatures (native forest 
dieback, pest attack, fi re and, 
droughts)

Fire and pest management
Protected area management
Linking corridors of protected 
areas

No or marginal implications for 
GHG emissions, positive if the 
effect of perturbations induced by 
climate change can be reduced

Afforestation / Reforestation Vulnerable to changes in rainfall, 
and higher temperatures (increase 
of forest fi res, pests, dieback due 
to drought)

Species mix at different scales
Fire and pest management
Increase biodiversity in 
plantations by multi-species 
plantations.
Introduction of irrigation and 
fertilisation
Soil conservation

No or marginal implications for 
GHG emissions, positive if the 
effect of perturbations induced by 
climate change can be reduced

May lead to increase in emissions 
from soils or use of machinery 
and fertilizer

B.  Changing forest management: increasing carbon density at plot and landscape level

Forest management in plantations Vulnerable to changes in rainfall, 
and higher temperatures (i.e. 
managed forest dieback due to 
pest or droughts)

Pest and forest fi re management.
Adjust rotation periods
Species mix at different scales

Marginal implications on GHGs.
May lead to increase in emissions 
from soils or use of machinery or 
fertilizer use

Forest management in native 
forest

Vulnerable to changes in rainfall, 
and higher temperatures (i.e. 
managed forest dieback due to 
pest, or droughts)

Pest and fi re management
Species mix at different scales

No or marginal

C.  Substitution of energy intensive materials

Increasing substitution of fossil 
energy intensive products by 
wood products

Stocks in products not vulnerable 
to climate change

No implications in GHGs 
emissions

D.  Bioenergy

Bioenergy production from 
forestry 

An intensively managed plantation 
from where biomass feedstock 
comes is vulnerable to pests, 
drought and fi re occurrence, but 
the activity of substitution is not.

Suitable selection of species to 
cope with changing climate
Pest and fi re management

No implications for GHG 
emissions
except from fertilizer or machinery 
use

Table 9.8: Adaptation and mitigation matrix  
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ability to cope with adverse impacts of changing climate 
conditions. Agro-forestry management systems offer important 
opportunities creating synergies between actions undertaken for 
mitigation and for adaptation (Verchot et al., 2006). The area 
suitable for agro-forestry is estimated to be 585-1215 Mha with 
a technical mitigation potential of 1.1 to 2.2 PgC in terrestrial 
ecosystems over the next 50 years (Albrecht and Kandji, 2003). 
Agro-forestry can also help to decrease pressure on natural 
forests and promote soil conservation, and provide ecological 
services to livestock. 

Bioenergy. Bioenergy plantations are likely to be intensively 
managed to produce the maximum biomass per unit area. To 
ensure sustainable supply of biomass feedstock and to reduce 
vulnerability to climate change, the practices mentioned above 
for afforestation and reforestation projects need to be explored 
such as changes in rotation periods, salvage of dead timber, shift 
to species more productive under the new climatic conditions, 
mixed species forestry, mosaics of different species and ages, 
and fi re protection measures.

Adaptation and mitigation synergy and sustainable 
development

The need for integration of mitigation and adaptation 
strategies to promote sustainable development is presented in 
Klein et al. (2007). The analysis has shown the complementarity 
or synergy between many of the adaptation options and 
mitigation (Dang et al., 2003). Promotion of synergy between 
mitigation and adaptation will also advance sustainable 
development, since mitigation activities could contribute to 
reducing the vulnerability of natural ecosystems and socio-
economic systems (Ravindranath, 2007). Currently, there are 
very few ongoing studies on the interaction between mitigation, 
adaptation and sustainable development (Wilbanks, 2003; Dang 
et al., 2003). Quantifi cation of synergy is necessary to convince 
the investors or policy makers (Dang et al., 2003).

The possibility of incorporating adaptation practices into 
mitigation projects to reduce vulnerability needs to be explored. 
Particularly, Kyoto Protocol activities under Article 3.3, 3.4 and 
12 provide an opportunity to incorporate adaptation practices. 
Thus, guidelines may be necessary for promoting synergy in 
mitigation as well as adaptation programmes and projects of the 
existing UNFCCC and Kyoto Protocol mechanisms as well as 
emerging mechanisms. Integrating adaptation practices in such 
mitigation projects would maximize the utility of the investment 
fl ow and contribute to enhancing the institutional capacity to 
cope with risks associated with climate change (Dang et. al., 
2003).

9.6 Effectiveness of and experience with 
policies 

This section examines the barriers, opportunities, and 
implementation issues associated with policies affecting 
mitigation in the forestry sector. Non-climate policies, that is 
forest sector policies that affect net greenhouse gas emissions 
from forests, but that are not designed primarily to achieve 
climate objectives, as well as policies primarily designed 
to reduce net forest emissions are considered. Many factors 
infl uence the effi cacy of forest policies in achieving intended 
impacts on forest land-use, including land tenure, institutional 
and regulatory capacity of governments, the fi nancial 
competitiveness of forestry as a land use, and a society’s 
cultural relationship to forests. Some of these factors typically 
differ between industrialized and developing countries. For 
example, in comparison to developing countries, industrialized 
countries tend to have relatively small amounts of unallocated 
public lands, and relatively strong institutional and regulatory 
capacities. Where appropriate, policy options and their 
effectiveness are examined separately for industrialized and 
developing countries. Because integrated and non-climate 
policies are designed primarily to achieve objectives other than 
net emissions reductions, evaluations of their effectiveness 
focus primarily on indicators, such as maintenance of forest 
cover. This provides only partial insight into their potential to 
mitigate climate change. Under conditions with high potential 
for leakage, for example, such indicators may overestimate the 
potential for carbon benefi ts (Section 9.6.3). 

9.6.1 Policies aimed at reducing deforestation

Deforestation in developing countries, the largest source of 
emissions from the forestry sector, has remained at high levels 
since 1990 (FAO, 2005). The causes of tropical deforestation 
are complex, varying across countries and over time in response 
to different social, cultural, and macroeconomic conditions 
(Geist and Lambin, 2002). Broadly, three major barriers 
to enacting effective policies to reduce forest loss are: (i) 
profi tability incentives often run counter to forest conservation 
and sustainable forest management (Tacconi et al., 2003); (ii) 
many direct and indirect drivers of deforestation lie outside of 
the forest sector, especially in agricultural policies and markets 
(Wunder, 2004); and (iii) limited regulatory and institutional 
capacity and insuffi cient resources constrain the ability of many 
governments to implement forest and related sectoral policies 
on the ground (Tacconi et al., 2003). 

In the face of these challenges, national forest policies 
designed to slow deforestation on public lands in developing 
countries have had mixed success:
• In countries where institutional and regulatory capacities are 

insuffi cient, new clearing by commercial and small-scale 
agriculturalists responding to market signals continues to be 
a dominant driver of deforestation (Wunder, 2004). 
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• A number of national initiatives are underway to com-
bat illegal logging (Sizer et al., 2005). While these have 
increased the number of charges and convictions, it is 
too early to assess their impact on forest degradation and 
deforestation. 

• Legally protecting forests by designating protected areas, 
indigenous reserves, non-timber forest reserves and com-
munity reserves have proven effective in maintaining 
forest cover in some countries, while in others, a lack of 
resources and personnel result in the conversion of legally 
protected forests to other land uses (Mertens et al., 2004). 

China (Cohen et al., 2002), the Philippines and Thailand 
(Granger, 1997) have signifi cantly reduced deforestation rates 
in response to experiencing severe environmental and public 
health consequences of forest loss and degradation. In India, 
the Joint Forest Management programme has been effective in 
partnering with communities to reduce forest degradation (Bhat 
et al., 2001). These examples indicate that strong and motivated 
government institutions and public support are key factors in 
implementing effective forest policies.

Options for maintaining forests on private lands in 
developing countries are generally more limited than on public 
lands, as governments typically have less regulatory control. 
An important exception is private landholdings in the Brazilian 
Amazon, where the government requires that landowners 
maintain 80% of the property under forest cover. Although this 
regulation has had limited effectiveness in the past (Alves et 
al., 1999), recent experience with a licensing and monitoring 
system in the state of Mato Grosso has shown that commitment 
to enforcement can signifi cantly reduce deforestation rates. 

A recently developed approach is for governments to provide 
environmental service payments to private forest owners in 
developing countries, thereby providing a direct fi nancial 
incentive for the retention of forest cover. Relatively high 
transaction costs and insecure land and resource tenure have 
thus far limited applications of this approach in many countries 
(Grieg-Gran, 2004). However, signifi cant potential may exist 
for developing payment schemes for restoration and retention 
of forest cover to provide climate mitigation (see below) and 
watershed protection services. 

In addition to national-level policies, numerous international 
policy initiatives to support countries in their efforts to reduce 
deforestation have also been attempted: 
• Forest policy processes, such as the UN Forum on Forests, 

and the International Tropical Timber Organization have 
provided support to national forest planning efforts but 
have not yet had demonstrable impacts on reducing defor-
estation (Speth, 2002).

• The World Bank has modifi ed lending policies to reduce 
the risk of direct negative impacts to forests, but this 
does not appear to have measurably slowed deforestation 
(WBOED, 2000).

• The World Bank and G-8 have recently initiated the Forest 
Law Enforcement and Governance (FLEG) process among 
producer and consumer nations to combat illegal logging 
in Asia and Africa (World Bank, 2005). It is too early to 
assess the effectiveness of these initiatives on conserving 
forests stocks.

• The Food and Agricultural Organization (FAO) Forestry 
Programme has for decades provided a broad range of 
technical support in sustainable forest management (FAO, 
2006b); assessing measurable impacts has been limited by 
the lack of an effective monitoring programme (Dublin and 
Volante, 2004). 

Taken together, non-climate policies have had minimal 
impact on slowing tropical deforestation, the single largest 
contribution of land-use change to global carbon emissions. 
Nevertheless, there are promising examples where countries 
with adequate resources and political will have been able 
to slow deforestation. This raises the possibility that, with 
suffi cient institutional capacity, fi nancial incentives, political 
will and sustained fi nancial resources, it may possible to scale 
up these efforts. One potential source of additional fi nancing for 
reducing deforestation in developing countries is through well-
constructed carbon markets or other environmental service 
payment schemes (Winrock International, 2004; Stern, 2006). 

Under the UNFCCC and Kyoto Protocol, no climate 
policies currently exist to reduce emissions from deforestation 
or forest degradation in developing countries. The decision to 
exclude avoided deforestation projects from the CDM in the 
Kyoto Protocol’s fi rst commitment period was in part based 
on methodological concerns. These concerns are particularly 
associated with additionality and baseline setting and whether 
leakage could be suffi ciently controlled or quantifi ed to allow 
for robust carbon crediting (Trines et al., 2006). In December 
2005, COP-11 established a two-year process to review 
relevant scientifi c, technical, and methodological issues and to 
consider possible policy approaches and positive incentives for 
reducing emissions from deforestation in developing countries 
(UNFCCC, 2006). 

Recent studies suggests a broad range of possible architectures 
by which future climate policies might be designed to effectively 
reduce emissions from tropical deforestation and forest 
degradation (Schlamadinger et al., 2005; Trines et al., 2006). 
For example, Santilli et al. (2005), propose that non-Annex 
I countries might, on a voluntary basis, elect to reduce their 
national emissions from deforestation. The emission reductions 
could then be credited and sold to governments or international 
carbon investors at the end of a commitment period, contingent 
upon agreement to stabilize, or further reduce deforestation 
rates in the subsequent commitment periods. 

One advantage of a national-sectoral approach over a project-
based approach to reduce emissions from deforestation relates 
to leakage, in that any losses in one area could be balanced 
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against gains in other areas. This does not entirely address the 
leakage problem since the risk of international leakage remains, 
as occurs in other sectors.

Other proposals emphasize accommodation to diverse 
national circumstances, including differing levels of 
development, and include a suggestion of separate targets for 
separate sectors (Grassl et al., 2003). This includes a “no-lose” 
target, whereby emission allowances can be sold if the target is 
reached. No additional emission allowances would have to be 
bought if the target was not met. A multi-stage approach such 
that the level of commitment of an individual country increases 
gradually over time; capacity building and technology research 
and development; or quantifi ed sectoral emission limitation and 
reduction commitments similar to Annex 1 commitments under 
the Kyoto Protocol (Trines et al., 2006).

Proposed fi nancing mechanisms include both carbon 
market-based instruments (Stern, 2006) and non-market based 
channels, for example, through a dedicated fund to voluntarily 
reduce emissions from deforestation (UNFCCC, 2006). Box 
9.3 discusses recent technical advances relevant to the effective 
design and implementation of climate policies aimed at reducing 
emissions from deforestation and forest degradation.

9.6.2 Policies aimed to promote afforestation and 
reforestation

Non-climate forest policies have a long history in successful 
creation of plantation forests on both public and private 
lands in developing and developed countries. If governments 
have strong regulatory and institutional capacities, they may 
successfully control land use on public lands, and state agencies 

can reforest these lands directly. In cases where such capacities 
are more limited, governments may enter into joint management 
agreements with communities, so that both parties share the 
costs and benefi ts of plantation establishment (Williams, 2002). 
Incentives for plantation establishment may take the form of 
afforestation grants, investment in transportation and roads, 
energy subsidies, tax exemptions for forestry investments, 
and tariffs against competing imports (Cossalter and Pye-
Smith, 2003). In contrast to conservation of existing forests, 
the underlying fi nancial incentives to establish plantations may 
be positive. However, the creation of virtually all signifi cant 
plantation estates has relied upon government support, at least 
in the initial stages. This is due, in part, to the illiquidity of 
the investment, the high cost of capital establishment and long 
waiting period for fi nancial return. 

9.6.3 Policies to improve forest management

Industrialized countries generally have suffi cient resources 
to implement policy changes in public forests. However, the 
fact that these forests are already managed to relatively high 
standards may limit possibilities for increasing sequestration 
through changed management practices (e.g., by changing 
species mix, lengthening rotations, reducing harvest damage 
and or accelerating replanting rates). There may be possibilities 
to reduce harvest rates to increase carbon storage however, for 
example, by reducing harvest rates and/or harvest damage.

Governments typically have less authority to regulate 
land use on private lands, and so have relied upon providing 
incentives to maintain forest cover, or to improve management. 
These incentives can take the form of tax credits, subsidies, 
cost sharing, contracts, technical assistance, and environmental 
service payments. In the United States, for example, several 

BOX 9.3: Estimating and monitoring carbon emissions from deforestation and degradation 

Recent analyses (DeFries et al., 2006; UNFCCC, 2006) indicate considerable progress since the Third Assessment Report 
and the IPCC Good Practice Guidance for Land Use, Land-Use Change and Forestry (IPCC, 2003) in data acquisition and de-
velopment of methods and tools for estimating and monitoring carbon emissions from deforestation and forest degradation 
in developing countries. Remote sensing approaches to monitoring changes in land cover/land use at multiple scales and 
coverage are now close to operational on a routine basis. Measuring forest degradation through remote sensing is technically 
more challenging, but methods are being developed (DeFries et al., 2006). 

Various methods can be applied, depending on national capabilities, deforestation patterns, and forest characteristics. Stan-
dard protocols need to be developed for using remote sensing data, tools and methods that suit both the variety of national 
circumstances and meet acceptable levels of accuracy. However, quantifying accuracy and ensuring consistent methods 
over time are more important than establishing consistent methods across countries.

Several developing countries, including India and Brazil, have systems in place for national-scale monitoring of deforestation 
(DeFries et al., 2006). While well-established methods and tools are available for estimating forest carbon stocks, dedicated 
investment would be required to expand carbon stock inventories so that reliable carbon estimates can be applied to areas 
identifi ed as deforested or degraded through remote sensing. With sound data on both change in forest cover and on change 
in carbon stocks resulting from deforestation and degradation, emissions can be estimated using methods described by the 
new IPCC Inventory Guidelines (IPCC, 2006).
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government programmes promote the establishment, retention, 
and improved management of forest cover on private lands, 
often of marginal agricultural quality (Box 9.4; Gaddis et al., 
1995). 

The lack of robust institutional and regulatory frameworks, 
trained personnel, and secure land tenure has constrained 
the effectiveness of forest management in many developing 
countries (Tacconi et al., 2003; Box 9.5). Africa, for example, 
had about 649 million forested hectares as of 2000 (FAO, 2001). 
Of this, only 5.5 million ha (0.8%) had long-term management 
plans, and only 0.9 million ha (0.1%) were certifi ed to sound 
forestry standards. Thus far, efforts to improve logging practices 
in developing countries have met with limited success. For 
example, reduced-impact logging (RIL) techniques would 
increase carbon storage over traditional logging, but have not 
been widely adopted by logging companies, even when they 
lead to cost savings (Holmes et al., 2002). Nevertheless, there 
are several examples where large investments in building 
technical and institutional capacity have dramatically improved 
forestry practices (Dourojeanni, 1999). 

Policies aimed at liberalizing trade in forest products 
have mixed impacts on forest management practices. Trade 
liberalization in forest products can enhance competition 
and can make improved forest management practices more 
economically attractive in mature markets (Clarke, 2000). 
But, in the relatively immature markets of many developing 
countries, liberalization may act to magnify the effects of policy 
and market failures (Sizer et al., 1999). 

The recent FAO forest assessment conservatively estimates 
that insects, disease and fi re annually impact 3.2% of the forests 
in reporting countries (FAO, 2005). Policies that successfully 
increase the forest protection against natural disturbance agents 
may reduce net emissions from forest lands (Richards et al., 
2006). In industrialized countries, a history of fi re suppression 
and a lack of thinning treatments have created high fuel loads in 
many public forests, such that when fi res do occur, they release 
large quantities of carbon (Schelhaas et al., 2003). 

A major technical obstacle is designing careful management 
interventions to reduce fuel loading and to restore landscape 
heterogeneity to forest structure (USDA Forest Service, 2000). 
Scaling up their application to large forested areas, such as in 
Western USA, Northern Canada or Russia, could lead to large 
gains in the conservation of existing carbon stocks (Sizer et al., 
2005). Forest fi re prevention and suppression capacities are 
rudimentary in many developing countries, but trial projects 
show that with suffi cient resources and training, signifi cant 
reductions in forest fi res can be achieved (ITTO, 1999). 

Voluntary certifi cation to sustainable forest management 
standards aims to improve forest management by providing 
incentives such as increased market access or price premiums 
to certifi ed producers who meet these standards. Various 

certifi cation schemes have collectively certifi ed hundreds of 
millions of hectares in the last decade and certifi cation can 
result in measurable improvements in management practices 
(Gullison, 2003). However, voluntary certifi cation efforts to 
date continue to be challenged in improving the management of 
forest managers operating at low standards, where the potential 
for improvement and net emissions reductions are greatest. One 
possible approach to overcome current barriers in areas with 
weak forest management practices is to include stepwise or 
phased approaches to certifi cation (Atyi and Simula, 2002).

9.6.4 Policies to increase substitution of forest-
derived biofuels for fossil fuels and biomass 
for energy-intensive materials

Countries may promote the use of bioenergy for many 
non-climate reasons, including increasing energy security and 
promoting rural development (Parris, 2004). Brazil, for example, 
has a long history of encouraging plantation establishment for 
the production of industrial charcoal by offering a combination 
of tax exemption for plantation lands, tax exemption for income 
originating from plantation companies, and deductibility of 
funds used to establish plantations (Couto and Betters, 1995). 
The United States provides a range of incentives for ethanol 
production including exclusion from excise taxes, mandating 
clean air performance requirements that created markets 
for ethanol, and tax incentives and accelerated depreciation 
schedules for electricity generating equipment that burn 
biomass (USDOE, 2005). The Australian Government’s 
Mandatory Renewable Energy Target, which seeks to create 
a market for renewable energy, provides incentives for the 
development of renewable energy from plantations and wood 
waste (Government of Australia, 2006).

Building codes and other government policies that, where 
appropriate, can promote substitution of use of sustainably 
harvested forest products wood for more energy-intensive 
construction materials may have substantial potential to 
reduce net emissions (Murphy, 2004). Private companies and 
individuals may also modify procurement to prefer or require 
certifi ed wood from well-managed forests on environmental 
grounds. Such efforts might be expanded once the climate 
mitigation benefi ts of sustainably harvested wood products are 
more fully recognized. 

9.6.5 Strengthening the role of forest policies in 
mitigating climate change

Policies have generally been most successful in changing 
forestry activities where they are consistent with underlying 
profi tability incentives, or where there is suffi cient political 
will, fi nancial resources and regulatory capacity for effective 
implementation. Available evidence suggests that policies that 
seek to alter forestry activities where these conditions do not 
apply have had limited effectiveness. Additional factors that 
infl uence the potential for non-climate policies to reduce net 



570

Forestry Chapter 9

emissions from the forest sector include their ability to (1) 
provide relatively large net reductions per unit area; (2) be 
potentially applicable at a large geographic scale; and, (3) have 
relatively low leakage (Niesten et al., 2002). 

By these criteria, promising approaches across both 
industrialized and developing countries include policies that 
combat the loss of public forests to natural disturbance agents, 
and “Payment for Environmental Services” (PES) systems 
that provide an incentive for the retention of forest cover. In 

Box 9.4: Non-climate forest policies as an element of carbon management in the United States

Many programmes in the United States support the establishment, retention, and improved management of forest cover on 
private lands. These entail contracts and subsidies to private landowners to improve or change land-use management prac-
tices. USDA also provides technical information, research services, cost sharing and other fi nancial incentives to improve 
land management practices, including foresting marginal agricultural lands, and improving the management of existing of 
forests. Examples include the Conservation Reserve Program; Forestry Incentives Program, and Partners for Wildlife; (Rich-
ards et al., 2006). For example, in the 20-year period between 1974 and 1994, the Forestry Incentives Program spent 200 
US$ million to fund 1.34 million hectares of tree planting; 0.58 million hectares of stand improvement; and 11 million hectares 
of site preparation for natural regeneration (Gaddis et al., 1995). 

Richards et al. (2006) suggest that substantial gains in carbon sequestration and storage could be achieved by increasing the 
resources and scope of these programmes and through new results-based programmes, which would reward landowners 
based on the actual carbon they sequester or store.

Box 9.5: Non-climate forest policies as an element of carbon management in Africa

Forest and land use policies across African countries have historically passed through two types of governance: Under tradi-
tional systems controlled by families, traditional leaders and communities, decisions regarding land allocation, redistribution 
and protection were the responsibility of local leaders. Most land and resources were under relatively sustainable manage-
ment by nomadic or agro-pastoralist communities who developed systems to cope with vulnerable conditions. Agriculture 
was typically limited to shifting cultivation, with forest and range resources managed for multiple benefi ts. 

Under central government systems, land-use policies are sectoral-focused, with strong governance in the agricultural sector. 
Agriculture expansion policies typically dominate land use at the expense of forestry and rangeland management. This has 
greatly infl uenced present day forest and range policies and practices and resulted in vast land degradation (IUCN, 2002; 
2004).The adoption of centralized land management policies and legislation system has often brought previously commu-
nity-oriented land management systems into national frameworks, largely without the consent and involvement of local com-
munities. Central control is refl ected in large protected areas, with entry of local communities prevented. 

Presently, contradiction and confl icts in land-use practices between sectors and communities is common. Negotiations 
demanding decentralization and equity in resource distribution may lead to changes in land tenure systems in which commu-
nities and offi cial organizations will increasingly agree to collaboration and joint management in which civil societies partici-
pate. Parastatal institutions, established in some countries, formulate and implement policies and legislation that coordinate 
between sectors and to encourage community participation in land and resource management.

Land tenure categories characteristically include private holdings (5–25% of national area), communal land (usually small 
percentage) and state lands (the majority of the land under government control). Each faces many problems generated by 
confl icting rights of use and legislation that gives greater government control on types of resource use even under conditions 
of private ownership. Land control system and land allocation policy adopted by central governments often have negative 
impacts on land and tree tenure. Local communities are not encouraged to plant, conserve and manage trees on government 
owned land that farmers use on lease systems. Even large-scale farmers who are allocated large areas for cultivation, aban-
don the land and leave it as bare when it becomes non-productive. Forest lands reserved and registered under community 
ownership are communally managed on the basis of stakeholder system and shared benefi ts. 

Evidence from many case studies in Sudan suggests that integrated forest management where communities have access 
rights to forest lands and are involved in management, is a key factor favouring the restoration of forest carbon stocks (IUCN, 
2004). These projects provide examples of a collaborative system for the rehabilitation and use of the forest land property 
based on defi ned and acceptable criteria for land cultivation by the local people and for renewal of the forest crop.
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both cases, there are good examples where they have been 
successfully implemented at small scales, and the impediments 
to increasing scale are relatively well understood. There is also 
a successful history of policies to create new forests, and these 
have led to large on-site reductions in net emissions. Care must 
be taken, however, to make sure that at plantation creation, 
there is no displacement of economic or subsistence activities 
that will lead to forest clearing elsewhere. Policies to increase 
the substitution of fossil fuels with bioenergy have also had a 
large positive impact on net emissions. If feedstock is forestry 
waste, then there is little potential leakage. If new plantations are 
created for biofuel, then care must be taken to reduce leakage.

Because forestry policies tend not to have climate mitigation 
as core objective, leakage and other factors that may limit net 
reductions are generally not considered. This may change as 
countries begin to integrate climate change mitigation objectives 
more fully into national forestry policies. Countries where such 
integration is taking place include Costa Rica, the Dominican 
Republic, and Peru (Rosenbaum et al., 2004). 

9.6.6 Lessons learned from project-based 
afforestation and reforestation since 2000

Experience is limited by the fact that Joint Implementation 
is not operational yet, and the fi rst call for afforestation and 
reforestation (A/R) methodologies under CDM was only 
issued in September 2004. In addition, the modalities and 
procedures for CDM A/R as decided in December 2003 are 
complex. Nevertheless, the capacities built up through the 
development of projects and related methodologies should not 
be underestimated. As of November 2006, 27 methodologies 
were submitted, 17 from Latin America, four from Asia and 
Africa respectively, and two from Eastern Europe. The four 
which were approved by the CDM Executive Board relate to 
projects located in China, Moldova, Albania and Honduras and 
all consist of planting forests on degraded agricultural land. In 
anticipation of Joint Implementation, several projects are under 
development in several Annex I countries in Eastern Europe, 
notably in Romania, Ukraine and the Czech Republic. 

There are voluntary project-based activities in the USA, with 
a programme for trading certifi cates established by the Chicago 
Climate Exchange (Robins, 2005). The Voluntary Reporting 
(1605 (b)) Program of the US Department of Energy (USDOE, 
2005) provides reporting guidelines for forestry activities. Since 
the Special Report on LULUCF (IPCC, 2000a), there has been 
methodological progress in several areas discussed below.

9.6.6.1 Leakage

There is no indication that leakage effects are necessarily 
higher in forestry than in project activities in other sectors 
but they can be signifi cant (Chomitz, 2002). Some studies 
distinguish between primary and secondary effects. A primary 
effect is defi ned as resulting from agents that perform land 

use activities refl ected in the baseline. Populations previously 
active on the project area may shift their activities to other 
areas. In land protection projects, logging companies may 
shift operations or buy timber from outside the project area 
to compensate for reduced supply of the commodity (activity 
outsourcing). Secondary leakage is not linked to project 
participants or previous actors on the area. It is often a market 
effect, where a project increases (by forest plantation) or 
decreases (deforestation avoidance) wood supply. Quantitative 
estimates of leakage (Table 9.9) suggest that leakage varies by 
mitigation activity and region.

The order of magnitude and even the direction of leakage 
(negative versus positive), however, depend on the project 
design (Schwarze et al., 2003). Leakage risk is likely to be 
low if a whole country or sector is involved in the mitigation 
activity, or if project activities are for subsistence and do not 
affect timber or other product markets. There are also well-
documented methods to minimize leakage of project-based 
activities. For example, afforestation projects can be combined 
with biomass energy plants, or they may promote the use 
of timber as construction material. Fostering agricultural 
intensifi cation in parallel can minimize negative leakage 
from increased local land demand. Where a project reduces 
deforestation, it can also reduce pressure on forest lands, for 
example, by intensifying the availability of fuel wood from 
other sources for local communities. Projects can be designed 
to engage local people formerly responsible for deforestation in 
alternative income-generating activities (Sohngen and Brown, 
2004). 

Leakage appears to have a time dimension as well, due to 
the dynamics of the forest carbon cycle and management (for 
example, timing of harvest, planting and regrowth, or protection). 
Analysis in the USA indicates that national afforestation in 
response to a carbon price of 15 US$/tCO2 would have 39% 
leakage in the fi rst two decades, but decline to 24% leakage 
over fi ve to ten decades, due to forest management dynamics 
(US EPA, 2005). 

9.6.6.2 Potential non-permanence of carbon storage 

The reversibility of carbon removal from the atmosphere 
creates liability issues whenever integrating land use in any 
kind of accounting system. There needs to be a liability for 
the case that carbon is released back into the atmosphere 
because Parties to the UNFCCC agreed, “…that reversal of any 
removal due to land use, land-use change and forestry activities 
be accounted for at the appropriate point in time” (UNFCCC, 
2001). In 2000, the Colombian delegation fi rst presented a 
proposal to create expiring Certifi ed Emission Reductions 
under CDM (UNFCCC, 2001). Its basic idea is that the validity 
of Certifi ed Emission Reductions (CERs) from afforestation 
and reforestation project activities under CDM is linked to 
the time of existence of the relating stocks. The principle of 
temporary crediting gained support over the subsequent years. 
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Consequently, the Milan Decision 19/CP.9 (UNFCCC, 2003) 
created two types of expiring CERs: temporary CERs - tCERs 
and long-term CERs - lCERs. The validity of both credit types is 
limited and refl ected on the actual certifi cate. The credit owner 
is liable to replace them when they expire or when the relating 
stocks are found to be lost at the end of the commitment period. 
Afforestation and reforestation projects need to be verifi ed fi rst 
at a time at the discretion of the project participants, and in 
intervals of exactly fi ve years thereafter. The value of temporary 
CERs critically depends on the market participants’ mitigation 
cost expectations for future commitment periods. Assuming 
constant carbon prices, the price for a temporary CER during 
the fi rst commitment period is estimated to range between 14 
and 35 % of that of a permanent CER from any other mitigation 

activity (Dutschke, et al., 2005). This solution is safe from the 
environmental integrity point of view, yet it has created much 
uncertainty among project developers (Pedroni, 2005).

9.6.6.3 Additionality and baselines

A project that claims carbon credits for mitigation needs to 
demonstrate its additionality by proving that the same mitigation 
effect would not have taken place without the project. For 
CDM, the Executive Board’s Consolidated Additionality Tool 
offers a standardized procedure to project developers. Specifi c 
for CDM afforestation and reforestation (A/R), there is an area 
eligibility test along the forest defi nitions provided under the 
relevant Decision 11/CP.7 in order to avoid implementation 

Activity Region Leakage estimation 
method

Estimated leakage rate 
(% of carbon mitigation)

Source

Afforestation: tropical region estimates

Afforestation of degraded 
lands

Kolar district, Karnataka, 
India hypothetical project

Household wood demand 
survey

0.02 Ravindranath, et al., 2007

Plantations, forest 
conservation, agro-forestry 
of degraded lands

Magat watershed, 
Philippines hypothetical 
project

Historical rates of 
technology adoption

19 – 41 Authors estimates based 
on Lasco et al., 2007

Afforestation on small 
landowner parcels

Scolel Té project, Chiapas, 
Mexico

Household wood demand 
survey

0
(some positive leakage)

De Jong et al., 2007

Afforestation degraded 
uplands

Betalghat hypothetical 
project, Uttaranchal, India

Household wood demand 
survey

10
from fuelwood, fodder

Hooda et al., 2007

Afforestation, farm forestry Bazpur hypothetical 
project, Uttaranchal, India

Household wood demand 
survey

20 
from fuelwood, poles

Hooda et al., 2007

Afforestation: global and temperate region estimates

Afforestation (plantation 
establishment)

Global PEM 0.4-15.6 Sedjo and Sohngen, 2000

Afforestation USA-wide PEM 18-42 Murray et al., 2004

Afforestation only USA-wide PEM 24 US EPA, 2005

Afforestation and forest 
management jointly

USA-wide PEM -2.8 a) US EPA, 2005

Avoided deforestation: tropical region estimates

Avoided deforestation Bolivia, Noel Kempff 
project and national

PEM 2-38 discounted
5-42 undiscounted

Sohngen and Brown, 2004

Avoided deforestation and biofuels: temperate region estimates

Avoided deforestation Northeast USA PEM 41-43 US EPA, 2005

Avoided deforestation Rest of USA PEM 0-92 US EPA, 2005

Avoided deforestation Pacifi c Northwest USA PEM 8-16 US EPA, 2005

Avoided deforestation 
(reduced timber sales)

Pacifi c Northwest USA Econometric model 43 West region
58 Continental US
84 US and Canada

Wear and Murray, 2004

Biofuel production (short 
rotation woody crops)

USA PEM 0.2 US EPA, 2005

a) Negative leakage rate means positive leakage; PEM means partial equilibrium model of forest and/or agriculture sector(s). 

Source: Sathaye and Andrasko, 2007

Table 9.9: Forestry mitigation activity leakage estimates by activity, estimation method and region from the literature
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on areas that prior to the project start were forests in 1990 
or after. In the modalities and procedures for CDM, there are 
three different baseline approaches available for A/R. So far, 
only one has been successfully applied in the four approved 
methodologies. 

9.6.6.4 Monitoring

For project monitoring, there is now an extended guidance 
available (IPCC, 2006; USDOE, 2005). Monitoring costs 
depend on many variables, including the project complexity 
(including the number of stakeholders involved), heterogeneity 
of the forest type, the number and type of carbon pools, and GHG 
to be monitored and the appropriate measurement frequencies. 
There is a trade-off between the completeness of monitoring 
data and the carbon price that can be achieved: monitoring costs 
can sum up an important share of a project’s transaction costs. 
Proper design of the monitoring plan is, therefore, essential for 
the economic viability of forestry projects. If project developers 
can demonstrate that omitting particular carbon pools from 
the project’s quantifi cation exercise does not constitute an 
overestimate of the project’s GHG benefi ts, such pools may be 
left outside the monitoring plan.

9.6.6.5 Options for scaling up

Despite relative low costs and many possible positive side-
effects, the pace with which forest carbon projects are being 
implemented is slow. This is due to a variety of barriers. 
Barriers can be categorized as economic, risk-related, political/
bureaucratic, logistic, and capacity or political will (the latter 
barrier also occurring in industrialized countries; Trines et al., 
2006). One of the most important climate-related barriers is the 
complexity of the rules for afforestation and reforestation project 
activities. This leads to uncertainty among project developers 
and investors. Temporary accounting of credits is a major 
obstacle for two reasons: (1) The future value of temporary 
CERs depends on the buyer’s confi dence in the underlying 
project. This may limit investor interest in getting involved in 
project development. (2) The value of temporary CERs hinges 
on future allowance price expectations because they will have 
to be replaced in future commitment periods. Furthermore, 
EU has deferred its decision to accept forestry credits under 
its emissions trading scheme. Even if EU decided to integrate 
these credits, this would come too late to take effect in the fi rst 
commitment period because trees need time to grow. Given the 
low value of temporary CERs, transaction costs have a higher 
share in afforestation and reforestation than in energy mitigation 
projects. Simplifi ed small-scale rules were introduced in order to 
reduce transaction costs, but the maximum size of 8 kilotonnes 
of average annual CO2 net removal limits their viability. 

For forestry mitigation projects to become viable on a 
larger scale, certainty over future commitments is needed 
because forestry needs a long planning horizon. Rules need 
to be streamlined, based on the experience gathered so far. 
Standardization of project assessment can play important roles 

to overcome uncertainty among potential buyers and investors, 
and to prevent negative social and environmental impacts. 

9.7 Forests and Sustainable 
 Development

Sustainable forest management of both natural and planted 
forests is essential to achieving sustainable development.  It is 
a means to reduce poverty, reduce deforestation, halt the loss of 
forest biodiversity, and reduce land and resource degradation, 
and contribute to climate change mitigation. Forests play an 
important role in stabilization of greenhouse gas concentrations 
in the atmosphere while promoting sustainable development 
(Article 2; Kyoto Protocol). Thus, forests have to be seen in 
the framework of the multiple dimensions of sustainable 
development, if the positive co-benefi ts from forestry mitigation 
activities have to be maximized. Important environmental, 
social, and economic ancillary benefi ts can be gained by 
considering forestry mitigation options as an element of the 
broader land management plans.

9.7.1 Conceptual aspects

Forestry policies and measures undertaken to reduce GHG 
emissions may have signifi cant positive or negative impacts on 
environmental and sustainable development objectives that are 
a central focus of other multilateral environmental agreements 
(MEAs), including UN Convention on Biological Diversity 
(CBD), UN Convention to Combat Desertifi cation (CCD), and 
Ramsar Convention on Wetlands. In Article 2.1(a, b), Kyoto 
Protocol, Parties agreed various ways to consider potential 
impacts of mitigation options and whether and how to establish 
some common approaches to promoting the sustainable 
development contributions of forestry measures. In addition, 
a broad range of issues relating to forest conservation and 
sustainable forest management have been the focus of recent 
dialogues under the Intergovernmental Forum on Forests.

Recent studies highlighted that strategic thinking about the 
transition to a sustainable future is particularly important for 
land (Swanson et al., 2004). In many countries, a variety of 
separate sets of social, economic and environmental indicators 
are used, making it diffi cult to allow for adequate monitoring 
and analysis of trade-offs between these interlinked dimensions. 
Still, sustainable development strategies often remain in the 
periphery of government decision-making processes; and lack 
coordination between sub-national and local institutions; and 
economic instruments are often underutilized.

To manage forest ecosystems in a sustainable way implies 
knowledge of their main functions, and the effects of human 
practices. In recent years, scientifi c literature has shown 
an increasing attempt to understand integrated and long-
term effects of current practices of forest management on 



574

Forestry Chapter 9

sustainable development. But often, environmental or socio-
economic effects are considered in isolation, or there is no 
suffi cient understanding of the potential long-term impacts 
of current practices on sustainable development. Payment for 
Environmental Services (PES) schemes for forest services 
(recognizing carbon value) may be foreseen as part of forest 
management implementation, providing new incentives to 
change to more sustainable decision patterns. Experience, 
however, is still fairly limited and is concentrated in a few 
countries, notably in Latin America, and has had mixed results 
to date (Wunder, 2004). 

Important environmental, social, and economic ancillary 
benefi ts can be gained by considering forestry mitigation 
options as an element of the broad land management plans, 
pursuing sustainable development paths, involving local people 
and stakeholders and developing adequate policy frameworks.

9.7.2 Ancillary effects of GHG mitigation policies

Climate mitigation policies may have benefi ts that go 
beyond global climate protection and actually accrue at the 
local level (Dudek et al., 2002). Since ancillary benefi ts tend 
to be local, rather than global, identifying and accounting 
for them can reduce or partially compensate the costs of the 
mitigation measures. However, forests fulfi l many important 
environmental functions and services that can be enhanced 
or negatively disturbed by human activities and management 
decisions.  Negative effects can be triggered by some mitigation 
options under certain circumstances. Positive and negative 
impacts of mitigation options on sustainable development are 
presented in Table 9.10.

Stopping or slowing deforestation and forest degradation 
(loss of carbon density) and sustainable forest management may 
signifi cantly contribute to avoided emissions, conserve water 
resources and prevent fl ooding, reduce run-off, control erosion, 
reduce river siltation, and protect fi sheries and investments in 
hydroelectric power facilities; and at the same time, preserve 
biodiversity (Parrotta, 2002). Thus, avoided deforestation 
has large positive implications for sustainable development. 
Further, natural forests are a signifi cant source of livelihoods to 
hundreds and millions of forest-dependent communities.

Plantations provide an option to enhance terrestrial sinks and 
mitigate climate change. Effects of plantations on sustainable 
development of rural societies have been diverse, depending on 
socio-economic and environmental conditions and management 
regime. Plantations may have either signifi cant positive and /or 
negative effects (environmental and social effects). They can 
positively contribute, for example, to employment, economic 
growth, exports, renewable energy supply and poverty 
alleviation. In some instances, plantation may also lead to 
negative social impacts such as loss of grazing land and source 
of traditional livelihoods.

Large investments have been made in commercial plantations 
on degraded lands in Asia. However, lack of consultation with 
stakeholders (state of land tenure and use rights) may result in 
failure to achieve the pursued results. Better integration between 
social goals and afforestation is necessary (Farley et al., 2004). 
As demand increases for lands to afforest, more comprehensive, 
multidimensional environmental assessment and planning will 
be required to manage land sustainably.

Agro-forestry can produce a wide range of economic, social 
and environmental benefi ts, and probably wider than in case 
of large-scale afforestation. Agro-forestry systems could be an 
interesting opportunity for conventional livestock production 
with low fi nancial returns and negative environmental effects 
(overgrazing and soil degradation). For many livestock 
farmers, who may face fi nancial barriers to develop this type 
of combined systems (e.g., silvo-pastoral systems), payment 
for environmental services could contribute to the feasibility of 
these initiatives (Gobbi, 2003). Shadow trees and shelter may 
have also benefi cial effects on livestock production and income, 
as reported by Bentancourt et al., (2003). Little evidence of 
local extinctions and invasions of species risking biodiversity 
has been found when practising agro-forestry (Clavijo et al., 
2005). 

9.7.3 Implications of mitigation options on water, 
biodiversity and soil

The Millennium Development Goals (MDGs) aim at 
poverty reduction, and to improve health, education, gender 
equality, sanitation and environmental sustainability to promote 
Sustainable Development. Forest sector can signifi cantly 
contribute to reducing poverty and improving livelihoods 
(providing access to forest products such as fuelwood, timber, 
and non timber products). Land degradation, access to water 
and food and human health remained at the centre of global 
attention under the debate on the World Summit on Sustainable 
Development (WSSD). A focus on fi ve key thematic areas was 
proposed (Water, Energy, Health, Agriculture, and Biodiversity 
-WEHAB), driving attention to the fact that managing the 
natural resources like forest in a sustainable and integrated 
manner is essential for sustainable development. In this regard, 
to reverse the current trend in forest degradation as soon as 
possible, strategies need to be implemented that include targets 
adopted at national and, where appropriate, regional levels to 
protect ecosystems and to achieve integrated management of 
land, water and living resources associated to forest areas, while 
strengthening regional, national and local capacities.

Literature describing in detail the environmental impacts of 
different forest activities is still scarce and focuses mostly on 
planted forests. For these reasons, the discussion focuses more 
on plantations. It is important to underline that while benefi ts of 
climate change mitigation are global, co-benefi ts and costs tend 
to be local (OECD, 2002) and, in accordance, trade-offs have to 
be considered at local level. 
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Table 9.10: Sustainable development implications of forestry mitigation

Activity 
category

Sustainable development implications

Social Economic Environmental

A.  Increasing or maintaining the forest area

Reducing 
deforestation 
and forest 
degradation

Positive Positive or negative Positive

Promotes livelihood. Provides sustained income for poor 
communities.
Forest protection may reduce local 
incomes.

Biodiversity conservation. Watershed 
protection.
Soil protection. Amenity values (Nature 
reserves, etc.)

Afforestation/
reforestation

Positive or negative Positive or negative Positive or negative

Promotes livelihood.
Slows population migration to other areas 
(when a less intense land use is replaced).
Displacement of people may occur if the 
former activity is stopped, and alternate 
activities are not provided.
Infl ux of outside population has impacts 
on local population.

Creation of employment (when less 
intense land use is replaced).
Increase/decrease of the income of local 
communities.
Provision of forest products (fuelwood, 
fi bre, food construction materials) and 
other services.

Impacts on biodiversity at the tree, 
stand, or landscape level depend on 
the ecological context in which they are 
found.
Potential negative impacts in case 
on biodiversity conservation (mono-
specifi c plantations replacing biodiverse 
grasslands or shrub lands). 
Watershed protection (except if water-
hungry species are used) .
Losses in stream fl ow. 
Soil protection.
Soil properties might be negatively 
affected.

B.  Changing to sustainable forest management

Forest 
management 
in plantations

Positive Positive Positive

Promotes livelihood. Creation of employment
Increase of the income of local 
communities.
Provision of forest products (fuelwood, 
fi bre, food, construction materials) and 
other services.

Enhance positive impacts and minimize 
negative implications on biodiversity, 
water and soils. 

Sustainable 
forest 
management 
in native 
forest

Positive Positive Positive

Promotes livelihood. Creation of employment.
Increase of the income of local 
communities.
Provision of forest products (fuelwood, 
fi bre, food, construction materials) and 
other services.

Sustainable management prevents forest 
degradation, conserves biodiversity and 
protects watersheds and soils. 

C.  Substitution of energy intensive materials

Substitution 
of fossil 
intensive 
products 
by wood 
products

Positive or negative Positive Negative

Forest owners may benefi t.
Potential for competition with the 
agricultural sector (food production, etc.).

Increased local income and employment 
in rural and urban areas. 
Potential diversifi cation of local 
economies.
Reduced imports.

Non-sustainable harvest may lead to loss 
of forests, biodiversity and soil.

D.  Bioenergy

Bioenergy 
production 
from forestry

Positive or negative Positive or negative Positive or negative

Forest owners may benefi t.
Potential for competition with the 
agricultural sector (food production, etc.)

Increased local income and employment.
Potential diversifi cation of local 
economies.
Provision of renewable and independent 
energy source.
Potential competition with the 
agricultural sector (food production, etc.)

Benefi ts if production of fuelwood is 
done in a sustainable way. 
Mono specifi c short rotation plantations 
for energy may negatively affect 
biodiversity, water and soils, depending 
on site conditions.
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Water cycle: Afforestation may result in better balance in 
the regional water cycle balance by reducing run-off, fl ooding, 
and control of groundwater recharge and watersheds protection. 
However, massive afforestation grasslands may reduce water 
fl ow into other ecosystems and rivers, and affect aquifers layer 
and recharge, and lead to substantial losses in stream fl ow 
(Jackson et al, 2005). In addition, some possible changes in soil 
properties are largely driven by changes in hydrology. 

Soils: Intensively managed plantations have nutrient demands 
that may affect soil fertility and soil properties, for example 
leading to higher erosion of the uncovered mineral soil surface 
(Perez-Bidegain et al., 2001; Carrasco-Letellier et al., 2004); 
and biological properties changes (Sicardi et al., 2004) if the 
choice of species is not properly matched with site conditions. 
Regarding chemical properties, increased Na concentrations, 
exchangeable sodium percentage and soil acidity, and decreased 
base saturation have been detected in many situations. (Jackson, 
et al., 2005).In general, afforestation of low soil carbon croplands 
may present considerable opportunities for carbon sequestration 
in soil, while afforestation of grazing land can result in relatively 
smaller increases or decreases in soil carbon (Section 9.4.2.2). 
Most mitigation options other than monoculture plantations 
conserve and protect soils and watersheds.

Biodiversity: Plantations can negatively affect biodiversity 
if they replace biologically rich native grassland or wetland 
habitats (Wagner, et al., 2006). Also, plantations can have 
either positive or negative impacts on biodiversity depending 
on management practices (Quine and Humphrey, 2005). 
Plantations may act as corridors, source, or barriers for different 
species, and a tool for landscape restoration (Parrota, 2002). 
Other forestry mitigation options such as reducing deforestation, 
agro-forestry, multi-species plantations, and sustainable native 
forest management lead to biodiversity conservation. 

Managing plantations to produce goods (such as timber) 
while also enhancing ecological services (such as biodiversity) 
involves several trade-offs. Overcoming them involves a clear 
understanding of the broader ecological context in which 
plantations are established as well as participation of the 
different stakeholders. The primary management objective of 
most industrial plantations traditionally has been to optimize 
timber production. This is not usually the case in small-scale 
plantations owned by farmers, where more weight is given 
to non-timber products and ecological services. A shift from 
a stand level to a broader forest and non-forest landscape 
level approach will be required to achieve a balance between 
biodiversity and productivity/profi tability. 

 
The literature seems to suggest that plantations, mainly 

industrial plantations, require careful assessment of the 
potential impacts on soils, hydrological cycle and biodiversity, 
and that negative impacts could be controlled or minimized 
if adequate landscape planning and basin management and 
good practices are introduced. Carbon sequestration strategies 

with afforestation of non-forest lands should consider their 
full environmental consequences. The ultimate balance of co-
benefi ts and impacts depends on the specifi c site conditions and 
previous and future land and forest management. 

9.8 Technology, R&D, deployment, 
diffusion and transfer

R&D and technology transfer have a potential to promote 
forest sector mitigation options by increasing sustainable 
productivity, conserving biodiversity and enhancing profi tability. 
Technologies are available for promoting mitigation options 
from national level to forest stand level, and from single 
forest practices to broader socio-economic approaches (IPCC, 
2000b). 

Traditional and/or existing techniques in forestry including 
planting, regeneration, thinning and harvesting are fundamental 
for implementation of mitigation options such as afforestation, 
reforestation, and forest management. Further, improvement of 
such sustainable techniques is required and transfer could build 
capacity in developing countries. Biotechnology may have an 
important role especially for afforestation and reforestation. As 
the area of planted forests including plantations of fast-growing 
species for carbon sequestration increases, sustainable forestry 
practices will become more important for both productivity and 
environment conservation. 

The development of suitable low-cost technologies will 
be necessary for promoting thinning and mitigation options. 
Moreover, technology will have to be developed for making 
effective use of small wood, including thinned timber, in forest 
products and markets. Thinning and tree pruning for fuelwood 
and fodder are regularly conducted in many developing 
countries as part of local integrated forest management 
strategies. Although natural dynamics are part of the forest 
ecosystem, suppression of forest fi res and prevention of insect 
and pest disease are important for mitigation. 

Regarding technology for harvesting and procurement, 
mechanized forest machines such as harvesters, processors and 
forwarders developed in Northern Europe and North America 
have been used around the world for the past few decades. 
Mechanization under sustainable forest management seems to 
be effective for promoting mitigation options including product 
and energy substitution (Karjalainen and Asikainen, 1996). 
However, harvesting and procurement systems vary due to 
terrain, type of forest, infrastructure and transport regulations, 
and appropriate systems also vary by regions and countries. 
Reduced impact logging is considered in some cases such as in 
tropical forests (Enters et al., 2002). 

There is a wide array of technologies for using biomass 
from plantations for direct combustion, gasifi cation, pyrolysis, 
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and fermentation (see Section 4.3.3.3). To conserve forest 
resources, recycling of wood waste material needs to be 
expanded. Technology for manufacturing waste-derived board 
has almost been established, but further R&D will be necessary 
to re-use waste sawn timber, or to recycle it as lumber. While 
these technologies often need large infrastructure and incentives 
in industrialized countries, practical devices such as new 
generations of effi cient wood-burning cooking stoves (Masera 
et al., 2005) have proved effective in developing countries. They 
are effective as a means to reduce the use of wood fuels derived 
from forests, at the same time providing tangible sustainable 
development benefi ts for local people, such as reduction in 
indoor air pollution levels.

Technological R&D for estimation of carbon stocks and fl uxes 
is fundamental not only for monitoring but also for evaluating 
policies. Practical methods for estimating carbon stocks and 
fl uxes based on forest inventories and remote sensing have been 
recommended in the Good Practice Guidance for LULUCF 
(IPCC, 2003). Over the last three decades, earth observation 
satellites have increased in number and sophistication (DeFries 
et al., 2006). High-resolution satellite images have become 
available, so new research on remote sensing has begun on 
using satellite radar and LIDAR (light detection and ranging) 
for estimating forest biomass (Hirata et al., 2003). Remote 
sensing methods are expected to play an increasing role in 
future assessments, especially as a tool for mapping land cover 
and its change over time. However, converting these maps 
into estimates of carbon sources and sinks remains a challenge 
and will continue to depend on in-situ measurements and 
modelling. 

Large-scale estimations of the forest sector and its carbon 
balance have been carried out with models such as the CBM-
CFS2 (Kurz and Apps, 2006), CO2FIX V.2 model (Masera et 
al., 2003), EFISCEN (Nabuurs et al., 2005, 2006), Full CAM 
(Richards and Evans, 2004), and GORCAM (Schlamadinger 
and Marland, 1996). 

Micrometeorological observation of carbon dioxide 
exchange between the terrestrial ecosystem and the atmosphere 
has been carried out in various countries (Ohtani, 2005). Based 
on the observation, a global network FLUXNET (Baldocchi 
et al., 2001) and regional networks including AmeriFlux, 
EUROFLUX, AsiaFlux and OzNet are being enlarged for 
stronger relationships. 

New technologies for monitoring and verifi cation including 
remote sensing, carbon fl ux modelling, micrometeorological 
observation and socio-economic approaches described above 
will facilitate the implementation of mitigation options. 
Furthermore, the integration of scientifi c knowledge, practical 
techniques, socio-economic and political approaches will 
become increasingly signifi cant for mitigation technologies in 
the forest sector. 

Few forest-based mitigation analyses have been conducted 
using primary data. There is still limited insight regarding 
impacts on soils, lack of integrated views on the many site-
specifi c studies, hardly any integration with climate impact 
studies, and limited views in relation to social issues and 
sustainable development. Little new effort was reported on the 
development of global baseline scenarios of land-use change and 
their associated carbon balance, against which mitigation options 
could be examined. There is limited quantitative information on 
the cost-benefi t ratios of mitigation interventions.

 
Technology deployment, diffusion and transfer in the 

forestry sector provide a signifi cant opportunity to help mitigate 
climate change and adapt to potential changes in the climate. 
Apart from reducing GHG emissions or enhancing the carbon 
sinks, technology transfer strategies in the forest sector have the 
potential to provide tangible socio-economic and local and global 
environmental benefi ts, contributing to sustainable development 
(IPCC, 2000b). Especially, technologies for improving 
productivity, sustainable forest management, monitoring, and 
verifi cation are required in developing countries. However, 
existing fi nancial and institutional mechanism, information and 
technical capacity are inadequate. Thus, new policies, measures 
and institutions are required to promote technology transfer in 
the forest sector.

For technology deployment, diffusion and transfer, 
governments could play a critical role in: a) providing targeted 
fi nancial and technical support through multilateral agencies 
(World Bank, FAO, UNDP, UNEP), in developing and enforcing 
the regulations to implement mitigation options; b) promoting 
the participation of communities, institutions and NGOs in 
forestry projects; and c) creating conditions to enable the 
participation of industry and farmers with adequate guidelines 
to ensure forest management and practices as mitigation options. 
In addition, the role of private sector funding of projects needs 
to be promoted under the new initiatives, including the proposed 
fl exible mechanisms under the Kyoto Protocol. The Global 
Environmental Facility (GEF) could fund projects that actively 
promote technology transfer and capacity building in addition 
to the mitigation aspects (IPCC, 2000b).

9.9     Long-term outlook 

Mitigation measures up to 2030 can prevent the biosphere 
going into a net source globally. The longer-term mitigation 
prospects (beyond 2030) within the forestry sector will 
be infl uenced by the interrelationship of a complex set of 
environmental, socio-economic and political factors. The 
history of land-use and forest management processes in the last 
century, particularly within the temperate and boreal regions, 
as well as on the recent patterns of land-use will have a critical 
effect on the mitigation potential. 

Several studies have shown that uncertainties in the 
contemporary carbon cycle, the uncertain future impacts of 
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climatic change and its many dynamic feedbacks can cause 
large variation in future carbon balance projections (Lewis 
et al., 2005). Other scenarios suggest that net deforestation 
pressure will slow over time as population growth slows and 
crop and livestock productivity increase. Despite continued 
projected loss of forest area, carbon uptake from afforestation 
and reforestation could result in net sequestration (Section 
3.2.2).

Also, the impacts of climate change on forests will be a 
major source of uncertainty regarding future projections (Viner 
et al., 2006). Other issues that will have an effect on the long-
term mitigation potential include future sectoral changes within 
forestry, changes in other economic sectors, as well as political 
and social change, and the particular development paths 
within industrialized and developing countries beyond the fi rst 
half of the 21st century. The actual mitigation potential will 
depend ultimately on solving structural problems linked to the 
sustainable management of forests. Such structural problems 
include securing land tenure and land rights of indigenous 
people, reducing poverty levels in rural areas and the rural-urban 
divide, and providing disincentives to short-term behaviour of 
economic actors and others. Considering that forests store more 
carbon dioxide than the entire atmosphere (Stern, 2006), the 
role of forests is critical. 

Forestry mitigation projections are expected to be regionally 
unique, while still linked across time and space by changes in 
global physical and economic forces. Overall, it is expected that 
boreal primary forests will either be sources or sinks depending 
on the net effect of some enhancement of growth due to climate 
change versus a loss of soil organic matter and emissions from 
increased fi res. The temperate forests in USA, Europe, China 
and Oceania, will probably continue to be net carbon sinks, 
favoured also by enhanced forest growth due to climate change. 
In the tropical regions, the human induced land-use changes 
are expected to continue to drive the dynamics for decades. In 
the meantime, the enhanced growth of large areas of primary 
forests, secondary regrowth, and increasing plantation areas 
will also increase the sink. Beyond 2040, depending on the 
extent and effectiveness of forest mitigation activities within 
tropical areas, and very particularly on the effectiveness of 
policies aimed at reducing forest degradation and deforestation, 
tropical forest may become net sinks. In the medium to long 
term as well, commercial bio-energy is expected to become 
increasingly important. 

In the long-term, carbon will only be one of the goals that 
drive land-use decisions. Within each region, local solutions 
have to be found that optimize all goals and aim at integrated 
and sustainable land use. Developing the optimum regional 
strategies for climate change mitigation involving forests 
will require complex analyses of the trade-offs (synergies and 
competition) in land-use between forestry and other land uses, 

the trade-offs between forest conservation for carbon storage 
and other environmental services such as biodiversity and 
watershed conservation and sustainable forest harvesting to 
provide society with carbon-containing fi bre, timber and bio-
energy resources, and the trade-offs among utilization strategies 
of harvested wood products aimed at maximizing storage in 
long-lived products, recycling, and use for bioenergy. 
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Abstract: Policies to reduce global warming by offering credits for carbon sequestration have neglected the 

effects of forest management on biodiversity. I review properties of forest ecosystems and management op- 
tions for enhancing the resistance and resilience offorests to climate change. Although forests, as a class, have 

proved resilient to past changes in climate, today's fragmented and degradedforests are more vulnerable. Ad- 

aptation of species to climate change can occur through phenotypic plasticity, evolution, or migration to suit- 
able sites, with the latter probably the most common response in the past. Among the land-use and manage- 
ment practices likely to maintain forest biodiversity and ecologicalfunctions during climate change are (1) 
representing forest types across environmental gradients in reserves; (2) protecting climatic refugia at multi- 

ple scales; (3) protecting primary forests; (4) avoiding fragmentation and providing connectivity, especially 
parallel to climatic gradients; (5) providing buffer zones for adjustment of reserve boundaries; (6) practicing 
low-intensity forestry and preventing conversion of natural forests to plantations; (7) maintaining natural 

fire regimes; (8) maintaining diverse gene pools; and (9) identifying and protecting functional groups and 

keystone species. Goodforest management in a time of rapidly changing climate differs little from goodforest 
management under more static conditions, but there is increased emphasis on protecting climatic refugia 
and providing connectivity. 

Despues de Kyoto: Manejo Forestal en Tiempos de Cambio Climatico Acelerado 

Resumen: Las politicas para reducir el calentamiento global mediante cr6ditospara el secuestro de carbono 
han pasado por alto los efectos del manejo forestal sobre la biodiversidad. Reviso las propiedades de los eco- 

sistemasforestales y las opciones de manejo para reforzar la resistencia y la elasticidad de los bosques ante el 
cambio climatico. Aunque los bosques han demostrado elasticidad a cambios climaticos en el pasado, los 

fragmentados y degradados bosques actuales son mds vulnerables. La adaptacion de especies al cambio 
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siendo probablemente esta la respuesta mds comzin en el pasado. Entre las practicas de uso y manejo de 
suelo que pueden mantener la biodiversidad y funciones ecol6gicas de los bosques durante el cambio 
climdtico se cuentan 1) representar tipos de bosques en reservas en gradientes ambientales; 2) protecci6n de 

refugios climdticos en escalas mtiltiples; 3) proteccion de bosquesprimarios; 4) evitar lafragmentaci6n ypro- 
porcionar conectividad, especialmente paralela a gradientes climdticos; 5) proporcionar zonas de amor- 

tiguamiento para ajustar limites de reservas; 6) prdcticasforestales de baja intensidad y evitar la conversion 
de bosques naturales a plantaciones; 7) mantenimiento de regimenes defuego natural; 8) mantenimiento de 
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Introduction 

Climate change is a major threat to biodiversity over 
the coming century (Peters & Lovejoy 1992). Therefore, 
efforts to lessen global warming by reducing emissions 
of CO2 and other greenhouse gases or by increasing up- 
take of carbon by vegetation are of great interest to con- 
servationists. The Kyoto Protocol, an international treaty 
under prolonged negotiation, offers countries the op- 
portunity to receive credits for reducing emissions or in- 
creasing sequestration of carbon (Schulze et al. 2000). 
Countries can reduce their commitments to emission re- 
ductions by afforestation. or reforestation. The U.S. gov- 
ernment favors such comprehensive carbon accounting 
and expects to meet about half of its annual commit- 
ment under the protocol through land-based carbon sinks 
(Smaglik 2000). Although the Kyoto Protocol has poten- 
tial conservation benefits, such as the creation of mar- 
kets for forest preservation (Bonnie et al. 2000; Kremen 
et al. 2000), carbon accounting also poses biological 
risks. Countries could receive credits, for example, by 
planting trees in natural grasslands. And, because ac- 
counting will not begin until the year 2008, a country 
potentially could accrue credits by logging primary for- 
ests now and replacing them with rapidly growing plan- 
tations. 

Missing from the Kyoto discussions is any consider- 
ation of biodiversity. The protocol is silent on forest 
management issues not directly related to carbon ac- 
counting. I explore the basis for a more rational policy 
for managing forests in the face of climate change. In 
particular, I ask what inherent properties of forest eco- 
systems and what kinds of management are likely to en- 
hance the resistance and resilience of forests. 

Forests have occupied the earth for nearly 400 million 
years (Tidwell 1998), experiencing massive upheavals in 
climate related to shifts in the earth's rotation on its axis, 
variation in solar radiation, plate tectonics, orogeny, vol- 
canism, glaciation, and occasional collision with aster- 
oids. Forests have persisted through all these events, but 
not unchanged. Their species composition has varied al- 
most continuously, with the distributions of tree species 
and forest types shifting, contracting, and expanding over 
time (Graham 1999). Despite these changes, forests as 
a class have proved remarkably resilient. Although the 
present rate of warming is higher than previous rates over 
the last 10,000 years, forests apparently have weathered 
even faster changes in the past, albeit the most rapid 
changes were associated with mass extinctions (Graham 
1999). 

If climate change were the only factor menacing for- 
ests today, and if the landscape were still pristine, there 
arguably would be little cause for worry. The fossil 
record shows numerous examples of species migrating 
and persisting through past changes. By and large, cli- 
matic change may have been as great a force for specia- 

tion as for extinction (Sepkoski 1998; Hewitt 2000). Even 
with the rapidity of change predicted for the next few 
decades, in the absence of other threats most species 
could be expected to adjust to these changes as they 
have in the past. This knowledge might lead some to 
suppose that the current warming of the atmosphere 
caused by emissions of greenhouse gases is of little con- 
cern. Today, however, climate change is being played 
out on a very different court-one in which direct de- 
struction, fragmentation, and degradation of ecosystems 
by humans, accompanied by vast invasions of alien spe- 
cies, are proceeding at a breakneck pace worldwide. It 
is in combination with these threats that global warming 
becomes so insidious (Peters & Darling 1985; Dudley 
1998; Sala et al. 2000). More optimistically, by learning 
how forests adjust to climate change and other stresses 
under natural conditions, we might be able to maintain, 
restore, or mimic these processes of adjustment. 

Resistance, Resilience, and Change in 
Forest Ecosystems 

Many reviews of the potential effects of climate change 
on forests are available (e.g., Ciesla 1995; Beniston & 
Innes 1998; Brown 1998; Dudley 1998; Jarvis & Aitken 
1998; Sedjo & Sohngen 1998; Winnett 1998). The Inter- 
governmental Panel on Climate Change (IPCC 1996a, 
1996b) concluded that forests are highly sensitive to 
modem climate change. Although the details of ex- 
pected change in forests on a regional scale are unclear, 
the scenarios of general circulation models (GCMs) pre- 
dict major shifts in the area occupied by forest biomes 
(Neilson et al. 1994; Hadley Center for Climate Predic- 
tion and Research 1998). For example, globally, the area 
occupied by tropical and temperate forests is projected 
to expand by up to 20%, whereas boreal forests may de- 
cline by 50% (Krankina & Dixon 1993), if other causes 
of change are ignored. Moreover, the rate of climate 
change over the next century may be faster than most 
historic changes, suggesting that adjustments forests 
have made to changes in the past may be more difficult 
today. 

Beyond the crude biome-scale projections of GCMs, 
prediction of how forests will respond to climate change 
or other perturbations requires some understanding of 
their composition, structure, and function (Franklin et al. 
1981). These three classes of ecosystem components are 
interdependent, so change in function-for example, a 
climate-induced increase in fire frequency or wind- 
storms-produces corresponding changes in the species 
composition and physiognomy (structure) of the forest. 
Over an intermediate length of time, say thousands of 
years, the species in a given forest represent those that 
have evolved under a definable range of conditions, of- 
ten called a "natural" or "historic" range of variability 
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(Landres et al. 1999; Swetnam et al. 1999). Many ecolo- 
gists consider this range the appropriate set of "refer- 
ence conditions" for comparison with human-altered 
conditions and as a guide to management (Stephenson 
1999). 

The time period selected to represent reference con- 
ditions is subjective, but the logic behind the use of 
historic variability to guide management is compelling. 
Changes that occur at a faster rate, greater intensity, dif- 
ferent pattern, or broader spatial scale than historically 
are likely to fall outside the limits of adaptability for some 
species. If this departure affects critical life-history func- 
tions, extinction (at least locally) is likely. As changes be- 
come progressively faster, more intense, or broader in 
extent, a global mass extinction becomes probable. The 
challenge for conservationists is not to prevent change. 
It is to keep rates, scales, and intensities of change in eco- 
systems within the historic range of variability for those 
systems-or, at least, to come close. Conservationists 
must also develop strategies to mitigate the effects of in- 
evitable changes that fall outside the historic range of 
variability. 

Resistance and Resilience 

Stability has been defined in many ways, representing 
three general concepts: (1) the ability to maintain a rela- 

tively constant state in the face of disturbance and 
stress; (2) the ability to recover quickly after a distur- 
bance; and (3) a combination of these two abilities. The 
first concept is often referred to as resistance. The sec- 
ond concept is usually referred to as resilience (Pimm 
1984, 1991), although other meanings of resilience can 
be found in the literature (Table 1). 

Some theory and empirical evidence suggest that resis- 

tance is inversely related to resilience (Fisher et al. 1998). 
Specifically, resistance may decrease and resilience in- 
crease as the supply of limiting nutrients increases (De- 
Angelis et al. 1989). Herbert et al. (1999) tested this hy- 
pothesis in an Hawaiian forest previously studied with 

respect to nutrient limitation to productivity and then 

damaged by a hurricane. As predicted, with phosphorus 
treatments the severity of damage to trees increased, in- 

dicating lower resistance, but rates of recovery of prehur- 
ricane stem growth and net primary productivity also in- 

creased, indicating higher resilience. 

Nevertheless, resisting and recovering from distur- 
bance may be positively associated at other spatiotem- 
poral scales or under other ecological conditions. A for- 
est that, on the scale of a biome, resists change to a 

fundamentally different condition is one that continually 
recovers from disturbances at finer spatial scales. Whit- 
ford et al. (1999) found that both the resistance and 
resilience of vegetation to drought are reduced in in- 

tensely stressed ecosystems (in this case, desert grasslands 
grazed by domestic livestock) compared with lightly 
stressed ecosystems. 

What properties of a forest ecosystem contribute to 
resistance and resilience? Some studies have demon- 
strated increased tolerance to environmental extremes 
and greater temporal stability and recovery potential as 

species richness increases (McNaughton 1993; Tilman & 

Downing 1994; Tilman 1996, 1999). The most compel- 
ling explanation for how species richness enhances sta- 

bility is the redundancy provided by multispecies mem- 

bership in critical functional groups (Walker 1992, 1995; 
Peterson et al. 1998). A species that is the only member 
of its functional group in a community is a keystone spe- 
cies: if it disappears, many other species will also disap- 
pear or at least decline. In western Australia, for exam- 

Table 1. Some definitions of ecological stability, in terms of resistance and resilience. 

Resistance 

Measurement of the consequences on other variables of 
permanently changing a given variable; if the 
consequent changes are small, the system is relatively 
resistant (Pimm 1984, 1991) 

System undergoes less change in a state or 
flux variable as a result of disturbance (DeAngelis et al. 
1989; Grimm et al. 1992; Herbert et al. 1999) 

System stays essentially unchanged (constancy) 
(Grimm & Wissel 1997) 

Ability of a community to maintain its composition and 
biomass in response to environmental stress (Grime et al. 
2000) 

Resilience 

magnitude of disturbance that can be absorbed or 
accommodated by an ecosystem before its structure is 
fundamentally changed to a different state (Holling 
1973, 1986) 

variable that has been displaced from equilibrium 
returns quickly to it (Pimm 1984, 1991) 

rate of return to the reference state following 
disturbance (DeAngelis et al. 1989; Grimm et al. 1992; 
Herbert et al. 1999) 

capacity to recover from a disturbance in species 
composition (Walker 1995) 

system returns to the reference state (or dynamic) after 
a temporary disturbance (Grimm & Wissel 1997) 
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pie, a single plant species, Banksia prionotes, is the 

only source of nectar for a guild of honeyeaters during a 
critical time of the year (Lambeck 1992). Figs (Ficus) of 
various species assume a similar role in many tropical 
forests (Terborgh 1986). A functional group with more 
diverse membership can maintain its role in the ecosys- 
tem despite fluctuations in the member species (Walker 
1995). 

Diversity of functional groups, in addition to diversity 
of species within groups, appears to encourage ecologi- 
cal resistance. Experiments with microcosms subjected 
to warming show that changes in the distribution of or- 

ganisms among trophically defined functional groups 
lead to differences in ecological processes beyond those 

expected from temperature-dependent physiological rates, 
but diverse communities retain more species than dep- 
auperate communities (Petchey et al. 1999). A test of 
the effects of functional group richness on the invasibil- 

ity of grasslands showed that invasion success was nega- 
tively related to functional group richness (Symstad 
2000). Three lessons emerge from these findings: (1) a 

diversity of functional groups should be maintained; (2) 
species richness and redundancy should be maintained 
within functional groups; and (3) keystone species must 
be identified and kept in ecologically optimal, not just 
minimally viable, populations. The current body of re- 
search is insufficient to identify thresholds in richness 
within or among functional groups at which resistance 
or resilience break down. 

Adaptation 

Minimizing extinction during climate change requires 
that species be given opportunities to adapt. Adaptation 
of species to climate change can take place through phe- 
notypic plasticity (acclimatization), adaptive evolution, 
or migration to suitable sites (Markham 1996; Bawa & 

Dayanandan 1998). The only other alternative is decline 
and ultimately extinction. 

Migration appears to have been the primary way spe- 
cies responded to past climate changes. Few beetles, for 

example, showed morphological change over the Qua- 
ternary (Pleistocene and Holocene), whereas species 
shifted markedly in distribution over this period (Coope 
1979). Similarly, only 3 out of 177 mammals examined 

by Prothero and Heaton (1996) showed continual mor- 

phological change during the Eocene and lower Oli- 

gocene (37-30 million years ago), but again there were 

major changes in distributions. Although evolution can 
take place in the absence of morphological change, 
through physiological responses for example (Nowak et al. 

1994; Hoffman & Hercus 2000), it seems clear that most 

species respond to changing climate by tracking suitable 
habitats geographically. 

The speed at which species can migrate to track 

changing climate is of considerable interest, especially if 

the current climate change is, as predicted, faster than 
most previous changes during the Quaternary. Migration 
rates of trees recolonizing regions after glaciation have 
been estimated from paleoecological data as ranging from 
50 m/year for American beech (Fagus grandifolia) (Davis 
1983) to 2000 m/year for spruce (Picea sp.) (Dennis 
1993). The slower rates are thought insufficient for re- 
sponse to the current pace of climate change, especially 
given dispersal barriers such as intensive agriculture and 
cities (Peters & Darling 1985). Recently, however, pale- 
ontological evidence of rapid, long-distance migration of 
many tree species has arisen (Clark 1998; Clark et al. 
1998), providing hope that at least some trees may be 
able to track a rapidly changing climate. In northern 
Europe, rapid migration of trees following ice recession 
8500-8000 BP was relatively unconstrained by physical 
barriers such as mountain ranges, seas, and large lakes 
(Kullman 1998). Haphazard, long-distance establishment 
events may explain the evidence of rapid migration 
(Clark et al. 1998). Incorporating such rare dispersal 
events into models is difficult, which is why empirical 
rates of plant migration are often substantially higher 
than modeled rates (Higgins & Richardson 1999). 

Rapid range shifts in response to warming trends over 
the last few decades have been documented for a num- 
ber of species of vertebrates and invertebrates (Wuethrich 
2000). For example, in a sample of 35 nonmigratory Eu- 
ropean butterflies, 63% have shifted their ranges to the 
north by 35-240 km during this century, whereas only 
3% have shifted south (Parmesan et al. 1999). Neverthe- 
less, migration to track a rapidly changing climate may 
be difficult for species with poor dispersal abilities, such 
as small forest vertebrates and flightless invertebrates, 
especially in relatively homogeneous landscapes with 
few opportunities for short-distance moves into suitable 
microhabitats. Barriers to movement may be formidable 
in fragmented landscapes (Noss & Csuti 1997). 

Some species may adapt to climate change by in situ 
evolution. The modem Great Basin (U.S.) flora, for ex- 
ample, appears to consist of a mix of species that mi- 
grated northward from Pleistocene refugia in the south- 
ern portions of the region, and species that changed 
little in distribution during the Pleistocene and coped 
with climate change by genetic adaptation (Nowak et al. 
1994). Tree species show genetic and phenological gra- 
dients associated with the environmental gradients over 
which they occur (Campbell 1986). Adaptive evolution 
ultimately depends on adequate levels of genetic varia- 
tion within and among populations, although this varia- 
tion can be expected to decline in response to the direc- 
tional selection imposed by changing climate. 

Many of the documented phenological responses of 
plants and animals to global warming may represent rapid 
microevolution (Hughes 2000). In Spain, populations of 
Drosophila subobscura have evolved in response to 
the warming of temperatures since the mid-1970s (Rod- 
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riguez-Trelles & Rodriguez 1998). On a broader tempo- 
ral scale, pulses of speciation recorded in the fossil 
record are sometimes associated with climate change 
(Sepkoski 1998). Mitochondrial DNA analyses of birds 

suggest that divergence of populations during the glacial 
cycles of the Pleistocene led to formation of new species 
or completed speciation events that were initiated ear- 
lier (Avise & Walker 1998; Klicka & Zink 1999). 

Land Use and Management Guidelines 

Forest management has the potential either to exacer- 
bate or reduce the effects of climate change (Franklin et al. 

1991; Dudley 1998). Climate change is not currently the 

greatest threat to forests but adds another layer of stress 
to species and ecosystems already suffering from poor 
land-use practices. To protect forests from the harmful 
effects of climate change, we must first mitigate the 

proximate threats of habitat destruction, fragmentation, 
and degradation. Markham (1996) pointed out that "the 

potential impacts of climate change will be an academic 

question in relation to ecosystems that we are unable to 
save from current and immediate threats." Furthermore, 
human management appears to affect forest productiv- 
ity and carbon storage much more than the effects of cli- 
mate change or CO2 enrichment (Caspersen et al. 2000; 
Schimel et al. 2000). 

Following are some recommendations for land use 
and management that have a reasonable chance of en- 

hancing the resistance and resilience of forests to cli- 
mate change. 

Represent Forest Types across Environmental Gradients in 
Nature Reserves 

One of the oldest conservation strategies is to represent 
all ecosystem types in reserves (Pressey et al. 1993; Noss & 

Cooperrider 1994). Representative areas have been se- 
lected for scientific study, as ecological benchmarks to 

compare with disturbed areas, and as a way to conserve 
taxa too difficult to inventory and manage individually. 
Representation is also a sensible strategy in times of 

changing climate. Because we do not know precisely 
which forest types will be most sensitive, maintaining a 
full spectrum of types in protected areas will help assure 
that some resistant and resilient types persist. 

Representation often is assessed by remote sensing of 

vegetation. For example, the Gap Analysis Program in 
the United States produces maps of vegetation in each 
state from LANDSAT imagery and determines how well 
each type is represented in reserves (Scott et al. 1993). 
The resolution of this imagery usually is sufficient only 
to map overstory vegetation, however. Beta diversity (the 
turnover of species along environmental gradients) gen- 
erally increases from trees to shrubs to herbs (Whittaker 

1960; Zobel et al. 1976). Hence, mapping only overstory 
vegetation is likely to miss significant patterns in plant 
species diversity and associated patterns in faunal diver- 
sity and ecological processes. A combined approach of 
mapping abiotic and biotic features may provide the 
best basis for a representation assessment (Hunter et al. 
1988; Kirkpatrick & Brown 1994). We are applying this 
approach in the western United States (e.g., Noss et al. 
1999), testing the hypothesis that representing vegeta- 
tion along environmental gradients (capturing as much 
soil and microclimatic heterogeneity as possible) will re- 
sult in the protection of more species and higher genetic 
diversity within species, in turn providing for adjust- 
ment to changing climate. Ideally, reserves will span un- 
interrupted environmental gradients and allow dispersal 
of organisms to favorable microsites. 

Protect Climatic Refugia at Multiple Scales 

Biogeographers have long been interested in the refugia 
that harbored plants and animals during times of unfa- 
vorable climate (Haffer 1969; Prance 1982; Colinvaux et al. 
1996). Recent research suggests that full-glacial refugia 
had more influence on biodiversity in temperate than in 
tropical regions (Willis & Whittaker 2000), whereas in 
Amazonia the warm stages of the Quaternary and late 
Tertiary, which raised sea levels up to 100 m, may have 
isolated habitats as islands and archipelagos, fostering the 
speciation that occurred during these times (Nores 1999). 
A similar process apparently unfolded in Florida, where 
speciation occurred on sandy ridges, which formed an 
archipelago during interglacial phases of the Pleistocene 
(James 1961; Myers 1990). 

It makes abundant sense to identify past climatic refu- 
gia wherever possible and protect these areas so that 
they can again function as refugia during present and 
future climate change (Eeley et al. 1999). Refugia occur 
at a variety of spatial scales. In North America, postu- 
lated regional refugia include the southern Appalachians, 
valleys of major rivers in the southeastern coastal plain 
(Delcourt & Delcourt 1984), and the Klamath-Siskiyou 
region of California and Oregon. The latter region is 
known for its heterogeneity of landforms, geological 
strata, soils, and microclimates, which have promoted 
diversity and endemism (Whittaker 1960; Noss et al. 
1999). Major refugia in Europe include Iberia, Italy, the 
Balkans, and the Caucasus (Hewitt 2000). In Central 
America, many lowland species appear to have been lim- 
ited to riparian habitats during the late Pleistocene (Aide 
1998). Across continents, topographically diverse areas 
have allowed habitats and lineages to persist through el- 
evational shifts and, in many cases, to diverge during pe- 
riods of climate change (Hewitt 2000). 

Climatic refugia at much smaller scales also can be im- 
portant for maintaining species assemblages vastly differ- 
ent from those adapted to the dominant regional climate. 
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Algific slopes in Iowa (U.S.) occur in a deciduous forest 
matrix on steep, usually north-facing carbonate talus 

slopes, where cold air flows out of ice-filled caves that de- 

veloped late in the Pleistocene. These slopes support 
over 60 species of vascular plants disjunct in Iowa from 
northern or western boreal forests and at least eight land- 
snail taxa thought to have become extinct at the end of 
the Wisconsinan glaciation (Nekola 1999). Such slopes, 
which also occur in other regions, may well continue to 

support species characteristic of colder climates during 
the current period of global warming. At a still smaller 

scale, sandstone and limestone outcrops in Near Eastern 
deserts support hundreds of relict and endemic Mediter- 
ranean-climate plants that have survived from periods of 
moister climate (Danin 1999). Again, these microrefugia, 
if protected, are likely to continue to support many spe- 
cies. If climatic refugia at all spatial scales can be identi- 
fied and protected, persisting populations may be able to 
recolonize the surrounding landscape when conditions 
favorable for their survival and reproduction return. 

Protect Primary Forests 

A community of long-lived organisms is seldom, if ever, 
in equilibrium with the prevailing climate (Perry et al. 

1991). Rather, vegetational change lags behind climate 

change, such that the vegetation at any point in time is a 

legacy of climatic conditions decades or centuries in the 

past (Sprugel 1991; Millar & Woolfenden 1999). Old- 

growth forests are predicted to possess considerable in- 
ertia in the face of climate change (Franklin et al. 1991). 
Mature trees can survive long periods of unfavorable cli- 

mate, remaining "several centuries after climatic deterio- 
ration makes local conditions unsuitable for seedling es- 
tablishment" (Brubaker 1986). This inertia could be a 

significant mechanism for ecological resistance. 
A simulation of tree species distributions in Sweden 

under global warming scenarios predicted the long-term 
persistence of old-growth Picea stands protected from 
disturbance (Sykes & Prentice 1996). In forest types where 
the dominant trees live for hundreds or thousands of 

years, stands protected from catastrophic disturbance 

might persist through a few centuries of unfavorable cli- 

mate, to reproduce again when favorable conditions re- 
turn. Despite this inertia, however, slow shifts in com- 

position along environmental gradients are expected 
even in mature, established forests (Franklin et al. 1991). 
Because the intensity and rate of change will be buffered 
in forest interiors, maintaining large patches of old- 

growth forest is a sensible strategy for maintaining biodi- 

versity during rapid climate change. 

Avoid Fragmentation and Provide Connectivity 

The negative effects of fragmentation are abundantly 
documented worldwide (Harris 1984; Noss & Csuti 1997). 

Fragmentation may threaten biodiversity during climate 

change through several mechanisms, most notably edge 
effects and isolation of habitat patches. Intact forests 
maintain a microclimate that is often appreciably differ- 
ent from that in large openings. When a forest is frag- 
mented by logging or other disturbance, sunlight and 
wind penetrate from forest edges and create strong mi- 
croclimatic gradients up to several hundred meters wide, 
although they may vary in severity and depth among re- 

gions and forest types (Ranney et al. 1981; Franklin & 
Forman 1987; Chen & Franklin 1990; Laurance 1991, 
2000; Chen et al. 1992; Baker & Dillon 2000). With pro- 
gressive fragmentation of a landscape, the ratio of edge 
to interior habitat increases, until the inertia characteris- 
tic of mature forests is broken. Fragmented forests will 

likely demonstrate less resistance and resilience to cli- 
mate change than intact forests. 

Another potentially serious impact of fragmentation is 
its likely effect on species migration. By increasing the 
isolation of habitats, fragmentation is expected to inter- 
fere with the ability of species to track shifting climatic 
conditions over space and time. Weedy species, includ- 

ing many exotics, with high dispersal capacities may 
prosper under such conditions, whereas species with 

poor mobility or sensitive to dispersal barriers will fare 

poorly. Many models of species migration during cli- 
mate change have included the convenient but often un- 
realistic assumption of a homogeneous environment. 

Collingham and Huntley (2000) used a spatially explicit 
model to investigate the effects of different landscape 
patterns on the ability of a wind-dispersed tree (Tilia cor- 

data) to migrate in response to changing climate. Simu- 
lated dispersal rates slowed dramatically when habitat 

availability fell below 25% of landscape area. Landscapes 
with a "blocky" (coarse-grained) pattern had the stron- 

gest negative effect on migration, suggesting that multi- 

ple small reserves might be preferable to fewer large re- 
serves. Other species, more dependent on large habitat 
blocks and requiring intact habitat corridors to migrate, 
would probably favor a different landscape pattern (Col- 
lingham & Huntley 2000). 

Connectivity is the antithesis of fragmentation. Maintain- 

ing habitat linkages parallel to climatic gradients and mini- 

mizing artificial barriers is a prudent strategy under any cli- 

mate-change scenario (Hobbs & Hopkins 1991; Noss 

1993). Biogeographic corridors, such as the Mississippi Val- 

ley and other major river valleys that trend north-south, al- 
lowed dispersal during past climate changes (Delcourt & 
Delcourt 1984). Hunter et al. (1988) suggest that a corridor 
of natural habitat bordering the Appalachian Trail from 

Georgia to Maine might facilitate range shifts. Whether or 
not such latitudinal corridors will be functional under the 

rapid pace of change now forecast is an open question. Ele- 
vational corridors, which span a broader climatic gradient 
over a shorter distance, may better promote migration in 
mountainous terrain (Noss 1993; Bennett 1999). Connec- 
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tivity also may help sustain genetically diverse populations 
that span environmental gradients within the present range 
of species (Bennett 1999). 

In designing linkages, several considerations should 
be kept in mind: (1) A full range of geological substrates 
and soil types should be included in linkages because 
some plant species are exacting in their requirements. 
(2) Many species have mutualistic or other dependen- 
cies on other species, such that migration of assem- 

blages of co-adapted species will be required (Bennett 
1999). (3) Because movement routes probably will vary 
among species, protecting broad linkages rather than 
narrow corridors is advised. (4) As suggested by Colling- 
ham and Huntley (2000), a mixed strategy of corridors 
and small stepping-stone habitats is desirable to address 
the distinct dispersal characteristics of different species. 

Roads are major agents of fragmentation (Noss & 

Cooperrider 1994; Baker & Knight 2000). In the context 
of climate change, roads pose two problems: they re- 
strict the dispersal of less mobile species while they en- 

courage the dispersal of invasive exotics. Roads function 
as barriers to the movements of many species (Noss 
1993; Noss & Csuti 1997; deMaynadier & Hunter 2000; 
Trombulak & Frissell 2000). Particularly vulnerable are 

small, nonvolant forest vertebrates and invertebrates 
that do not usually venture into openings as wide as a 
road clearing (e.g., rodents, Oxley et al. 1974; Adams & 
Geis 1983; beetles, Mader 1984). Even large animals such 
as bears may refuse to cross roads with heavy traffic 

(Brody & Pelton 1989), and many others are killed on 
roads. Hence, roads may impede the movement of many 
species in response to climate change. Closing unneces- 

sary roads and providing wildlife crossings on roads with 

heavy traffic might mitigate some of these effects (Noss 
1993; Clevenger & Waltho 2000). 

On the other hand, roads are common avenues of in- 
vasion by exotic pests (Schowalter 1988; Tyser & Wor- 

ley 1992; Lonsdale & Lane 1994; Parendes & Jones 2000), 
which many ecologists believe will increase in abun- 
dance with climate change. Disturbed roadsides with 

high light levels harbor many weeds that disperse along 
the route of the road and often invade adjacent habitats. 
Vehicles transport seeds and spores long distances (Wil- 
son et al. 1992). To reduce this risk we must understand 
how alien species invade natural ecosystems and identify 
ecosystems that are especially prone to invasion (Hobbs 
& Huenneke 1992; Simberloff 1997; Lonsdale 1999). We 
also must identify the anthropogenic changes in land- 

scapes that promote invasions and develop a strategy for 

mitigating those changes. 

Provide Buffer Zones 

The fixed boundaries of reserves are poorly suited to a 

dynamic environment unless individual areas are ex- 
tremely large (Peters & Darling 1985; Noss & Cooper- 

rider 1994). With changing climate, buffer zones have 
the potential to provide for shifting populations as con- 
ditions inside reserves become unsuitable. For this strat- 

egy to work, buffer zones must be large, managers of re- 
serves and surrounding lands must demonstrate the 

flexibility to adjust their land-management activities 
across the landscape, and adequate data must be avail- 
able from monitoring to determine where populations 
are shifting. That none of these conditions is met, even 
on public land, suggests that the buffer-zone strategy 
will be difficult to implement. Nevertheless, if incentives 
can be provided to managers outside reserves to manage 
their lands sensitively, species will have a better chance 
of shifting distributions in response to climate change 
than if land-use adjacent to reserves is intense. 

Practice Low-Intensity Forestry and Prevent Conversion 
to Plantations 

Forestry that minimizes soil disturbance (hence reduc- 

ing invasion of exotic pests, loss of carbon from soil, and 

potential loss of mycorrhizae; Perry 1994), size of can- 

opy openings (Whitmore 1998), and removal of biomass 
will do more to promote the resistance and resilience of 
forests to climate change than intensive logging. (Of 
course, the historic range of variability must be taken 
into account in such considerations.) Although some 
studies have shown rapid recovery of biotic control of 

ecosystem processes after intensive logging (Bormann 
et al. 1974; Boring et al. 1981), others have shown pro- 
found losses of productivity and processes. In many 
parts of the world, regeneration of trees has failed after 

clearcutting (Perry 1994). Rapid recovery of host plants 
after logging appears essential for maintaining obligate 
mycorrhizal fungi and other soil microbes. Herbicide 
treatments and other intensive "vegetation management" 
can destroy this linkage (Perry et al. 1990; Perry 1994; 
Amaranthus 1998). 

Intensification of forestry activities is often promoted 
on the basis that young, actively growing trees will se- 

quester carbon more rapidly than old-growth forests in 
which respiration may equal or even exceed photosyn- 
thesis (Birdsey 1992). Replacement of old forests with 

plantations is a "perverse incentive" of the Kyoto Proto- 
col (Brown 1998; Dudley 1998). Simplistic carbon ac- 

counting, encouraged by the protocol, ignores the tre- 
mendous releases of carbon that occur when forests are 
disturbed by logging and related activities such as site 

preparation and vegetation management (Perry 1994; 
Schulze et al. 2000). It ignores the fate of woody debris 
and soil organic carbon during forest conversion (Coo- 
per 1983; German Advisory Council on Global Change 
1998). Typically, respiration from the decomposition of 
dead biomass in logged forests exceeds net primary 
production of the regrowth (Schulze et al. 2000). Con- 
siderable time is required-often hundreds of years-for 
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regenerating forests to accumulate the carbon stocks 
characteristic of primary forests (Harmon et al. 1990). 
Over several rotations of growth and harvest, the mean 
carbon pool of intensively managed forests is only about 
30% that of primary forests (Cooper 1983). 

From the standpoint of maintaining biodiversity during 
climate change, conversion of natural forests to planta- 
tions cannot be justified. Tree plantations around the 
world, especially exotic monocultures, have less biodiver- 
sity than natural forests in the same regions (Hunter 1990; 
Noss & Cooperrider 1994; Perry 1994). Plantations are of- 
ten markedly less resistant to disturbances such as fire 
and more subject to pest outbreaks than natural forests 
(Schowalter 1989; Perry 1994). Pest outbreaks could in- 
crease in severity or change in distribution with changing 
climate (Williams & Liebhold 1995), amplifying the vul- 
nerability of plantations. On the other hand, tree planta- 
tions on marginal agricultural land and natural succession 
on these lands could play a useful role in carbon seques- 
tration. North America is currently a carbon sink, largely 
because of agricultural abandonment and regrowth of for- 
ests harvested before 1980 (Fan et al. 1998; Caspersen et 
al. 2000; Schimel et al. 2000). 

Plantation management, where it is appropriate, should 
emphasize mixed-species forestry and native species, 
which would allow migrating species to be incorporated 
into the mix (Ravindranath & Sukumar 1998). Although 
shortened rotations would enable quicker response to 
forest dieback or other symptoms of changing climatic 
conditions, the risk of depleting critical soil nutrients 
and facilitating species invasions would also be higher. 

Maintain Natural Fire Regimes 

How fire should be managed in response to climate 
change is a complex issue. Fire regimes are known from 
paleoecological evidence to change through time in re- 
sponse to changing climate. Hotter, drier conditions tend 
to increase fire frequency, which generally shifts vegeta- 
tion toward more fire-tolerant species (Clark 1990; Swet- 
nam 1993; Veblen et al. 1999). Many forest types and 
other plant communities depend on fire for their persis- 
tence (Mutch 1970; Platt et al. 1988). Reviews of endan- 
gered ecosystems in North America show that many of 
the most imperiled plant communities have declined 
largely because of fire suppression (Noss & Peters 1995; 
Noss et al. 1995). On the other hand, fires set by humans 
are a leading threat to other forests, especially in the 
tropics (Trapnell 1959; Dudley 1998). Permanent con- 
versions from one vegetation type to another in re- 
sponse to fire have been documented-for example, bo- 
real forest changing to tundra in Canada (Sirois & 
Payette 1991) and dry tropical forest changing to shrub- 
land in Zambia (Trapnell 1959). In tropical forests, the 
extent of fire depends on moisture levels, which decline 

with logging disturbance. A 50% reduction in canopy 
cover has the potential to increase average temperatures 
in the forest by 10? C and to decrease relative humidity 
by 35% (Kauffman & Uhl 1990). Such differences indi- 
cate that fire policies should be based on what is known 
of the fire ecology of each region and forest type. 

Discussions of climate-change policy often include sug- 
gestions that fires be suppressed to help reduce emis- 
sions. There is little question that, in the short term, fire 
suppression enhances carbon storage (Tilman et al. 
2000), but the threat to biodiversity from lack of fire in 
many forest types outweighs the potential advantages of 
fire suppression. Although the increased frequency and 
spatial extent of fires predicted by some models-for 
example, for forests of the Sierra Nevada in California 
(Miller & Urban 1999)-are cause for concern, the ap- 
propriate policy response is not straightforward. Should 
managers step back and allow fires to occur in the hope 
of facilitating vegetation adjustment to the new climate? 
Or should they actively suppress fires that appear to ex- 
ceed, in intensity or frequency, the historic range of 
variability? Perhaps this is a moot point. Experience in 
trying to suppress large, intense fires such as the Yellow- 
stone burs of 1988 has shown that such attempts are 
usually futile. Curiously, a 300-year fire history in the bo- 
real forest of Quebec shows a significant decrease in the 
number and extent of fires, in the absence of fire sup- 
pression, beginning with a warming period 100 years 
ago (Bergeron & Flannigan 1995), suggesting that the 
predicted increase in fire with climate change is by no 
means universal. In any case, efforts to protect forests 
from intense fires through regular, prescribed burning 
and/or understory thinning have been much more suc- 
cessful than efforts to suppress intense fires (Moore et al. 
1999; Stephenson 1999). A mixed strategy, in which 
managers let many natural fires bum, protect (to the ex- 
tent possible) old growth from stand-replacing fires, and 
manage other stands by prescribed burning and under- 
story thinning to reduce the risk of high-intensity fire, 
may be the optimal approach. 

Maintain Diverse Gene Pools 

Genetic adaptation to climate change depends on ge- 
netic variation. Diverse gene pools should be maintained 
within and among populations of commercially impor- 
tant trees and other forest species (Dudley 1998). Refor- 
estation, rather than relying on local seed sources (which 
under relatively stable climatic conditions would be an 
appropriate strategy), should incorporate individuals from 
a wide range of localities, but should emphasize sources 
at lower elevations or latitudes (Bawa & Dayanandan 
1998; Ravindranath & Sukumar 1998). Breeding pro- 
grams to promote faster growth or other commercially 
desired qualities of trees at the expense of genetic varia- 
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tion should be discouraged because they are likely to 
leave tree species less resilient to climate change. 

Protect the Most Acutely Threatened Species Ex Situ 

For some ecosystems, climate change is already the 
dominant threat, such that mitigation of other factors 
such as land use will do little good. The cloud forests of 

tropical mountains, which typically harbor large num- 
bers of endemic species, appear to be such an ecosys- 
tem. Simulations of changes in temperature and mois- 
ture under doubled CO2 show an upward shift in the 
cloud layer of hundreds of meters during the winter dry 
season, coupled with increased evapotranspiration (Still 
et al. 1999). Cloud forests have nowhere to shift and are 

expected to be lost, along with their endemic species. 
The disappearance of 20 species of anurans (frogs and 

toads), including the endemic golden toad (Bufo peri- 
glenes), from highland forest in Costa Rica has been 
linked to a warming trend since the 1970s and to a se- 
vere reduction in dry-season mists; meanwhile, species 
from lower elevations have invaded these forests (Pounds 
et al. 1999). In situations such as these, ex situ preserva- 
tion of species in zoos and botanical gardens until global 
warming is reversed may be the only way to avoid ex- 
tinction. Ex situ collections should include sufficient ge- 
netic diversity to allow adaptation to uncertain condi- 
tions in reintroduction sites. 

Identify and Protect Functional Groups and Keystone Species 

Keystone species and functional groups are essential to 
the resistance and resilience of forests to climate change 
and other stresses. The identification of these species 
and groups has been haphazard, however. For some for- 

ests, such as longleaf pine (Pinuspalustris) in the south- 
eastern coastal plain of North America, scientists have 
identified several ecologically pivotal species and pro- 
cesses (Platt et al. 1988; Noss 1991; Simberloff 1998). 
For many other forests, one can only guess which spe- 
cies (e.g., top predators) might be of unusually high eco- 

logical importance. Efforts should be made to identify 
such species, functional groups, and processes for all 
forest types and other ecosystems; then, management 
must be aimed at maintaining these components in natu- 
ral patterns of abundance and distribution. 

Research Needs 

The management actions I suggest represent a reason- 
able guess of what is prudent in the face of abundant un- 

certainty about the responses of forests to climate 

change. To refine these recommendations, and perhaps 
turn some of them on their heads, several lines of re- 
search must be pursued: 

* More precise determination of the biomes, vegetation 
types, species, and sites that are most vulnerable to 
adverse effects of climate change. This will require 
rigorous monitoring, observations, and, where possi- 
ble, experiments. 

* Studies of population responses to climate change 
that focus on reproductive processes, demography, 
genetics, and species interactions and that involve 

species with contrasting life-history traits (Bawa & 

Dayanandan 1998). 
* Higher-resolution models of the direction, magnitude, 

rate, and effects of climate change within regions, in- 

cluding such critical components as the seasonal dis- 
tribution of rainfall (Herbst & H6rmann 1998). 

* Increased combinations of modeling approaches, such 
as the linkage of ecosystem process models with spa- 
tial landscape models, as done by He et al. (1999) to 

predict forest landscape responses to climate warming. 
* Empirical research on the details and mechanisms of 

biotic change in response to climate change at the 

edges of species' ranges (Coley 1998) and along eco- 
tones between vegetation types (Allen & Breshears 

1998), where rapid responses to climatic variation are 
most likely. 

* Long-term monitoring with an experimental design 
adequate, at least, to determine correlations and, ide- 

ally, to determine causality between changes in climate 

parameters and responses of biodiversity at several 
levels of organization. 

* Identification of ecological indicators (species and 

otherwise) that will provide an early warning of bio- 

logical problems related to climate change. Epiphytes, 
for example, may play this role in tropical forests be- 
cause of their extreme sensitivity to climatic condi- 
tions (Benzing 1998). 

Conclusion 

Society's response to climate change is determined 

through the political process. If educated to understand 
the multiple benefits of sustaining diverse, healthy, resil- 
ient forests, people will place value on protecting these 
forests. From this point of view, certain policies, such as 
conversion of primary forests to rapidly growing planta- 
tions in an attempt to sequester as much carbon from 
the atmosphere as possible, will do more harm than 

good. The literature I have reviewed suggests that a 

well-managed native forest has a reasonable chance of 

surviving or adapting to climate change. It appears that 

good forest management during a time of changing cli- 
mate differs little from good forest management under 
more static conditions. Increased emphasis must be 

placed, however, on actions such as protecting climatic 

refugia and providing habitat connectivity parallel to en- 
vironmental gradients. 
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PERSPECTIVES: CLIMATE CHANGE 

Managing Forests After Kyoto 
Ernst-Detlef Schulze, Christian Wirth, Martin Heimann 

The global carbon cycle is character- 
ized by large natural fluxes into and 
out of oceans and terrestrial vegeta- 

tion. These fluxes result in a small net 
sink (meaning that carbon is absorbed 
from the atmosphere into land and 
oceans), which partly compensates the 
anthropogenic fossil fuel emissions that 
are the main carbon source for the atmo- 
sphere today (1, 2). In view of the likely 
climatic effects of increasing CO2 con- 
centrations, the Kyoto protocol was nego- 
tiated with the aim of reducing fossil fuel 
emissions. The protocol also suggests 
that management of natural terrestrial 
carbon sinks, primarily afforestation and 
reforestation at a global scale, can in- 
crease sink strength and thus reduce at- 
mospheric CO2. In the following, we dis- 
cuss problems associated with the defini- 
tion of carbon sinks and analyze conse- 
quences of fire and harvest in relation to 
forest stand age. In contrast to the sink 
management proposed in the Kyoto pro- 
tocol, which favors young forest stands, 
we argue that preservation of natural old- 
growth forests may have a larger effect 
on the carbon cycle than promotion of re- 
growth. 

The Kyoto protocol evoked an un- 
precedented effort in biogeochemical sci- 
ences. As nations were asked to verify the 
anthropogenic contribution to the terres- 
trial carbon sink at scales ranging from 
plots to continents, large uncertainties 
emerged. Continental-scale carbon fluxes 
estimated from forest inventories, eddy 
flux measurements, and atmospheric in- 
verse model studies led to conflicting re- 
sults when compared for the same region. 
For example, sink estimates range be- 
tween 0.2 and 1.3 gigatons per year 
(Gt/year) for the continental United States 
(3, 4), between 0.01 and 1.3 Gt/year for 
Siberia (5, 6), and between 0.2 and 0.4 
Gt/year for Europe (7, 8). These uncer- 
tainties arise from the fact that the differ- 
ent methods measure different fluxes of 
the terrestrial carbon cycle at different 
temporal and spatial scales. 

The carbon cycle can be classified into 
the following fluxes (see the first figure) 
(9): gross primary production (GPP; car- 
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bon assimilation by photosynthesis ignor- 
ing photorespiration), net primary produc- 
tion (NPP; the fraction of GPP resulting 
in growth when plant respiration, Ra, is 
taken into account), net ecosystem pro- 
duction (NEP; taking the annual budget of 
heterotrophic respiration of soil organ- 
isms, Rh, into account), and net biome 
production [NBP; taking nonrespiratory 
losses such as fire and harvest into ac- 
count (10)]. 

Definitions of these carbon fluxes are 
based on annual budgets. This is conve- 
nient for GPP and NPP, which are input 
fluxes that are well-defined at an annual 
scale. But the terrestrial carbon cycle is a 
highly dynamic system. Especially at the 
decomposition side of the cycle, there are 
intermediate pools that differ in their 
turnover time and "shortcuts" where car- 
bon may return to the atmosphere at a 
higher pace. Carbohydrate pools turn over 
on a daily basis, leaves may stay for sever- 
al seasons, living wood and soil organic 
matter may persist for millennia depend- 
ing on species and environment (for exam- 
ple, more than 4000 years in the wood of 
Bristlecone Pine), and fire may return car- 
bon to the atmosphere instantaneously, al- 
though it also produces long-lived black 
carbon. 

NEP (= GPP - Ra - Rh) captures all 
changes in ecosystem carbon that result 
from the balance of physiological pro- 
cesses of plants and microbes. Being 
more variable, respiration rather than 
assimilation determines the net budget 
(11). NEP can be detected as changes 

in biomass, litter, and 
soil organic carbon (12) 

I in the absence of fire 
and harvest and is thus 
not exclusively associat- 
ed with changes in the 
passive carbon pool. In 
forest ecosystems, most 

C02 CO2 carbon is stored in inter- 
mediate pools contain- 

| _ ing materials like wood, 
Eo litter, or partially de- 

c- c5 X composed organic mat- 
o o ter that range in their 
c _ degree of chemical re- 

anic C^ c duction somewhere be- 
tive tween newly assimilated 

- -_~ sugars and almost inert 
black carbon. All these 
materials potentially 

rboni support future respira- 
irbon cycle. Ar- tion and may be pre- 
ize of the boxes served or activated by 
rrestrial ecosys- external forcing affect- 
icrespiration by ing the physiological 

balance and therefore 
NEP. This can result 

from short-term climatic fluctuations or 
from long-lasting effects of disturbances 
that redistribute carbon between pools of 
different turnover times, for example, 
converting living into dead biomass or 
transfer soil carbon from the passive in- 
to the active pool. 

In NBP, fire and harvest return carbon 
to the atmosphere or export carbon instan- 
taneously. These pulse-like events override 
a short-term balance. Ground fire or thin- 
ning operations may export a fraction of 
the living biomass or the organic layer, 
whereas stand-replacing fires or a full har- 
vest may reset the vegetation to an early 
stage of succession. 

Annual NEP and NBP budgets thus 
represent a sum of many disparate pools 
of the carbon cycle, and interpretation of 
measured flux rates is difficult. It ap- 
pears that only large-scale inventory 
studies that include not only biomass but 
also coarse wood debris and the organic 
layer can capture the stochastic effects of 
disturbance (13), and it remains unclear 
why inventory studies result in lower es- 
timates of the terrestrial sink than in- 
verse models. 

Consider, for example, the changes in 
carbon pools of a boreal pine forest of 
Siberia following a stand-replacing fire 
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(see the figure on this page). The total 
carbon pool of a stand decreases in young 
stands because decomposition of dead 
biomass from the previous forest genera- 
tion results in respiration that is higher 
than the NPP of the regrowth. In a boreal 
forest, it takes decades for NPP to ex- 
ceed Rh. The carbon pool then increases 
rapidly until canopy closure. In contra- 
diction to the ecological equilibrium 
paradigm, the total carbon pool contin- 
ues to increase even in old stands. In bo- 
real forest, this trend of carbon accumu- 
lation is interrupted by repeated ground 
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Age matters. Changes of total ecosystem carbon (top) and of NPP, 
NEP, and NBP fluxes (bottom) with stand age in Siberian pine stands. 
The sequence starts and ends with a stand-replacing fire. The "saw- 
tooth" dents in total ecosystem carbon result from repeated surface 
fires. Downward arrows indicate carbon losses caused by these fires. 
The stands accumulate carbon between fires at a rate indicated by the 
upward slope of the "dents," which represents NEP. The slope of the 
dashed line indicates the short-term NBP, including fire losses. The car- 
bon loss decreases initially because the respiratory losses caused by de- 
composition of coarse wood debris left over from the preceeding forest 
generation are higher than the carbon uptake of the young regrowing 
forest. Inset in top panel: Time to equilibrate carbon export by fire or 
harvest in relation to the life-span of the forest stand (stand-replacing 
fire cycle or rotation period). Under constant conditions, the time re- 
quired to equilibrate carbon exports should be equal to the rotation pe- 
riod (1:1 line). However, with increasing life-span of the stand, propor- 
tionally more carbon can be transferred into a permanent pool of soil 
carbon (passive soil organic matter or black carbon). Therefore, the time 
for equilibration decreases with increasing rotation length, because 
more carbon is generated that cannot be exported. Data from (15). 
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fire (in managed forests by thinning), 
which results in a "sawtooth"-type time 
response (see the top panel in the figure 
on this page). 

Long-term changes in carbon stocks at 
plot scale generally ignore the main carbon 
loss that takes place with stand-replacing 
fires (or final harvest). How long it takes 
to equilibrate this loss depends on the ini- 
tial amount of carbon exported by fire or 
harvest. A fire in a young stand (or a har- 
vest of a fast rotation forest) will export 
less carbon and can be equilibrated faster 
than a fire in an old stand or the harvest- 

ing of long rotation 
managed forest. Un- 
der constant condi- 
tions of resource sup- 
ply and climate, it 
will take about the 
same amount of time 
to replace the export- 
ed biomass as it took 
to grow it (see inset 
in top panel in the 
figure on this page). 
There is thus no dif- 
ference between short 
and long rotations, 
except that old stands 
allow more carbon to 
enter a permanent 
carbon pool. This is 
because the perma- 
nent turnover of leaves 
and roots will con- 
tribute to the active 
and persistent pool of 
soil organic matter, 
and depending on 
age, ground fires will 
contribute to the for- 
mation of black car- 
bon, so that with each 
rotation (by full har- 
vest or stand-replac- 
ing fire), soil organic 
matter and black car- 
bon are accumulated. 
The fraction set aside 
in this way increases 
with rotation length. 
Monitoring Kyoto 
forest plots over short 
periods of time will 
tend to overestimate 
carbon storage. 

Two major ques- 
tions emerge: Is an 
equilibrium of as- 
similation and res- 
piration at the plot 
or landscape scale 
possible? And are 
forested landscapes 

different in their sink capacity depend- 
ing on whether they have old-growth 
forest or young fast rotating stands (not 
taking into account the large carbon loss 
caused by the reduction of the landscape 
carbon pool associated with a shorten- 
ing of the rotation length)? 

These questions cannot be answered 
with certainty yet, but an increasing 
number of process studies indicate that 
terrestrial forest ecosystems do not reach 
an equilibrium of assimilation and respi- 
ration and act as net carbon sinks until 
high ages (14). We believe that this is be- 
cause the carbon cycle of forests is driv- 
en by the turnover of leaves and roots, 
which will continue to contribute to a 
stable part of soil organic carbon unless 
disturbed by harvest or fire. We also hy- 
pothesize that the accumulation of car- 
bon in a permanent pool increases expo- 
nentially with stand age, because time 
without disturbance is required to chan- 
nel carbon through its cycle into a nonac- 
tive pool of soil organic carbon and the 
production of black carbon depends on 
biomass. 

These arguments indicate that replac- 
ing unmanaged old-growth forest by 
young Kyoto stands, for example, as 
part of a Clean Development Mecha- 
nism or during harvest of previously un- 
managed old-growth forest stands as 
part of forest management (the latter 
does not gain credits under the Kyoto 
protocol), will lead to massive carbon 
losses to the atmosphere mainly by re- 
placing a large pool with a minute pool 
of regrowth and by reducing the flux in- 
to a permanent pool of soil organic mat- 
ter. Both effects may override the antici- 
pated aim, namely to increase the terres- 
trial sink capacity by afforestation and 
reforestation. 
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Consistent Land- and 

Atmosphere-Based U.S. Carbon 

Sink Estimates 
S. W. Pacala,l* G. C. Hurtt,3 D. Baker,2 P. Peylin,4 

R. A. Houghton,5 R. A. Birdsey,6 L. Heath,6 E. T. Sundquist,7 
R. F. Stallard,8 P. Ciais,9 P. Moorcroft,' J. P. Caspersen,1 
E. Shevliakova,l B. Moore,3 G. Kohlmaier,10 E. Holland," 
M. Gloor,1 M. E. Harmon,12 S.-M. Fan,2 J. L. Sarmiento,2 

C. L. Goodale,13 D. Schimel,1 C. B. Field13 

For the period 1980-89, we estimate a carbon sink in the coterminous United 
States between 0.30 and 0.58 petagrams of carbon per year (petagrams of 
carbon = 1015 grams of carbon). The net carbon flux from the atmosphere to 
the land was higher, 0.37 to 0.71 petagrams of carbon per year, because a net 
flux of 0.07 to 0.13 petagrams of carbon per year was exported by rivers and 
commerce and returned to the atmosphere elsewhere. These land-based es- 
timates are larger than those from previous studies (0.08 to 0.35 petagrams of 
carbon per year) because of the inclusion of additional processes and revised 
estimates of some component fluxes. Although component estimates are un- 
certain, about one-half of the total is outside the forest sector. We also 
estimated the sink using atmospheric models and the atmospheric concentra- 
tion of carbon dioxide (the tracer-transport inversion method). The range of 
results from the atmosphere-based inversions contains the land-based esti- 
mates. Atmosphere- and land-based estimates are thus consistent, within the 
large ranges of uncertainty for both methods. Atmosphere-based results for 
1980-89 are similar to those for 1985-89 and 1990-94, indicating a relatively 
stable U.S. sink throughout the period. 
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North American sink of 1.7 Pg C year-' for 
1988-92, with 1.4 Pg C year-' south of 
51?N (4), whereas others estimate a much 
smaller sink (i.e., 0.5 Pg C year-' for the 
entire continent) (5-7). Land-based analyses 
for the United States in the 1980s suggest a 
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distribution of net annual primary productiv- 
ity from (13). With the same adjustment, the 
estimated North American sink of 1.4 Pg C 
year-1 south of 51?N translates to a sink in 
the coterminous United States of 0.84 Pg C 
year-'. Comparing estimates for the same 
land area reduces the discrepancy between 
(4) and the land-based range, but 0.81 to 0.84 
Pg C year-' is still more than twice the 
largest published land-based estimate (8). 

3) Published land-based studies include 
only a part of the net atmosphere-to-ground 
flux estimated by atmospheric inversions. Ta- 
ble 1 itemizes eight fluxes that contributed to 
the net atmosphere-to-ground flux in the co- 
terminous United States during the 1980s. 
Each published land-based study has, by de- 
sign, included only a subset of the terms in 
Table 1. The most complete such analysis (8) 
included five of the eight terms [see Hough- 
ton et al. (8) in Table 1], whereas the U.S. 
Forest Service (USFS) estimate (12) included 
three [see Birdsey and Heath (12) in Table 1]. 
In addition, Houghton et al. (8) attempted to 
estimate only part of the accumulation of 
carbon in forests-the portion caused by land 
use. In contrast, Birdsey and Heath (12) at- 
tempted to estimate all changes in forest car- 
bon. Estimates from ecosystem models 
present similar challenges. The models in the 
recently published VEMAP study estimated a 
small sink in the coterminous United States 
(0.08 ? 0.02 Pg C year-1) for the period 
from 1980 to 1993 (14). However, these 
models excluded four of the eight terms in 
Table 1 (rows 5 to 8), as well as processes 
such as agricultural abandonment, fire sup- 
pression, and forest harvesting that play a 
dominant role in land-based analyses of the 
remaining terms (rows 1 to 4). 

Collectively, the first six rows in Table 1 
give the annual change in the total carbon 
inventory: the mass of carbon inside the co- 
terminous United States in 1990 minus that in 
1980, divided by 10. Carbon may accumulate 
in forests as living (row 1) or nonliving (row 
2) organic matter, in agricultural soils (row 
3), and in other ecosystems (row 4, i.e., the 
response of western rangelands to fire sup- 
pression). Carbon may also accumulate in 
wood products both in use and in landfills 
(row 5) and in sediments of reservoirs and 
rivers (row 6, including alluvium and collu- 
vium). The final two terms (rows 7 and 8) 
account for surface exports and imports: the 
mass of atmospheric carbon fixed by U.S. 
ecosystems and then exported by rivers and 
commerce, minus the amount imported and 
released to the atmosphere (e.g., consumption 
of imported food inside the United States). 
These last two terms affect the net atmo- 
sphere-to-United States flux estimated by an 
inversion, but not the size of the global car- 
bon sink. 

To make a direct comparison of flux esti- 
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mates for the same time period, land area, and 
set of biogeochemical fluxes, we compared 
the comprehensive land-based analysis in Ta- 
ble 1 with a corresponding suite of atmo- 
sphere-based inverse estimates [Peylin et al. 
(15)]. The atmospheric inverse analyses were 
designed to span a range of techniques cur- 
rently used (15). We include 81 cases: 3 
atmospheric models x 3 spatial resolu- 
tions X 3 temporal resolutions X 3 time 
periods. To assess the temporal variability of 
the U.S. sink, we provide atmospheric in- 
verse estimates for 1985-89 and 1990-94, in 
addition to 1980-89. 

Land- and atmosphere-based estimates 
broadly agree, but the land-based estimates 
have a narrower range of uncertainty (Fig. 1). 
We now itemize the estimation of each of the 
eight rows in Table 1. 

1) We used the USFS estimates of carbon 
accumulation in forest trees for the 247 mil- 
lion ha of commercial and noncommercial 
forest in the coterminous United States dur- 
ing the 1980s (16). USFS estimates were 
issued in 1977, 1987, and 1992, and the lower 
bound in Table 1 is an interpolation for 
1980-89 (12). The flux is positive because 

regrowth exceeded harvest in the eastern half 
of the United States, as it has for the past 50 
years (12). The raw measurements include 
tree diameter and species every 5 to 13 years 
for literally millions of trees (16). Allometric 
equations convert these to carbon content, 
which are then differenced to produce a flux. 
The upper bound in Table 1 reflects uncer- 
tainty about allometric relations (16). 

2) Because the USFS forest survey pro- 
gram has not historically included systematic 
measurements of litter, woody debris, slash, 
and mineral soil, land-based analyses rely on 
models to estimate changes in nonliving for- 
est carbon. The idea is to model the historical 
production of dead organic matter caused by 
harvesting, land use change, fire, other natu- 
ral mortality, and tissue death and to predict 
its decomposition with an ecosystem model. 
Although published estimates of changes in 
dead organic matter in forests cover a very 
wide range (values of -0.01, 0.01, and 0.18 
Pg C year-1), we think that the first two of 
these values are underestimates, whereas the 
third is an overestimate (16). We thus sup- 
plemented published estimates using two re- 
cent models, an updated version of the USFS 

Table 1. Sinks of carbon for 1980-90 in the coterminous United States (Pg C year-'1). 

Land area 
Houghton Birdsey and 

Category Low High 1980-90 et at. (8) Heath (12) 
(106 ha) 

Forest trees 0.11 0.15 247-247 0.06* 0.11 
Other forest 0.03 0.15 247-247 -0.01 0.18 

organic matter 
Cropland soils 0.00 0.04 185-183 0.14 
Nonforest, 0.12t 0.13t 334-336$ 0.12 

noncropland 
(woody 
encroachment) 

Wood products 0.03 0.07 - 0.03 0.03 
Reservoirs, 0.01 0.04 - - 

alluvium, 
colluvium 

Exports minus 0.04 0.09 - 

imports of 
food, wood 

Fixed in United 0.03 0.04 - 
States but 
exported by 
rivers 

Apparent? U.S. 0.25 0.58 766 0.15-0.2311 0.31 
sink without 
woody 
encroachment 

Apparent? U.S. 0.37 0.71 766 0.15-0.3511 - 

sink including 
woody 
encroachment 

Sinkl 0.30 0.58 766 0.15-0.3511 0.31 

*Assumes that the 0.05 Pg C year-' estimated in (8) to be accumulating in western pine woodlands as a result of fire 
suppression is assigned to forest instead of row 4. tThese numbers are not bounds, but rather the only two existing 
estimates. t Total area for all lands other than forest and croplands. Possible woody encroachment because of fire 
suppression on up to about two-thirds of this land (10, 16). ?By "apparent" sink, we mean the net flux from the 
atmosphere to the land that would be estimated in an inversion. It includes all terms in the table. IlLower bound 
reflects uncertainty in the estimates for the effects of fire suppression. ?Excludes sinks caused by the export/import 
imbalance for food and wood products and river exports because these create corresponding sources outside the United 
States. 
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FORCARB model (17, 18) and the Ecosys- 
tem Demography (ED) model (16, 19). The 
FORCARB model uses the USFS forest in- 
ventory data to drive the historical inputs of 
dead organic matter, but the model does not 
explicitly account for the effects of the large 
reduction in fire frequencies before the USFS 
inventories were initiated (17). ED is a mech- 
anistic ecosystem model with a simple model 
of fire that reproduces approximately the his- 
torical sequence of fire frequencies (16, 19). 
We forced ED with a reconstruction of land 
use for the coterminous United States from 
1700 to the present (16). The two models 
provided consistent upper bounds for the ac- 
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carbon (16). olating the results from a modeling study of 
1 combines increased crop productivity and field studies 

:umulation of of no-till agriculture and the Conservation 
17, 20) with Reserve Program (16). We view the much 

,umulation of larger value reported in (8) as an overestimate 
(16). The lower bound in Table 1 was ob- 

/ have led to tained from recent studies with the CENTU- 
U.S. agricul- RY model in which warm temperatures and 
Reserve Pro- droughts during the 1980s offset the compar- 
ductive crop- atively small increases in carbon storage 
expanded use caused by no-till agriculture and the Conser- 
oved produc- vation Reserve Program (14). 
ieties and in- 4) Before the middle of the 19th century, 
upper bound about 80 million ha of land burned annually, 

itially extrap- mostly in unforested parts of the western 
United States (10). The area burned has now 
been reduced by more than 95%, and woody 
plants that were historically excluded by re- 
current fire are now encroaching over large 

1980-1989 areas. Field studies report accumulations of 
more than 1 Mg of C ha-' year-' in nonfor- 
ested biomes that are usually used for graz- 
ing, such as juniper woodland, mesquite sa- 
vanna, and oak savanna (16). Because the 
extent of this woody encroachment is not 
known, we cannot estimate reliable upper and 

Land- lower bounds. The values in Table 1 repre- 
Based sent the only two large-scale estimates that 
Range we know of for the coterminous United 

States. The value of 0.12 Pg C year-' was 
obtained by multiplying observed rates of 
carbon uptake caused by woody encroach- 
ment by an estimate of the land area experi- 
encing encroachment (8), whereas the value 

1985-1989 of 0.13 Pg C year- was predicted by the ED 
model (16). Of the eight separate items in the 
budget in Table 1, there is a substantial like- 
lihood that the correct value lies outside of 
the reported range only in the case of woody 
encroachment. 

5) Wood products create a carbon sink 

Based because they accumulate both in use and in 

Range landfills. Although the flow of carbon into 
this pair of pools is relatively easy to estimate 
from wood production data, the outflow is 
more uncertain. Previous estimates of the 
wood products sink include two for the 1980s 
of 0.03 Pg C year-' from entirely different 

1990-1994 models [(8) and (12)], one of 0.05 Pg C 
year-1 (21), and one of 0.07 Pg C year-1 
(22). Our lower bound in Table 1 is from (8) 
and (12), and the upper bound is from (22). 

6) We estimate that 0.01 to 0.04 Pg C 
year-' is buried in U.S. reservoirs, alluvium, 
and colluvium. We derive this estimate using 

Land- a subset of the reservoir sedimentation data in 
Based (23), extrapolated to a nationwide inventory 
Range of about 68,000 dams (24) and combined 

with a range of estimates for net carbon burial 
in alluvium and colluvium. At the upper end 
of this range, carbon accumulation in alluvi- 
um and colluvium is about equal to accumu- 
lation in reservoir sediments. At the lower 
end, the accumulation in reservoir sediments 
is partially offset by a net release of carbon 
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from oxidation and erosion of previously de- 
posited alluvium and colluvium. 

7) The United States exports more carbon in 
agricultural and wood products than it imports. 
Agricultural products and especially grains, oil- 
seeds, and oilseed cakes dominate this imbal- 
ance. Trade statistics from the Food and Agri- 
culture Organization and the U.S. Department 
of Agriculture (USDA) (16) indicate that car- 
bon exports exceeded imports by 0.03 to 0.05 
Pg C year- . Together with the wood products 
imbalance of 0.004 to 0.005 Pg C year-1, this 
provides the lower bound of 0.04 Pg C year-1 
in Table 1. An independent analysis (25) of the 
USDA data places the agricultural trade imbal- 
ance for North America at up to 0.1 Pg C 
year-l and leads to our upper bound of 0.09 Pg 
C year-1. 

8) The export of carbon by rivers to the 
sea is another small but important cause of 
the net atmosphere-to-land carbon flux. From 
published data, combined with an analysis of 
recent data from the U.S. Geological Survey 
(16), we estimate the export of dissolved 
organic carbon and particulate organic carbon 
each to be somewhat less than 0.01 Pg C 
year-' and the export of dissolved inorganic 
carbon to be about 0.03 to 0.04 Pg C year-. 
Assuming that about one-half of the dis- 
solved inorganic carbon flux is derived from 
carbonate minerals rather than from atmo- 
spheric CO2, we estimate the atmosphere-to- 
ground flux of CO2 due to river export to be 
0.03 to 0.04 Pg C year- . 

The 81 atmospheric inversions were ar- 
ranged in a 3 x 3 x 3 x 3 design of three 
time periods, three atmospheric transport 
models, three spatial resolutions, and three 
temporal resolutions. See Peylin et al. (15) 
and (16) for a complete description of the 
methods. In all cases, the CO2 concentration 
data came from a global network of flask 
sampling stations (16, 26). The three atmo- 
spheric models were GCTM, which uses 
model-derived climatological winds (27), 
and TM2 and TM3, which are forced with 
winds calculated from meteorological data 
(28). The three spatial resolutions were 7, 12, 
or 17 global regions, with separate surface 
flux estimate(s) for each region. North Amer- 
ica was a single region in the 7-region inver- 
sions and divided into two parts in the 12- 
and 17-region inversions [see the map in the 
supplemental material (16)]. Within a terres- 
trial region, the spatiotemporal pattern of the 
estimated flux was given by the CASA bio- 
sphere model in the GCTM inversions (13) 
and by the SiB2 model in the TM2 and TM3 
inversions (16). This allows us to calculate 
the fraction of the estimated sink occurring 
within the coterminous United States. The 
three temporal resolutions were (i) annual- 
average inversion with annual-average data, 
(ii) annual-average inversion with monthly- 
average data, and (iii) seasonal inversion with 

monthly-average data. In the first, we aver- 
aged over the seasonal cycle in the data and 
estimated only a single average CO2 flux per 
region. In the second, we retained the season- 
al cycle in the data but still estimated only the 
average flux for each region. In the third, we 
both retained the seasonal cycle in the data 
and estimated the seasonal cycle of the fluxes 
in each region [additional details in (16)]. 

Collectively, the land- and atmosphere- 
based estimates in Table 1 and Fig. 1 indicate 
a large carbon sink in the coterminous United 
States. The sink, which stores between one- 
third and two-thirds of a billion tons of car- 
bon annually, is about evenly divided be- 
tween the forest and nonforest sectors. Addi- 
tional data are essential to refine the esti- 
mates, especially for nonforested regions 
experiencing woody encroachment and for 
soils in all ecosystems. 

Comparing estimates for the same land 
area and set of biogeochemical fluxes elimi- 
nates much of the discrepancy between land- 
based and atmospheric estimates. Inversion 
and land-based estimates are consistent be- 
cause the former contain the latter's range 
(Fig. 1). However, this conclusion is weak- 
ened by the large variation among inversions, 
especially when one considers that each at- 
mospheric estimate is itself highly uncertain, 
with a standard deviation averaging 0.25 Pg 
C year-1 (15). As indicated previously (29), 
the longitudinal resolution of the inverse 
modeling methods in this study must be im- 
proved to provide practically useful estimates 
of carbon sources and sinks for individual 
countries or continents. Nonetheless, some 
inverse modeling methods appear to be more 
consistent with the land-based estimates than 
others. First, annual-average inversions with 
monthly-average data yield much more vari- 
able estimates for the United States than the 
other methods (Fig. 1) (15). Annual-average 
inversions with annual-average data are inter- 
mediate, and seasonal inversions with month- 
ly-average data appear to be the least variable 
(Fig. 1) (15). Second, in 1980-89 and 1985- 
89, the 7-region seasonal inversions (left col- 
umn in Fig. 1, two upper panels) produce 
fluxes consistently beneath the land-based 
range, whereas the 12- and 17-region inver- 
sions are in better agreement with it. In the 
remaining cases, the 7-region inversions also 
tend to be lower than the others. The reason 
for this pattern appears to be that boreal 
North America is estimated as a strong source 
in the 12- and 17-region inversions in 1980- 
89 and 1985-89 (15, 16). The counteracting 
sink in temperate North America and source 
in boreal North America produce a lower 
average flux when they are estimated togeth- 
er, as in our 7-region inversions with a single 
North American region. The seasonal inver- 
sions with 12 or 17 regions appear to be 
consistent with the land-based range over all 

time periods. As discussed by Peylin et al. 
(15), it is possible that the seasonal cycle or 
the relatively short correlation lengths asso- 
ciated with estimation of monthly fluxes pro- 
vide the signal necessary for robust estima- 
tion of terrestrial fluxes. 

Comparison of the results for different 
time periods reveals a remarkably steady 
net atmosphere-to-ground flux in the coter- 
minous United States from 1980-94 (Fig. 
1) [Web tables 3, 4, and 5 in (16)]. Al- 
though this is in part the result of taking 5- 
or 10-year averages over the interannual 
fluctuations (3), the relative constancy of 
the U.S. sink is surprising because the early 
1990s were, relative to the 1980s, a period 
of reduced growth in atmospheric CO2 and 
large global terrestrial carbon sink (2, 3). 
Our inversion estimates imply that terres- 
trial regions outside the United States, par- 
ticularly in the tropics, were responsible for 
the large observed fluctuations in the global 
sink (15, 16). 
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Recent studies have shown that the mid- and 
high-latitude forests in the Northern Hemi- 
sphere are functioning as a significant sink 
for C (1-4). These findings have been con- 
firmed by several studies, mainly from North 
America and European countries using forest 
inventories (5-8). A long history of agricul- 
tural exploitation, forest management prac- 
tice, and changing land use and forestry pol- 
icies suggest that China, too, plays an impor- 
tant role in the global C cycle (9, 10). China 
has 133.7 million hectares of forested land 
(11) that range from tropical forests in the 
south to boreal forests in the north. Nation- 
wide afforestation and reforestation programs 
have been in effect since the 1970s. To re- 
duce the uncertainty in estimating C sinks, 
well-designed and statistically sound national 
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forest inventories over the long term, com- 
bined with direct field measurements of C 
stocks from local sample plots, may provide 
the best data sources for accurately quantify- 
ing C sinks and their dynamics at large scales. 

Here, we used the National Forest Re- 
source Inventory database for China collected 
from 1949 to 1998 for 5- to 10-year periods 
(11, 12) and a forest biomass database ob- 
tained from direct field measurements (13, 
14) to estimate forest biomass C storage and 
its spatiotemporal distributions. The forest 
inventory database is based on the Forest 
Resource Inventory of China (FRIC), which 
spans seven periods: 1949, 1950-62, 1973- 
76, 1977-81, 1984-88, 1989-93, and 1994- 
98 (11, 12, 15). These inventories, excluding 
FRIC from 1949 which was derived from an 
assessment report (11, 16), were compiled 
from more than 250,000 plots (160,000 per- 
manent sample plots plus 90,000 temporary 
sample plots) across the country. Systematic 
sampling with a grid of 2 km by 2 km or 4 km 
by 4 km and an area of 10 m by 10 m was 
used depending on forest region. Forest area 
and timber volume by age class as well as by 
forest type were documented at provincial 
levels. Unfortunately, these forest inventories 
do not provide detailed information about 
forest biomass; only the commercial portion 
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(such as timber volume) is available. To use 
timber data to estimate all forest biomass, a 
biomass expansion factor (BEF, defined as 
the ratio of all stand biomass to growing 
stock volume), which converts timber vol- 
ume to mass and accounts for noncommercial 
components, such as branches, roots, and 
leaves, must be calculated. The forest bio- 
mass database obtained from direct field 
measurements (17) was used to determine 
BEF values for each forest type using a lit- 
erature review of forest biomass studies in 
China (14). 

Recent studies (8, 13, 18, 19) suggest that 
BEF is not constant, but varies with forest age, 
site class, stand density, and other biotic and 
abiotic factors that are closely associated with 
relative stand density, and can be expressed as 
a function of timber volume. Here, we used a 
function expressed as BEF = a + blx, to obtain 
a variable BEF value for each forest type, 
where x is timber volume and a and b are 
constants for a forest type (13) (Table 1). Using 
the method published by Fang et al. (13), forest 
inventory data, and parameters listed in Table 1, 
forest biomass (including all living trees and 
shrubs) for each forest type was calculated at 
both provincial and national levels for all seven 
periods (20). 

Total forest biomass C (Table 2) de- 
creased from 5.06 Pg of C (Pg C) in 1949 to 
4.38 Pg C in 1977-81, and then increased by 
4.75 Pg C over the period 1980-98, mainly 
due to changes in land use, population 
growth, and economic policy changes. Since 
the new social system was established in 
1949, rapidly increasing population and eco- 
nomic development have resulted in in- 
creased forest exploitation across the country 
(11). By 1949, Chinese forests accumulated 
the largest C storage (5.06 Pg C) and area- 
weighted mean C density (49.45 Mg ha-'), 
due to a larger area of primary forests that 
have high biomass density. Since then, forest 
C storage has significantly decreased by 0.68 
Pg C, with a mean rate of 0.022 Pg C year-' 
(ranging from 0.01 to 0.04 Pg C year-') from 
1949 to the end of the 1970s. For this period, 
the policy of forest exploitation led to soil 
erosion, widespread desertification, loss of 
biodiversity, land degradation, and catastrophic 
flooding (21). Since the 1970s, however, the 
Chinese government has implemented several 
ecological restoration projects, including the 
Three-North Protective Forest Program, South 
China Timber Production Program, Rivers Pro- 
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Changes in Forest Biomass 

Carbon Storage in China 

Between 1949 and 1998 

Jingyun Fang,'* Anping Chen,' Changhui Peng,2 Shuqing Zhao,' 

Longjun Ci3 

The location and mechanisms responsible for the carbon sink in northern 
mid-latitude lands are uncertain. Here, we used an improved estimation method 
of forest biomass and a 50-year national forest resource inventory in China to 
estimate changes in the storage of living biomass between 1949 and 1998. Our 
results suggest that Chinese forests released about 0.68 petagram of carbon 
between 1949 and 1980, for an annual emission rate of 0.022 petagram of 
carbon. Carbon storage increased significantly after the late 1970s from 4.38 
to 4.75 petagram of carbon by 1998, for a mean accumulation rate of 0.021 
petagram of carbon per year, mainly due to forest expansion and regrowth. 
Since the mid-1970s, planted forests (afforestation and reforestation) have 
sequestered 0.45 petagram of carbon, and their average carbon density in- 
creased from 15.3 to 31.1 megagrams per hectare, while natural forests have 
lost an additional 0.14 petagram of carbon, suggesting that carbon sequestra- 
tion through forest management practices addressed in the Kyoto Protocol 
could help offset industrial carbon dioxide emissions. 
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We present an estimate of net CO2 exchange between the terres-
trial biosphere and the atmosphere across North America for every
week in the period 2000 through 2005. This estimate is derived
from a set of 28,000 CO2 mole fraction observations in the global
atmosphere that are fed into a state-of-the-art data assimilation
system for CO2 called CarbonTracker. By design, the surface fluxes
produced in CarbonTracker are consistent with the recent history
of CO2 in the atmosphere and provide constraints on the net
carbon flux independent from national inventories derived from
accounting efforts. We find the North American terrestrial bio-
sphere to have absorbed �0.65 PgC/yr (1 petagram � 1015 g;
negative signs are used for carbon sinks) averaged over the period
studied, partly offsetting the estimated 1.85 PgC/yr release by
fossil fuel burning and cement manufacturing. Uncertainty on this
estimate is derived from a set of sensitivity experiments and places
the sink within a range of �0.4 to �1.0 PgC/yr. The estimated sink
is located mainly in the deciduous forests along the East Coast
(32%) and the boreal coniferous forests (22%). Terrestrial uptake
fell to �0.32 PgC/yr during the large-scale drought of 2002,
suggesting sensitivity of the contemporary carbon sinks to climate
extremes. CarbonTracker results are in excellent agreement with a
wide collection of carbon inventories that form the basis of the first
North American State of the Carbon Cycle Report (SOCCR), to be
released in 2007. All CarbonTracker results are freely available at
http://carbontracker.noaa.gov.

carbon cycle � greenhouse gases � data assimilation � biogeochemistry �
atmospheric composition

Projections of future CO2 levels in the atmosphere and the
associated climate forcing, as well as our ability to control

CO2 levels, depend substantially on our scientific understanding
of the natural carbon cycle. Its current capacity to absorb close
to half of the carbon released from fossil fuel burning is not
guaranteed to grow along with rapidly rising man-made emis-
sions or to even continue at its present-day magnitude. More-
over, natural emissions themselves might increase as a result of
already observable rapid warming in parts of the Arctic (1),
where large carbon reservoirs are buried beneath the perma-
frost. Major national and international programs to study the
carbon cycle are therefore underway.

The National Oceanic and Atmospheric Administration’s
(NOAA’s) Earth System Research Laboratory (ESRL) moni-
tors CO2 in the atmosphere as a contribution to the North
American Carbon Program (NACP) (2). Mole fractions of CO2
are determined with an accuracy of 0.1 parts per million (ppm)
from surface air samples collected around the globe and from
tall towers and small aircraft in North America. These measure-
ments form a record of integrated net CO2 exchange from
multiple processes, geographic areas, and times.

In addition, carbon exchange is monitored locally (�1 km2)
from a worldwide collection of surface flux measurements in
different ecosystems and through periodic inventories of carbon
in oceans, forests, and soils. The latter provide long-term
constraints on the size of the different carbon pools. Monitoring
of the carbon cycle through satellites mostly targets specific
processes such as biomass burning, land-use change, or seasonal
plant growth. Direct satellite observations of CO2 are available
already for the upper troposphere (3), whereas near-surface CO2
from space will become available within several years to augment
the current efforts.

To integrate this diversity of data into a consistent estimate of
surface CO2 exchange, the NOAA ESRL has built a new data
assimilation system called CarbonTracker. It is used to retroac-
tively analyze (reanalyze) the recent flux history of CO2, using
a state-of-the-art atmospheric transport model coupled to an
ensemble Kalman filter. Currently, CarbonTracker assimilates
only atmospheric CO2 mole fractions, but efforts to expand it to
assimilate observations of other trace gases in the atmosphere
(13CO2, 14CO2, CH4) and other observation types (eddy-flux
measurements, satellite radiances) are underway. Specifically,
such observations could facilitate attribution of carbon fluxes to
specific processes such as fossil fuel burning, biomass burning, or
agricultural food and biofuel production.

One of the main innovations in CarbonTracker is the use of
daily CO2 values derived from continuous observations from a
network of tall towers. These data were not available in similar
previous studies (4–7) but are potentially highly informative on
regional exchange patterns because they represent direct sam-
ples of the resulting strong gradients in space and time. The
ability to use these data comes from the improved skill of our
atmospheric transport model, the efficiency of the ensemble
Kalman filter in solving large optimization problems, and the
inclusion of subdaily variability in the surface flux models we try
to optimize.

In this work, we introduce CarbonTracker and analyze the
recent flux history it produces. We compare its regional esti-
mates for North America with an independent ‘‘bottom-up’’
estimate that is part of the State of the Carbon Cycle Report
(SOCCR) (8). This document, created as part of the U.S.

Author contributions: P.P.T. designed research; C.S., A.E.A., T.J.C., D.E.J.W., G.R.v.d.W.,
J.T.R., and P.O.W. contributed data; A.R.J., K.M., J.B.M., L.M.P.B., G.P., A.I.H., and M.C.K.
performed research; and W.P. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

‡To whom correspondence should be addressed. E-mail: wouter.peters@noaa.gov.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0708986104/DC1.

© 2007 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0708986104 PNAS � November 27, 2007 � vol. 104 � no. 48 � 18925–18930

EN
V

IR
O

N
M

EN
TA

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/content/full/0708986104/DC1
http://www.pnas.org/cgi/content/full/0708986104/DC1


Climate Change Science Program and scheduled for release in
the summer of 2007, is exclusively based on inventory data
because atmosphere-based estimates were deemed too coarse
and uncertain to report. We also assess CarbonTracker’s skill in
reproducing CO2 observations from light aircraft not used in the
assimilation, as an independent check on the realism of the
estimated fluxes and vertical transport. This is specifically rele-
vant for CarbonTracker’s role in evaluating column average CO2
observations that can be obtained from space-based sensors.
CarbonTracker demonstrates the feasibility of monitoring the
carbon cycle in substantial detail from high-quality atmospheric
CO2 observations.

Assimilating CO2

The principles behind CarbonTracker are similar to other data
assimilation systems. It starts by forecasting atmospheric CO2
mole fractions around the globe from a combination of CO2
surface exchange models and an atmospheric transport model
driven by meteorological fields from the European Centre for
Medium-Range Weather Forecasts (ECMWF). The resulting
three-dimensional CO2 distribution is then sampled at the time
and location that observations are available, and the difference
between observations and model forecast is minimized. This
minimization is achieved by tuning a set of linear scaling factors
that control the magnitude of the surface fluxes for larger, but
subcontinental, geographical areas. Once the value of each of the
scaling factors is determined in many consecutive assimilation
cycles, the 6-yr history of surface CO2 exchange at 1° � 1° can
be readily constructed.

In addition to CO2 mole fractions from all analyzed air
samples from the NOAA ESRL Cooperative Air Sampling
Network, we use daytime average mole fractions derived from
continuous CO2 time series at five towers [all calibrated against
the world CO2 standard (9)]: (i) the 396-m (above ground) level
of the WLEF-TV tower near Park Falls, Wisconsin; (ii) the
107-m level of a cell phone tower near Argyle, Maine; (iii) the
457-m level of the KWKT-TV tower near Moody, Texas; (iv)
the 40-m level of the tower in Fraserdale, Canada, operated by
Environment Canada (EC); and (v) the 23-m level of the tower
at Candle Lake, Canada, operated by EC. Other daytime average
time series used are from the NOAA ESRL observatories at
Barrow, Mauna Loa, Samoa, and the South Pole, and the
continuous analyzer at Alert, Canada, operated by EC. The
continuous data exhibit large variations on synoptic time scales
resulting from the fact that changing wind directions bring
different CO2 signals to the sensors. These gradients, together
with the modeled wind directions, inform the data assimilation
system on regional f lux differences. The total number of obser-
vations available (�28,000) is small for data assimilation appli-
cations but the largest used in an atmosphere-based CO2 esti-
mate so far. Details on data treatment and a list of all of the sites
is included in supporting information (SI) Appendix.

Transport of atmospheric CO2 is simulated by using the global
two-way nested transport model TM5. TM5 is an offline model
driven by 3- to 6-h meteorological parameters taken from the
operational forecast of the ECMWF model (10). In this work,
TM5 is run at a global 6° � 4° resolution with nested regions over
North America (3° � 2°) and the United States (1° � 1°) (11).
The choice of transport model is important in atmospheric CO2
inverse modeling because the estimated fluxes were shown to be
sensitive to vertical and horizontal transport (12). TM5 has been
evaluated extensively and consistently performs well in ongoing
intercomparisons. Possible biases in its vertical transport are
assessed at the end of this article and in SI Appendix.

We consider net CO2 surface exchange from fossil fuel
burning, fires, terrestrial biosphere exchange, and exchange with
the oceans. Fossil fuel and fire emissions are fixed based on
bottom-up estimates of their distribution and magnitude,

whereas biospheric and oceanic fluxes are adjusted to match the
atmospheric CO2 record. This choice reflects our faith in
inventory-based emissions for fossil fuels and our lack of atmo-
spheric observations to constrain tropical biomass burning CO2
fluxes in this framework. Details on the applied surface fluxes
are included in SI Appendix. The four processes considered drive
instantaneous CO2 fluxes in the model according to

F�x, y, t� � �r�Fbio�x , y , t� � � r�Foce�x , y , t� � F ff�x , y , t�

� F fire�x , y , t� , [1]

where �r represents a set of linear scaling factors for each week
and each region (r) to be estimated in the assimilation. To create
the spatial distribution of regions, the terrestrial biosphere is
divided up according to ecosystem type and continent. Nineteen
possible ecosystem types summarized in SI Appendix are there-
fore considered in each of 11 global land areas as in Gurney et
al. (12), yielding a total of 25 ecoregions out of a possible 38
represented in boreal and temperate North America. The 13
ecosystem types not optimized for North America are either not
represented (tropical forests in the boreal regions, for instance)
or explicitly excluded based on physical considerations (e.g.,
deserts and polar ice caps were assumed to have zero carbon
flux). Similarly, the ocean is divided into 11 large basins encom-
passing large-scale ocean circulation features. Thus, a total of
r � 135 scaling factors are optimized globally each week. The
ensemble system used to solve for the scalar multiplication
factors is similar to that in Peters et al. (13). Details of the
ensemble Kalman filter design are discussed in SI Appendix.

Relatively high temporal and spatial f lux variations are rep-
resented in the fluxes Fbio(x, y, t) and Foce(x, y, t) based on
prescribed 3-h meteorological variables (e.g., sunlight, temper-
ature, wind speed, surface pressure) and high-resolution input
datasets (see SI Appendix) and not derived from atmospheric
CO2 observations. This recognizes the limited capacity of our
network to sense CO2 fluxes at the scales of individual counties
or even states. Instead, we rely on mechanistic models to provide
the high-frequency variations and optimize CO2 fluxes over
broader areas and time scales based on the available observa-
tions. The flux patterns at 1° � 1° shown in this work are thus the
convolution of optimized parameters �r and fluxes Fbio(x, y, t)
and Foce(x, y, t).

A cautionary note is that the high-resolution pattern pre-
scribed to the system will influence the 1° � 1° results we present.
Shortcomings in the high-resolution flux modules (such as the
distribution of country total fossil fuel emissions by population
density instead of using maps of power generation, energy
consumption, and traffic density) are therefore also part of our
final product. Although we have included specific sensitivity tests
in SI Appendix to address some of these shortcomings, we caution
anyone that the 1° � 1° results should not be interpreted without
due consideration of the modeling framework chosen in this
study.

Throughout the rest of this work, we will focus on results for
North America (global f lux estimates can be found in SI Ap-
pendix). We adopt the convention that negative fluxes denote a
net loss of atmospheric CO2 and a gain by a surface reservoir,
and positive fluxes vice versa. Uncertainties are quoted as the
upper and lower limits found in a set of 14 sensitivity experiments
conducted to explore the possible outcomes given alternative
choices for the main components of the system. This estimate
thus addresses systematic modeling errors that were shown to
exceed random estimation errors in previous studies (12, 14, 15).
Although not quite a full Monte Carlo exploration, we feel that
the set we have created forms a plausible range for the best
estimate. Where appropriate, the best estimate will be followed
by the minimum (subscript) and maximum (superscript) of the
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sensitivity range. The uncertainty estimate is discussed in more
detail in SI Appendix.

Annual Mean Fluxes
The 5-yr annual mean pattern of Net Ecosystem Production
(NEP) derived from CarbonTracker is shown in Fig. 1. This
represents the terrestrial part of the carbon cycle including fires
but without the large fossil fuel emissions. The pattern of uptake
is consistent with previous estimates of the North American
carbon fluxes. Several factors influence the terrestrial CO2 sink,
but land-use history has been identified as the major determi-
nant of regional terrestrial uptake (17–20). Large sinks can be
found, for instance, in forests recovering from logging in the past
century, as well as on abandoned agricultural lands recovering
from past carbon losses. Increased fire suppression and changes
in agricultural methods have also led to increased carbon storage
in the soils and biosphere. These factors combined may be the
cause of the strong uptake we calculate over the East Coast of
the United States, in the Canadian coniferous forests, and across
the grass and croplands of the Midwest.

A quantitative breakdown of this map by ecosystem type is
shown in Fig. 2. We estimate total uptake in North America at
�0.65�1.01

�0.40 PgC/yr (1 petagram � 1015 g), with the majority of the
sink in regions dominated by forest–field complexes (�0.23�0.33

�0.10

PgC/yr), coniferous forests (�0.16�0.38
�0.05 PgC/yr), croplands

(�0.11�0.12
�0.03 PgC/yr), and grasslands and shrubs (�0.10�0.10

0.0

PgC/yr). These estimates compare well with the SOCCR totals
of �0.681 PgC/yr of absorption by the biosphere, of which
�0.383 PgC/yr occurs in forests. Uncertainty on the SOCCR
estimates is also close to 50%, making the good correspondence
of the means somewhat fortuitous. A sink of �0.120 PgC/yr in
the SOCCR inventory due to woody encroachment (described as
invasion of woody plants into abandoned grass land or forests
into shrub land) is not readily compared with any of our
ecosystems, but the �0.10 PgC/yr sink found over grassland and

shrubs might be part of this. However, more detailed compar-
isons with woody encroachment estimates are needed to com-
plete this picture.

Large net uptake seen in areas dominated by croplands (�0.11
PgC/yr) may be due to the ‘‘atmospheric view’’ we take with
CarbonTracker. Over agricultural lands, our system sees strong
CO2 uptake during the growing season but a much smaller return
flux from respiration during the non-growing season. The dif-
ference can be explained by harvesting of crops and their
subsequent transport, which is a substantial term in the carbon
budget (21). The harvested crops are returned to the atmosphere
after consumption spread across the country as a much smaller
source per unit area. Because CarbonTracker was not built to
keep track of lateral transport, this source is most likely assigned
to regions with large population densities, whereas croplands
remain annual mean net absorbers of carbon in the Midwest even
though the soil carbon accumulation over these areas is thought
to be small (22).

Similarly, it can be argued that lateral transport of wood-
derived products and agricultural products for the international
market, and carbon dissolved in river streams should be sub-
tracted from the estimated net-absorption to yield the net CO2
sink of North America. Although this carbon [total of �0.16
PgC/yr (19, 23, 24)] is removed from the atmosphere over North
America and stored in other reservoirs, the longer-term stability
of such reservoirs is hard to estimate and therefore questionable
as a continental carbon sink.

Year-to-Year Variations
Year-to-year variations in the terrestrial carbon budget depend
on climate variations that alter growing season length, regional
temperatures, and moisture conditions (19, 25, 26). Through
such mechanisms, a widespread drought over Europe in 2003
appears to have caused a reduction in CO2 uptake of nearly 0.5
PgC/yr (27). As markets develop for the trading of CO2 emis-
sions, such anomalies represent multiple billions of dollars
change in the continent’s carbon budget; hence the need to
monitor them closely.

In our 5-yr estimate, 2002 stands out as a particularly low net
uptake year (�0.32 PgC/yr) in North America, with only about half
of the sink of the other years (Fig. 3). This phenomenon is apparent
in both the temperate (�0.32 PgC/yr) and boreal (0.0 PgC/yr) zones
and seems unrelated to emissions from fires in 2002 [�0.065 PgC
across North America (28)]. This suggests that the balance of

Fig. 1. Mean net terrestrial and oceanic flux (NEP plus fires; no fossil fuel
emissions included) for the period 2001–2005 estimated from our system.
Units are gC/m2/yr. Note that the flux patterns at 1° � 1° shown are the
combination of 25 parameters optimized against atmospheric observations
and 1° � 1° fluxes from mechanistic models. See Eq. 1 and the text for more
details.

Fig. 2. Annual mean flux per ecoregion within North America for the period
2001–2005 estimated from our system. Black bars are the prescribed fossil fuel
fluxes, red bars are the prescribed fire fluxes, and green bars are the estimated
biological fluxes. Units are PgC/yr for each ecoregion. Blue horizontal lines
denote the range of values found in a set of sensitivity experiments conducted
for the year 2001 to determine the uncertainty. The labels refer to ecosystem
types according to ref. 16 (http://cdiac.ornl.gov/ftp/ndp017). See text for more
details.
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photosynthesis and respiration was modified this year, likely driven
by drought. In 2002, North America experienced one of the largest
droughts in over a century with conditions over nearly 45% of the
United States classified as ‘‘Extreme’’ or ‘‘Exceptional’’ [Palmer
Drought Stress Index (PDSI): below �4] in the U.S. Drought
Monitor (http://drought.unl.edu/dm). Corroborating evidence of
reduced growing season uptake in 2002 comes from multiple
AmeriFlux eddy-covariance sites (AmeriFlux Data Server, http://
public.ornl.gov/ameriflux), reduced crop yields (National Agricul-
tural Statistics Service, www.nass.usda.gov/Data�and�Statistics/
index.asp), and independent modeling efforts (29).

In contrast to this continentwide effect, lower-than-average
uptake in temperate North America in 2001 (�0.40 PgC/yr) was
compensated by higher-than-average uptake in the boreal re-
gions that year (�0.27 PgC/yr). In 2004, strong uptake in the
boreal biosphere was accompanied by a very active boreal North
American fire season (0.09 PgC/yr), specifically in Alaska. At the
same time, an unusually wet late-summer/fall in the temperate
regions (PDSI: �3) apparently led to increased uptake in the
United States (�0.66 PgC/yr) to give 2004 the largest continental
total terrestrial sink in this 6-yr period (Fig. 3).

CarbonTracker Evaluation
Recently, Stephens et al. (30) and Yang et al. (31) showed that
a large set of atmospheric inverse model results (12) were
inconsistent with free tropospheric (FT) CO2 mole fractions as
a result of an incorrect combination of vertical transport and
surface fluxes in the underlying models. Transport biases are one
of the largest unknown sources of error in flux inversions (15)
and can be revealed by confronting the results with independent
observations.

To this purpose, we have compared the optimized three-
dimensional CO2 mole fraction distribution produced by Car-
bonTracker to a set of �13,000 independent (i.e., nonassimi-
lated) flask samples of CO2 taken in the free troposphere as part
of the NOAA ESRL Aircraft Program between 2000 and 2006.
Fig. 4 shows the distribution of the residuals (simulated-minus-
observed mole fractions) for all samples by month. The annual
mean and standard deviation of the distribution is 0.07 � 1.91
ppm. This bias is somewhat larger when assessed by season with
a mean model overestimate of FT mole fractions of 0.27 � 2.67
ppm in summer (June/July/August) and a model underestimate

of FT mole fractions by 0.15 � 1.47 ppm in winter (November/
December/January). We note, though, that analysis of simulat-
ed-minus-observed mole fractions for surface data that were not
reserved but assimilated showed a similar bias (see SI Appendix
for more detailed discussion of the remaining biases), suggesting
that part of the difference is in the phase or amplitude of the
seasonally varying fluxes and not in vertical transport. Overall,
the agreement with FT data at the level of a few tenths of a ppm
is quite satisfactory and shows no evidence of large biases in the
combined fluxes and transport in CarbonTracker, at least over
North America.

In addition, column average mole fractions of CO2 are mea-
sured by a Fourier transform spectrometer (FTS) deployed at
Park Falls, Wisconsin (32, 33). Fig. 5 shows the comparison with
CarbonTracker after cosampling in time and space, and applying
a simple FTS averaging kernel (33). Differences between Car-
bonTracker and FTS observations are small (	 � 0.5 � 0.9 ppm)
and their correlation is high (linear correlation R2 of 0.93), as is

Fig. 3. Net terrestrial summer flux (NEP plus fires for weeks 20–34) anomaly for the 2 extreme years of our estimate. 2002 had a strong positive summer flux
anomaly due to droughts. In contrast, 2004 showed high uptake during the summer. The parameter estimates for 25 ecoregions have been projected to 1° �
1° to create this map. Units are gC/m2/yr.

Fig. 4. Modeled-minus-observed CO2 for a set of 13,000 observations in the
free troposphere. The differences are averaged by month (green bar), and the
range (blue) indicates the standard deviation. The number below each bar
denotes the number of observations used in the statistic. Note that all data
collected through NOAA’s Aircraft Program were not used in the assimilation
and are thus an independent check on the estimated fluxes as well as vertical
transport in the TM5 model. Units are mole fraction expressed as ppm.
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the agreement on day-to-day variations and the amplitude of the
seasonal cycle (see SI Appendix). This suggests that our model
represents column average CO2 well, at least at this location. For
22 other locations, we have integrated discrete samples from the
NOAA ESRL Aircraft Program to give partial column average
values for each flight (885 in total) and again cosampled our
model to make a partial CO2 column value. The excellent
agreement (	 � 0.05 � 2.7 ppm, R2 � 0.83) for this much larger
domain (mostly North America and the eastern Pacific) and time
span (2000–2006) is also shown in Fig. 5. For reference, partial
columns for the WLEF-TV tower are included separately. Again,
the comparison with independent data reveals no large biases in
CarbonTracker fluxes and vertical transport as argued in more
detail in SI Appendix.

The favorable comparison of our product to aircraft-derived
column CO2 and FTS-derived values shows a high level of
consistency among all three. It also suggests that, at least over
North America and the Northern Pacific, our three-dimensional
CO2 fields are a useful assimilation of sparse observational data
that could be used to quantitatively assess satellite-derived CO2
columns. In 2008, two dedicated missions called the Orbiting
Carbon Observatory (OCO; National Aeronautics and Space
Administration) and GoSat (Japanese Space Agency) will be
launched for this purpose. Currently, the Atmospheric Infrared
Sounder (AIRS) and the Scanning Imaging Absorption Spec-

trometer for Atmospheric Chartography (SCIAMACHY) al-
ready deliver experimental column average CO2 products. De-
mands on the precision and accuracy of satellite-observed CO2
are high (34, 35), and it is currently unclear whether the existing
and planned satellite sensors can provide unbiased information
on net carbon exchange. Our first analysis here suggests that flux
and transport biases in CarbonTracker are small enough to
evaluate such products quantitatively even at many locations
where independent observations are not available.

Discussion
The first release of CarbonTracker marks a significant step in our
ability to monitor month-by-month surface sources and sinks of
CO2. In addition to overcoming many technical hurdles, the
system introduces a novel ensemble assimilation method and a
large number of other innovations to model atmospheric CO2
mole fractions accurately. CarbonTracker’s ability to derive
trustworthy surface fluxes depends strongly on the careful
observations made by dedicated researchers all over the world.
Expansion of the monitoring efforts to sparsely sampled regions
of the world, and to collect more high-frequency time series
across North America, should therefore have the highest prior-
ity. Moreover, independent monitoring of the isotopic fraction
of 14CO2 in the atmosphere would allow independent verification
of the fossil fuel f luxes by tuning for parameters in models
describing those fluxes. Such estimates have great value for climate
change mitigation policies. In addition, they would improve esti-
mates of other fluxes because in the current version of Carbon-
Tracker, relatively small errors in the fossil fuel emissions inven-
tories may be aliased into relatively larger errors in other fluxes.

We stress that CarbonTracker currently is a framework on
which to expand in future updates. Public release of new
reanalyses incorporating both new data and innovations in the
system itself are scheduled for October of each year starting in
2007. We welcome any contribution to CarbonTracker, and
cooperation with those interested in the effort as CarbonTracker
is intended to be a tool for the carbon cycle scientific community.
In addition, we intend to improve and develop CarbonTracker
further into a tool that is useful to policymakers from the national
to the regional level. Therefore, all results, data, code, and other
tools used in this study are freely available from NOAA ERSL’s
CarbonTracker web site, http://carbontracker.noaa.gov.

We thank Taro Takahashi, Greg Marland, T. J. Blasing, Tris West, Jerry
Olson, and the EDGAR consortium for contributing data sets used to
complete this study. Development of the GFED2 fire emissions was
supported by National Aeronautics and Space Administration Grant
NNG04GK496. The column CO2 observations at Park Falls were
obtained with support from National Aeronautics and Space Adminis-
tration Grant NNG05GD07G. CarbonTracker is a National Oceanic and
Atmospheric Administration contribution to the North American Car-
bon Program.
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35. Houweling S, Breon FM, Aben I, Rödenbeck C, Gloor M, Heimann M, Ciais

P (2004) Atmos Chem Phys 4:523–538.

18930 � www.pnas.org�cgi�doi�10.1073�pnas.0708986104 Peters et al.



















CHAPTER 5

Carbon Sequestration in Wood and Paper Products
Kenneth E. Skog, USDA Forest Service, Forest Products laboratory
Geraldine A. Nicholson, Maryland Energy Administration

Introduction

Recognition that increasing levels of CO, in the atmo-
sphere will affect the global climate has spurred research
into reducing global carbon emissions and increasing
carbon sequestration. The main nonhuman sources of
atmospheric CO, are animal respiration and decay of bio-
mass (U.S. Congress OTA 1991). However, increases in
atmospheric levels are attributed mainly to fossil fuel
burning and land use change. While efforts to hold down
emissions of CO, continue, increases in CO, emissions
can also be offset, to a degree, by accumulation in carbon
sinks such as plant biomass and oceans. It is therefore pru-
dent to focus research efforts both on increasing carbon in
sinks and reducing carbon emissions.

In 1990, U.S. CO, emissions were 1,367 Tg carbon
equivalent (Clinton and Gore 1993), where Tg is 1 million
metric tons. Wood and paper products play an important
role in mitigating these emissions by sequestering carbon.
There are currently large stocks of carbon in forests, in
wood and paper products in use, and in dumps and land-
fills. The size of these carbon stocks is increasing. In 1990
approximately 145 Tg of carbon, or 10.6 percent of the
level of U.S. emissions was harvested and removed from
forests for products. If a substantial portion of this carbon
could be prevented from returning to the atmosphere,
it could be a notable contribution to mitigating carbon
buildup in the atmosphere.

We use the term sequestration to refer to the net seques-
tration, over a period of time, in a stock of carbon: carbon
in forests, carbon in forest products in use (including net
imports), or carbon in forest products in landfills. This
expands the use of the term beyond its common use refer-
ring to net sequestration of carbon to forests.

Carbon sequestration to wood and paper products has
been assessed in several other studies. Some studies assess
carbon sequestration for a range of hypothetical conditions
of forest growth, harvest, end use, and disposal (Schlama-
dinger and Marland 1996). A worldwide study by Winjum
et al. (1998) estimates net flows of carbon out of forests and
into products using the two accounting frameworks used
in this study—the stock change method, and the atmo-
spheric flow method. They use simplified assumptions to
make estimates of net stock changes, and net emissions to
the atmosphere by world region and for selected countries.
They include estimates of logging residue and assumed
decay. Their results, as noted below, are close to ours even

though their methods are very different. Other studies
focusing on the United States, similar to this one, estimate
the actual stocks and flows of carbon from U.S. forests
to products in use, to dumps or landfills, and to burning
and emissions from decay including reconstruction of his-
torical flows and projections (Heath et al. 1996; Row and
Phelps 1996). This study presents similar results with three
improvements: 1) use of greater detail in the changing
composition of end uses of wood and paper products; 2)
inclusion of net imports of wood and paper products in
carbon sequestration estimates; and 3) use of new, much
lower decay estimates for wood and paper in landfills
including separate estimates of CO2 and CH4 portions.
These improvements help provide a clearer understanding
of how sequestration to products may change.

Our purpose is to show an in-depth method of pro-
viding historical estimates and projections of U.S. carbon
sequestration to wood and paper products. We compare
those estimates to amounts sequestered in U.S. forests (an
estimate of carbon stock change in the United States). We
also show how amounts used to estimate the net seques-
tration in products and forests each year may be used to
estimate the net removals of carbon from the atmosphere
to the United States each year (an estimate of carbon flow
to the United States). We discuss how patterns of wood
use have changed and will change and how they will
influence the pattern and amounts of carbon sequestered.

Methods

Historical data and long-range projections were used to
track roundwood and carbon disposition through to end
uses such as housing or paper. To track carbon beyond
end uses to waste products, we estimated burning, dis-
posal, and decay for waste generated in the process of
using primary products, and for rates of product disposal
from end uses, decay, and burning.

The scope of the analysis is focused and limited in a
number of ways. We track carbon harvested and removed
from roundwood harvest sites. The decay and carbon
emissions from logging residue is contained in separate
estimates we display of net sequestration in forests. We
did not estimate the amounts of carbon released due to
fossil fuels burned by harvesting equipment, or to power
primary or secondary wood and paper products mills, or
to make final products using wood (such as housing). We

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-59. 2000 79



Skog and Nicholson

note how much carbon wood and paper products seques-
ter that may offset such emissions. We show estimates
of net sequestration in forests; the estimates include all
carbon accumulation in trees and soil and all deductions
for decay of dead trees including logging residue, and
deductions due to emissions from forest fires. We include
emissions from all burning of wood residue and dis-
carded wood for energy or incineration and, over time,
all regrowth of all trees. Our model projections do not
include projections of biomass plantations for energy pro-
duction. We did not calculate if, over time, the degree
to which the effect of harvesting and using wood for
fuel increases the growth in forests over the growth that
would occur without wood burning, so as to reabsorb the
carbon emitted by burning. This is an important ques-
tion for further research. We estimated the amount of har-
vested and used carbon and its disposition starting in
1910.

For our historical estimates (post-1909) and projections,
we tracked carbon added to, and emitted from, stocks
of wood and paper products in the United States. Net
sequestration to U.S. carbon sinks come from wood in
trees harvested in the United States and from net imports
(imports minus exports) of logs and wood and paper
products. Historical harvest and product use data are
needed to estimate future emissions from products that
were manufactured in the past. Carbon contained in har-
vested timber and net imports is tracked through primary
processing into products and end uses (fig. 5.1) (adapted
from Row and Phelps 1996). Wood or paper residues
are generated at all phases of processing and are either
reused in a product, burned with or without energy, or
dumped (historically) or landfilled (currently). Wood and
paper products are tracked to various end uses, where
they have a limited life span and are retired from use and
sent to landfills or burned. The fate of logging residues
were not considered in this model, since decay and emis-
sions from these residues are modeled as part of the forest
ecosystem and included in estimates of change in carbon
sequestered in forests (Heath and Birdsey 1993; Birdsey
and Heath 1995).

Historical data on wood harvest and end use from 1910
through 1986 are from USDA Forest Service surveys and
estimates (USDA Forest Service 1920, 1933, 1948, 1958,
1965, 1973, 1982, 1989; Wadell et al. 1989). Historical wood
harvest, from 1910 through 1986, was tracked from pri-
mary products, to end uses, to dumps or landfills (Nich-
olson 1995). Projections of wood harvest and primary
product production were made using the models that
were used for the 1993 Resource Planning Act (RPA)
Assessment Update (Haynes et al. 1995; Ince 1994). These
projections were made by the North American Pulp and
Paper (NAPAP) model and Timber Assessment Market
(TAMM)/ATLAS forest sector models. Historical infor-
mation and projections from NAPAP and TAMM/ATLAS

Carbon Sequestration in Wood and Paper Products

Figure 5.1—Cycling of carbon through wood and paper products.

were processed by the WOODCARB model to make
carbon estimates through 2040 for:

• net carbon sequestered in products in use each year
(carbon in minus carbon out);

• net carbon sequestered in landfills or dumps each year
(carbon in minus carbon out);

• carbon released by burning where useable energy was
produced each year; and

• carbon released by decay or burning without energy
produced each year.

The NAPAP model simulates operation of markets
and projects consumption of pulpwood; use, and change
of processing technology; and consumption of pulp and
paper. It projects consumption of hardwood and soft-
wood pulpwood, four categories of recycled paper, and
production and trade of 13 categories of pulp and paper.
The TAMM model and the ATLAS timber inventory
projection model simulate the operation of solid wood
markets and project consumption of timber, production
of lumber and panel products, and end use of lumber
and panels in construction, manufacturing, shipping, and
other applications (see Mills et al. this volume). The
TAMM model also tracks imports and exports of logs,
lumber, and panels. The ATLAS model uses NAPAP and
TAMM calculations of timber removals to project U.S.
forest inventory. The WOODCARB model is an addition
to the TAMM model that tracks carbon in all timber
removed from U.S. land plus carbon in net imports of
logs and wood and paper products.

The following sections explain the methods used to
track the flow of carbon in wood from forests, through
products and end uses, to landfills and emission by decay
or burning.
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Carbon Transfer Table 5.1—Carbon per unit of roundwood, by region in kg/m3

(lb/ft3).

From Forests to Harvested Roundwood

The carbon in wood harvested each year was estimated
through 2040, beginning with wood harvested in 1910
and following each year’s wood harvest through to its
final disposition. Carbon in wood residue left on harvest
sites is not included, Cubic feet of roundwood removed in
each of nine U.S. regions is converted to weight of carbon
using factors shown in table 5.1 (Birdsey 1992). Carbon in
logs imported is added to the roundwood sources, and
carbon in logs exported is deducted. The distribution of
uses of imported logs is assumed to be the same as the
distribution of uses for domestic sawlogs.

From Roundwood to Primary Products and
Residue

Annual historical estimates and projections of detailed
product production from the NAPAP and TAMM models
were used to divide roundwood consumed into primary
product, wood mill residue, and pulp mill residue cate-
gories (table 5.2). In most areas, solid wood residues are
used almost entirely as raw materials for other processes
or are burned for energy. Only a small portion of residues
is left to decay or is burned without energy (Powell et
al. 1993). Carbon in imports of primary solid wood and
paper products is added to each product category, and
carbon in exports is deducted.

From Primary Products to End-Use Products
and Disposal

Carbon in solid wood products is estimated for nine
end-use categories to estimate the time carbon remains
sequestered in those products (table 5.3). The TAMM pro-
jections are used to divide products into these categories.
Pulp and paper products are not tracked to end uses, but
the time in use is estimated directly for various primary
products. When products are placed in end uses, such
as house construction for solid wood and magazine pro-
duction for paper, some wood or paper is discarded. We
assume 8% loss for solid wood products and 5% for paper
and paperboard products as they are placed into end uses
such as construction or publications. Lost or discarded
wood or paper is tracked to recycling, disposal in landfills
or dumps, or emission by burning. We estimate ~24 per-
cent of paper and paperboard waste (after recycling) was
burned in 1993; this percentage increases to 26 percent for
the year 2000 and thereafter (US EPA 1994).

We adapted an equation used by Row and Phelps to
estimate the fraction of carbon remaining in end use for
each year after the product was placed in use (Row and
Phelps, 1996 p. 37). The key parameter in the equation

Region

Pacific Northwest-west
Pacific Northwest-east
Pacific Southwest
Northern Rocky Mountains
Southern Rocky Mountains

North Central

North East
South Central
South East

Softwood Hardwood
factors factors

242.0 (15.11) 188.4 (11.76)
212.9 (13.29) 188.4 (11.76)
242.0 (15.11) 188.4 (11.76)
215.0 (13.42) 191.7 (11.97)
212.9 (13.29) 188.4 (11.76)
201.0 (12.55) 277.6 (17.33)

194.6 (12.15) 307.7 (19.21)
270.7 (16.90) 317.5 (19.82)
270.7 (16.90) 317.5 (19.82)

is the half-life for carbon in each end use (table 5.4). The
half-life is the time after which half the carbon placed
in use is no longer in use. Disposition of carbon after
use includes recycling, disposal in landfill or dump, or
emission to the atmosphere by burning (with or without
energy produced).

The rate of retirement of wood from end uses is con-
stant for a period, then accelerates for a while near the
median life, and finally slows down after the median life.
Some wood or paper items are expected to have very long
lives in uses such as historical buildings, books in librar-
ies, and antiques. The rate of retirement of paper products
from use is very fast; the half-life is 1 year or less, except
for paper in long-lived publications (free sheet paper),
which has a half-life of 6 years.

Carbon Disposal in Dumps and Landfills

The length of time wood, as opposed to paper, remains
in end uses may have only a minor effect on the net
amount of carbon sequestered in products in the long
run. If, when taken out of use, products are disposed
of in a modern landfill, the literature indicates that they
will stay there indefinitely with almost no decay (Micales
and Skog 1997). What may be more important for carbon
sequestration or emissions is how much wastewood from
discarded wood products or demolition is burned (emit-
ting carbon with or without energy) or how much is recy-
cled (reducing harvest from forests).

Wood and paper sent to landfills (or dumps prior to
1986) includes residue from solid wood mills (in very lim-
ited amounts), construction and demolition waste, and
discarded paper, paperboard, and solid wood products.
These same materials are sometimes burned with or with-
out energy. Prior to 1972, most materials were placed
in dumps, where a proportion was burned and contents
were more exposed to oxygen and decayed more com-
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Table 5.2—Categories of historical and projected wood consumption used to construct estimates of wood carbon use, disposal, and

decay.

Historical estimates (1910-1986)

Solid wood products and wood mill residue
Lumber
Structural paneling
Nonstructural paneling

Railway ties
Miscellaneous products
Roundwood for fuelwood
Wood and bark mill residue

Projections (1986-2040)

Hardwood and softwood lumber
Hardwood and softwood plywood
Hardwood and softwood in reconstituted panels

Hardwood and softwood miscellaneous products
Hardwood and softwood for roundwood for fuelwood
Hardwood and softwood wood mill residue
Hardwood and softwood bark mill residue

Paper and paperboard products and pulp mill residue
Paper with long use life
Paper with short use life

Paperboard
Sludge and pulp liquor

Newsprint
Coated free sheet
Uncoated free sheet
Coated groundwood
Tissue and sanitary
Specialty
Kraft packaging
Linerboard
Corrugating medium
Solid bleached board
Recycled board
Construction paper and board
Dissolving pulp
Wood and bark waste
Sludge and pulp liquor

Table 5.3—End-use categories used to estimate time that car-
bon remains sequestered.

Solid wood products Paper and paperboard

Multifamily housing Use and disposal categories

Mobile homes Newsprint

Residential upkeep and repair Boxes

Nonresidential construction Office paper

Manufacturing Coated paper

Shipping Recycled paper categories

Furniture Old newspaper

Railroad ties Old corrugated containers

Miscellaneous uses Mixed paper

Construction waste Pulp substitutes and high
grade deinking

Demolition waste

pletely. Legislation then required that dumps be phased
out by 1986. Since then, materials have been placed in
landfills. Materials in landfills are periodically covered,
which prevents oxygen from entering. For dumps, we

Table 5.4—Assumed duration of carbon sequestration in end
uses of wood and paper.

End use Half-life of carbon (years)

Single-family homes (pre-1980)
Single-family homes (post-1980)

Multifamily homes
Mobile homes
Nonresidential construction

Pallets
Manufacturing

Furniture
Railroad ties
Paper (free sheet)
Paper (all other)

80
100

70

20
67

6
12

30
30

6
1

estimate that 65 percent of waste was burned. We assume
the remaining waste decayed evenly during a 96-year
period, with a greater proportion of carbon being released
as CO 2 than as CH4 because of a geater mix of oxygen
with the materials.
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The pattern of landfill decay is markedly different for
wood than for paper. A relatively short time after material
is placed in a landfill, the material is covered and oxygen
is prevented from entering the landfill. While oxygen
is available, white-rot fungus can decay lignin to a lim-
ited extent. However, the oxygen is consumed rapidly.
After the oxygen is gone, only anaerobic bacteria remain.
These organisms cannot break down lignin, but they can
break down exposed cellulose and hemicellulose. How-
ever, anaerobic bacteria cannot reach cellulose or hemicel-
lulose that is enclosed in lignin (Ham et al. 1993; Wang et
al. 1994). This means that very little decay of solid wood
occurs. Newsprint, which has a lignin content of 20 to 27
percent, is also very resistant to decay. Other papers with
less lignin are somewhat more subject to decay. In gen-
eral, much less than half of the carbon in wood or paper
is ever converted to CO2 or CH4 (table 5.5) (Micales and
Skog 1997).

Table 5.5—Estimated maximum proportions of wood and paper
that are converted to CO2 or CH4 in landfills.

Product type Maximum carbon converted (%)

Solid wood 3
Newsprint 16
Coated paper 18
Boxboard 32
Office paper 38

Not only is the decay of wood and paper highly lim-
ited in landfills, but the proportion of carbon emitted as
CO2 is limited to ~40 percent, versus ~60 percent as CH4,
due- to the limitation of oxygen and the greater produc-
tion of CH4 by anaerobic bacteria. Half of the total CO, is
emitted in ~3 years, while half the total CH4 is emitted in
~20 years (Micales and Skog 1997).

where CIC is net sequestration to the inventory of carbon
in the forest per year (carbon inventory change). It
accounts for any emissions from decay of dead trees or
organic material in the soil. It also accounts for emissions
from decay or burning of logging residue left after har-
vesting. HP is harvest and removal of wood carbon for
products and wood burning per year. We only include
burning of wood after it has been harvested and removed
from the forest. Emissions from forest fires are included
in the estimate of net sequestration in forests (CIC). Har-
vesting for products could reduce emissions from fire and
increase sequestration in products. This important effect
should be the subject of further research.

We now focus on the stock of carbon in the atmo-
The shift to greater CH4 production in landfills com-

pared with that in dumps is important because CH4 is 25
times more effective than CO2 as a heat-trapping green-
house gas. In our tracking of CH4 production, we assume
10% of the CH4 is converted to CO, by micro-organisms
as it moves out of the landfill. We assume that the propor-
tion of landfill CH4 that is burned will increase from the
current 15% level to 58% by 2040.

sphere, and estimate how the forest sector adds to or
decreases the size of this stock. We include the emissions
from imports in our variables for emissions from the
United States. The rate of removal from the atmosphere
per year may be expressed as follows (positive terms rep-
resent removal from the atmosphere, negative terms rep-
resent additions to the atmosphere):

[2]

Calculating Net Removal of Carbon from the
Atmosphere to the United States

One objective of this study is to estimate the com-
bined effect of the forestry sector on net removal of
carbon from the atmosphere through the year 2040. This
includes sequestration to forests, products, and landfills,
and emissions by burning and decay including emissions
from imported products. This section will show why net
annual sequestration of carbon in U.S. stocks (forests,
products, landfills) is greater than the net removal to the
United States from the atmosphere by the amount of net
imports.

where S is net removal of carbon from the atmosphere; G
is gross sequestration of carbon in forest trees and soil per
year, including all growth, even that which is later har-
vested during the year for products and fuel; WB is emis-
sions of carbon as CO2 from burning wood, paper, or CO2
from burning CH4 for energy production; ECO2 is emis-
sions of carbon as CO2 from decay or burning without
energy; and ECH4 is emissions of carbon as CH4 from
decay in landfills, not including CH4 emitted from wood
products in other places such as sewage systems.

Gross sequestration of carbon to forest trees and soil
per year (G) may be expressed as the change in carbon
inventory in forests during a year plus carbon in material
harvested for products:

[1]

The following steps convert equation [2], which
expresses annual net carbon removal from the atmo-
sphere to the United States in terms of forest sequestra-
tion and emissions, into an equation that expresses the
same removal using variables for the annual change in
stock of carbon in products in use (P) and stock of prod-
uct carbon in landfills (L). Let WB = WBWOOD + WBCH4
where WBWOOD is carbon released from burning wood
and paper, and WBCH4 is carbon released from burnmg
CH4 released from landfills.
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We may express the net sequestration to the stock of
products in use (P) as the amount harvested minus the
removal from products in use plus net imports:

[3]

where SL is the amount of carbon shifted to landfills from
the stock of products in use each year.

The net sequestration of carbon to landfills each year
is the amount shifted from products in use (SL) minus
releases:

pare carbon sequestration effects between a forest and a
nonforest industry that both provided, say, housing com-
ponents, one would need to account for not only the fossil
fuel emissions of these industries but also any carbon
sequestration. The net sequestration effect of using wood
housing components is bolstered by the forest regrowth
and product or landfill sequestration effects calculated
here.

[4]

By solving equation [4] for SL, substituting in equation
[3], and solving for HP, we have

[5]

By substituting equations [1] and [5] in equation [2], we
obtain an expression for total net sequestration per year
that includes the effect of forest growth (CIC), net seques-
tration to products in use and landfills (P and L), and
emissions from burning and landfill decay (WB, ECO2,
and ECH4):

Some may ask why wood burning does not seem to
add to sequestration since it replaces fossil fuels and trees
grow to absorb the carbon emitted by wood burning. The
answer lies in the fact that equation [7] only indicates the
net sequestration in one year and does not account for
how the value for carbon inventory change (CIC) may
be higher in a future year or years as a result of har-
vesting and burning wood in the current year. A forest
growth and yield model is needed to evaluate the degree
to which the CIC value is higher in the future due to
harvest and use of wood for energy in the current year.
In the analysis for this study, we used the ATLAS inven-
tory growth and yield model to calculate actual future
increases in forest growth.

Calculat ing the Greenhouse Gas Effect  of

Net Carbon Removal to the United States

[6]

If we focus on the amounts of carbon flows (rather than
the different effects of CO2 and CH4 in the atmosphere),
we may simplify the calculation of carbon removal from
the atmosphere.

[7]

Equation [7] indicates that net removal from the atmo-
sphere is the sum of net sequestration to carbon in forests,
net sequestration to products in use, and net sequestra-
tions to landfills minus net imports.

Annual change in carbon in stocks in the United States
may be expressed as

The greenhouse gas effect of net carbon sequestration
by the forest sector is determined in part by whether
carbon is emitted to the atmosphere as CO, or as CH4. A
CH4 molecule is 25 times more effective in trapping heat
than a CO2 molecule (U.S. Congress OTA 1991). How-
ever, CH4 lasts an average of 10 years in the atmosphere,
while CO2 lasts at least 50 years before breaking down.
The long-term greenhouse effect of a CH, molecule has
been estimated to be ~21 times greater than the effect of
a CO2 molecule (U.S. Congress OTA 1991). To approxi-
mate The greenhouse gas effect of net carbon removal (S),
we need to convert carbon emitted as CH4 (ECH4) to its
weight in terms of the heat trapping effect of carbon in
CO,. That is, an atom of carbon in CH4 results in 21 times
more heat trapped than an atom of carbon in CO-,.

[8]

To interpret the difference between equations [7] and
[8], recall from equation [3] that products in use (P) is har-
vest (HP) increased by net imports minus emissions and
shifts to landfills. So the annual change in stocks includes
net imports while annual removal from the atmosphere
does not.

Equation [7] does not include carbon emissions from
fossil fuels burned for energy in forest sector activities.
The sequestration calculated here is the dividend obtained
by the forestry activities of the sector. If one were to com-

[9]

[10]

where Sg is net carbon removal after converting the CH4
emissions term to CO2 equivalent weight.

About 40% of the carbon from wood and paper decay-
ing in landfills is emitted as CO2 and about 60% as CH4.
The CO2 is released quickly, while oxygen is present, and
the CH4 is released very slowly after oxygen is depleted
(Micales and Skog 1997). Since half the carbon is emitted
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Table 5.6—Estimates of harvested wood carbon sequestered, emitted, and consumed in U.S. annually in Tg (historical reconstruction
1910 to 1980, with projections to 2040 [RPA Base case]).

Year

Added to
products in

use
Added to
landfills

Emitted by Emitted by decay Total
burning with or burning without consumed

energy energy each year

Historical reconstruction

1910

1920
1930
1940
1950

1960

1970

1980

Base Case projections

1990

2000
2010
2020
2030
2040

24.3 1.1 88.4 10.6 124.4
22.9 3.1 51.9 14.7 92.6
12.8 4.1 44.6 15.5 77.0
14.0 5.3 35.0 20.4 74.7
13.6 6.3 37.4 25.5 82.8

9.0 7.1 34.6 30.6 81.3
12.4 9.2 32.8 35.9 90.3
11.8 27.9 48.1 19.2 107.0

26.0 33.4 74.4 11.4 145.2

25.0 32.5 88.1 14.3 159.9
24.6 38.0 96.8 15.3 174.7

25.6 42.6 103.0 16.4 187.6
24.4 47.0 109.5 17.1 197.9

22.9 50.8 119.0 17.5 210.2

as CH4, converting it to CO2 could have a notable effect in
raising the carbon sequestration by the forestry sector.

Results

Several key factors determine the pattern of historical
and projected carbon sequestration and emissions from
wood and paper products.

The total carbon contained in roundwood harvest plus
net imports declined between 1910 and 1940 (from 124
to 74 Tg/year) in part as a result of steadily decreasing
fuelwood use. After the 1940s the amount of carbon in
roundwood doubled by 1995: 74 Tg/year to 150 Tg/year.
Total carbon in roundwood and net imports is projected
to increase to 210 Tg/year by 2040 as indicated using the
1993 RPA Base case projections for the U.S. forest sector
(table 5.6; fig. 5.1).

Since the early 1900s the use of roundwood in primary
products [lumber, panels, paper and paperboard, fuel)
has shifted from solid wood products and fuelwood, to a
mix of products that includes an increasing proportion of
paper products and more burning of residue from solid
wood products mills and black liquor from pulp mills.

Even though carbon held in solid wood products is
projected to double between 1950 and 2040 (30 to 60
Tg), carbon in pulpwood used in paper production will

Figure 5.2—Annual net sequestration of harvested wood carbon
in products and landfills, and annual emissions from wood burn-
ing with energy, and wood and paper decay and other burning in
the United States, 1910 to 1993, with projections to 2040.

increase 600 percent (to 81 Tg) by 2040. Burning of wood
residue and black liquor has also increased relative to
solid wood uses, from 1 Tg in 1910 to 21 Tg in 1990 and
will be 31 Tg in 2040. Fuelwood use, reaching a low of 3
Tg in 1970, is projected to surpass its 1920 level by 2040
and remain slighly higher than burning of wood residue
and black liquor (fig. 5.3).

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-59. 2000
85



Skog and Nicholson Carbon Sequestration in Wood and Paper Products

Table 5.7—United States net carbon accumulation, emission, net Imports, and removal from the atmosphere by yeara.

Net carbon flux (Tg)

1990 2000 2010 2020 2030 2040

Change in forests, CIC 274 189 192 176
Change in products in use, P 26.02 24.99 24.51 25.58
Change in landfills, L 33.38 32.48 39.37 42.53
Wood burning, WB 74.38 88.07 96.58 102.83
Emitted CO2, ECO2 11.43 14.02 14.83 15.77
Emitted CH4 from landfills, ECH4 0 0.23 0.5 0.61
Change in stock of carbonb

333.4 246.47 255.88 244.11

Net imports of wood products,
paper, and paperboard (I - E ) 2.33 3.26 3.67 3.87

Removal from atmosphere, Sc
331.07 243.21 252.21 240.24

Removal from atmosphere in CO2 equivalents, Sg
d 331.07 238.61 242.21 228.04

aBase case projections
bChange in stock of carbon = CIC + P + L
c S = CIC + P - (I - E) + L (net carbon removal from atmosphere)
d Sg = CIC + P - (I - E) + L - 20(ECH4) (net carbon removal from atmosphere in CO2 equivalents)

166 161
24.27 22.86
46.89 50.74

109.27 118.86
16.49 16.98
0.62 0.55

237.16 234.6

2.84 1.50
234.32 233.1
221.92 222.1

Overall, the rate of net sequestration of carbon to prod-
ucts in use and landfills increased -170 percent between
1970 and 1990—from 22 to 59 Tg/year. This net seques-
tration reflects disposal and decay of products taken out
of use, sent to landfills or burned; and decay of wood
and paper in landfills. This increase was due in part to
the increase in product consumption; roundwood use
increased 51 percent between 1970 and 1991, 35 to 53 ×
107 m3 (12.5 to 18.7 × 109 ft3) (Heath and Birdsey 1993).
It is also due to a sharp increase in the rate of accumu-
lation of carbon in landfills with the shift from dumps
to landfills in the 1970s and 1980s. Net accumulation in
dumps or landfills increased from 9.2 Tg/year in 1970
to 33.4 Tg/year in 1990. This increase in net accumula-
tion was due to virtual elimination of open air burning in
dumps and a decrease in the rate of decay of wood and
paper in landfills compared with that in dumps.

Using the 1993 RPA Base case projections for the forest
products sector, the annual rate of carbon sequestration
to forest trees, understory, floor, and soil is projected to
decline from 274 Tg in 1990 to 161 Tg in 2040 (table 5.7)
(Birdsey and Heath 1995). This trend reflects a slowdown
in the rate of accumulation in the North as forests reach
an age of slower tree growth and slower increases in soil
carbon, and a reduced harvest on public land in the West
along with more intensively managed areas of former old
growth. It also reflects increased management intensity in
the South, where accumulation is balanced by removals
(Birdsey and Heath 1995).

The annual rate of carbon accumulation in landfills or
dumps and products is projected to increase from 59 Tg in
1990 to 75 Tg in 2040. This is due entirely to the increasing

Figure 5.3—Initial product uses of roundwood harvested in the
United States, 1910 to 1993, with projections to 2040.

rate of accumulation in landfills. The net annual seques-
tration to products in use actually decreases slightly from
26 Tg in 1990 to 23 Tg in 2040. This decline is due in
part to the increasing proportion of wood that is used
in paper products, which have a shorter use-life than do
solid wood products.

Our estimate of 59 Tg carbon added to landfills, dumps,
and products in 1990 is close to the estimate of Winjum et
al. (1998) of 57 Tg stored in commodities for five years or
more for the United States.

Carbon emissions from burning with energy produc-
tion are projected to increase as a result of notable increases
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in burning of black liquor and roundwood (directly from
forests) for fuel. Black liquor and roundwood carbon emis-
sions increase from 54 to 92 Tg between 1990 and 2040.
Burning of mill residue and other wood or paper waste
increases emissions from 20 to 27 Tg during the same
period. Emissions from burning without energy produc-
tion and from decay are projected to increase from 11 Tg
to 18 Tg between 1990 and 2040. In total carbon, emissions
increase from 86 Tg to 137 Tg between 1990 and 2040.

Our estimate of 86 Tg of total emissions in 1990 is iden-
tical to the estimate of Winjum et al. (1998) for emissions
from all sources in 1990.

In 1990, we were adding carbon to the wood and paper
product stocks at the rate of 59 Tg per year. This rate is pro-
jected to increase to 74 Tg per year by 2040 (tables 5.6 and
5.7). If we add sequestration to forest trees, understory,
floor, and soils, the rate of sequestration to U.S. carbon
stocks is 333 Tg/yr in 1990 and 235 Tg/year by 2040.

The annual net removal of carbon from the atmosphere
to the United States is slightly less than the accumulation
in stocks due to net imports supplementing US. stocks.
Net removal of carbon from the atmosphere is 331 Tg for
1990 and is projected to decline to 233 Tg by 2040. Net
removal measured in CO2 equivalent effect on the atmo-
sphere is 331 Tg for 1990 and is projected to decline to
222 Tg by 2040. In 1990, the total carbon removal from
the atmosphere to U.S. forests and forest products was 24
percent of the U.S. fossil fuel carbon emissions level of
1,367 Tg (331/1367).

Our estimates of the cumulative fate of carbon in
the United States since 1910 (including net imports) are
shown in figure 5.5. We estimate total carbon in wood
and bark used for products and fuel between 1910 and
1990 at 7.8 Pg (where Pg is 1 billion metric tons). We esti-
mate 2.1 Pg accumulated in products and landfills, 4.0
Pg in wood and bark burned for energy, and 1.7 Pg in
emissions. Total accumulation over the projection period,
from 1990 to 2040, is 9.0 Pg. Accumulation in products
and landfills is projected to be 3.2 Pg between 1990 and
2040 for a total of 5.3 Pg over the period 1910 to 2040.

Conclusions

Our projections indicate we have accumulated 2.1 Pg
of carbon in the stock of wood and paper products in use
and in landfills and dumps in the United States between
1910 and 1990. This is substantial compared with the 1992
stock of carbon in forest trees (13.8 Pg) and in forest soil
(24.3 Pg).

Annual sequestration to product carbon stocks in the
United States are slightly geater than annual removal of

carbon from the atmosphere. Forest, product, and landfill
stocks increased 333 Tg/yr in 1990 while net sequestration
to forests, products, and landfills was 331 Tg/yr. This dif-
ference is because net sequestration to stocks includes net
imports while annual removal from the atmosphere does
not. Net removal from the atmosphere may be increased
by burning CH4 from landfills to convert it to CO2, which
has less greenhouse effect.

The choice of accounting method (measuring stock
changes, or measuring removals from the atmosphere)
could determine how a country would count carbon
imports and exports in offsetting greenhouse gas emis-
sions for the purpose of meeting goals under interna-
tional agreements. This in turn could influence forest
and industry management in the U.S. If credit is given
for increasing stocks, a country would seek to boost
imports and restrain exports. If credit is given for increas-
ing removals from the atmosphere, there would be an
emphasis on increasing carbon sequestration in forests
and in products from domestic forests that may be aided
by increasing exports and restraining imports. There may
also be more emphasis on decreasing methane emissions
from forest products decay in landfills.

By recognizing what has caused changes in sequestra-
tion to carbon stocks in wood products and forests we
can identify some ways sequestration can be increased
even more. We can increase sequestration to the stock of
carbon in products, landfills, and forests while maintain-
ing the same aggregate consumption of wood and paper
products by the following actions:

• shifting product mix to a greater proportion of lignin-
containing solid wood, paper, and paperboard prod-
ucts, which decay less in landfills;

• increasing product recycling; and
• increasing product use life.

Carbon dioxide equivalent emissions would also be
reduced by the actions noted. Emissions would also be
reduced by burning more landfill CH4 in place of fossil
fuels.

It may be possible to increase sequestration while
increasing product consumption above projected levels
but this would be determined by the certain effects of
such an increase not assessed in this study:

• How much would annual carbon inventory change in
the forest increase in the future as a result of increased
harvest today?

• How much would manufacturing emissions change
due to substitution of wood and paper for nonwood
products?

• How much would emissions from forest fires decrease
due to reduction in fuels available for fires?
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AAbboouutt  tthhee  WWiillddeerrnneessss  SSoocciieettyy
The Wilderness Society’s mission is to protect wilderness and inspire
Americans to care for wild places. Founded by prominent naturalists and biol-
ogists, including Robert Marshall and Aldo Leopold, the organization played
an important role in helping pioneer science-based conservation advocacy
and policy making. The Society remains dedicated to the concept that careful,
credible science, combined with bold advocacy, and unswerving vision is the
key to conservation success.

Headquartered in Washington, D.C., The Wilderness Society maintains twelve
regional offices where our staff address on-the-ground conservation issues
linked to local communities. Since spearheading passage of the seminal
Wilderness Act in 1964, we have been a leading advocate for every major
piece of Wilderness legislation enacted by Congress. Our effectiveness stems
not only from our passion for protecting America’s most special places, but
also from the sound scientific research that underpins every aspect of our
work. 

AAbboouutt  tthhee  EEccoollooggyy  aanndd  
EEccoonnoommiiccss  RReesseeaarrcchh  DDeeppaarrttmmeenntt
The Wilderness Society’s Ecology and Economics Research Department (EERD)
consists of experts in economics, ecology, and landscape analysis, including
12 Ph.D.-level scientists. This outstanding team provides the science to answer
pressing questions about mineral exploration and development, forest and fire
management, climate change, and many other issues affecting public lands.
This information is key to understanding often complicated environmental
issues, and ultimately making the right choices toward achieving lasting pro-
tection for the resources and places that sustain us and our ways of life. EERD
provides science to inform not only The Wilderness Society’s own conservation
campaigns, but also the decisions being made by communities, land man-
agers, legislators, and others about the future of America’s wild places. 

The Wilderness Society is a national non-profit organization and was founded
in 1935. 
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Foreword 
Global discussions around climate change recognize the critical importance of
maintaining land-based carbon sinks as part of a comprehensive policy to address
this burgeoning crisis. Internationally, the first priority is to protect the tropical
rainforests that are the true champions of carbon sequestration.  Within the United
States, the temperate rainforests of the Pacific Northwest and southeast Alaska
serve as our own carbon storage champions.  But other forests found across the
country also play a significant role in the climate equation.  

Experts predict, however, that without further protection, up to one million acres of
U.S. forestland per year—along with much of their carbon—may be lost to
development over the next fifty years.  Yet rather than prioritize forest protection,
much attention has been focused on the potential for wood products and wood
fuels to store carbon or reduce fossil emissions.  At its most extreme, this approach
suggests that cutting down forests is the best preemptive move to prevent carbon
losses due to fires or insect infestations.  The tactic might work if 1) carbon was
transferred, intact, and without any energy use, from the forest to its final resting
place, 2) the carbon remained indefinitely locked away, and 3) a new forest
immediately sprung up to replace the old one. The reality is, of course, a much
more complex and very different scenario.

In The Wilderness Society’s report, Wood Products and Carbon Storage: Can
Increased Production Help Solve the Climate Crisis? author Ann Ingerson draws on
a variety of sources to illuminate the greenhouse gas impacts of wood products and
wood biomass fuels throughout their life-cycles.  While detailed analyses are rare,
the picture is complete enough to show the variability of the processing path
followed by different types of trees in various parts of the country.  Taking the
entire life-cycle of these products into account, it becomes clear that an increased
use of wood fuels and lumber will have very little net effect on climate change. To
the contrary, the impact is as likely to be negative as positive.

Our report also takes a closer look at one particular policy mechanism, which could
reward wood products carbon storage: the use of forest-carbon offsets in voluntary
(market-based) or regulatory programs.  Because such offsets are expected to
balance emissions from other sources, it is important that the additional carbon
sequestration be real.  This document outlines several criteria for carbon offset
standards to account for the full effects of harvested wood carbon.

Regardless of whether the greenhouse gas impacts of wood products and wood
fuels are positive or negative, continuing to focus on these minor effects only
distracts us from the larger task at hand.  Our nation must transform an economy
based on centuries of inexpensive fossil energy into one that will operate on a truly
sustainable, renewable basis.  The wood products industry can contribute to this
goal by increasing processing efficiency, reducing energy use, extending product
life, reusing and recycling wood materials, and promoting wood energy that is
clean, efficient, and based on sound forest practices.  

By implementing such transformative strategies and keeping America’s forests as
forests, the U.S. forestry community will make an invaluable contribution to
mitigating climate change.

William H. Meadows Spencer Phillips, Ph.D.
President Vice President 

Ecology & Economics Research Department
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“What’s the use of a fine house if you haven’t got
a tolerable planet to put it on?”

— Henry David Thoreau, 1860

��

Key Points
1. When wood is removed from the forest, most of it is lost during processing.

The amount lost varies tremendously by region, tree species and size, and
local infrastructure.

2. The majority of long-term off-site
wood carbon storage occurs in land-
fills, where decomposing wood gives
off significant amounts of methane,
a gas with high global warming
potential.

3. In addition to wood processing loss-
es, fossil fuels are required to turn
raw logs into finished products and
ship them from forest to mill to
construction site to landfill.

4. Once wood losses and fossil emis-
sions are accounted for, the process
of harvesting wood and turning it
into products may release more
greenhouse gases than the emis-
sions saved by storing carbon in
products and landfills.

5. Biomass is often considered a “car-
bon-neutral” fuel, but its true climate impact depends upon management of
the source forest and efficiency of use.

6. Under cap-and-trade programs designed to reduce greenhouse gas emis-
sions, forest offsets are often proposed as a low-cost option for reducing
atmospheric carbon dioxide, while providing abundant collateral benefits.

7. Wood products in use and especially in landfills do keep carbon out of the
atmosphere, but proposals to assign credit for that carbon through offset
projects require first solving a whole host of conundrums.

8. If wood products are credited in offset projects, project carbon accounting
must reflect the characteristics of the unique processing chain followed by
that project’s logs.

9. Properly managed, wood can be a renewable source of building materials
and fuels, but solving the climate crisis will require reducing the use of all
materials and energy.

Removal of trees for processing into
wood products affects carbon storage

at every step — from the forest
through processing to final disposal.
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The Role of Forests in Addressing the Climate Crisis
Forest protection is a critical
component of climate policy, both
globally and within the United
States. Forested ecosystems,
including soils, store more carbon
than is currently present in the
atmosphere. In many places, these
important reserves of carbon are
threatened by forestland conversion
or degradation. Globally, about 20%
of recent anthropogenic greenhouse
gas emissions can be traced to
deforestation, a larger percentage
of emissions than originates from
the transportation sector.
Continuing conversion of forests to
other uses represents a significant
climate threat that is well
recognized by the public, the
scientific community, and policy makers.

Beyond the broad consensus in favor of keeping forests as forests, however,
when it comes to considering the best way to manage those forests, opinions
diverge. The treatment of harvested wood as a carbon reservoir is particularly
controversial. This report outlines the major issues surrounding carbon storage
in harvested wood products, summarizing data from multiple sources. It also
discusses the climate impacts of woody biomass fuels as an additional use for
harvested wood. Because of intense interest in these topics, new research is
constantly emerging that could modify the tentative conclusions reached here,
but our hope is that the general framework will contribute to understanding of
these complex issues.

Forest and wood product carbon accounting might be used to answer two
related but distinct questions. First, what are the overall greenhouse gas (GHG)
impacts of harvesting trees and converting them to wood products or burning
them for fuel? Second, should climate policies encourage increasing timber
harvest and wood products production to help reduce GHG emissions? Much
controversy over the role of wood product carbon storage arises when these
two distinct questions are tangled together, so we present them sequentially
here.

The first question can be answered through life-cycle analysis, which is the
subject of the first section of this report. This type of analysis seeks to
understand the impacts of an activity “from cradle to grave,” or in this case
“from stump to dump.” Life-cycle analysis raises inevitable questions about
appropriate system boundaries and what effects are significant enough to
measure. In addition, while tracking wood losses at each step is fairly simple,
tracking fossil energy use and other GHG emissions associated with those steps
is more complex. Moreover, tracking the indirect effects of wood use on the

Forested ecosystems, including soils,
store more carbon than is currently

present in the atmosphere. Old
growth forests, like Willamette
National Forest’s Delta Grove

shown above, are especially rich in
carbon reserves.
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source forest and on markets for end-use products and alternative materials
can twist the analyst in knots. Despite this complexity, however, the questions
are essentially factual—what are the GHG flows associated with decisions to
harvest timber for conversion to wood products or for burning to produce
energy?

The second major question asked by this paper is more about policy choices
than facts alone. Would increased wood products manufacturing be an effective
and otherwise desirable approach to help mitigate global warming? Here the
facts about whether GHG reductions could be achieved provide only a partial
answer. Would changes have occurred anyway, without special incentives? What
alternative actions might also achieve reductions? What secondary effects make
each option more or less desirable? Choices about how to treat wood products
and biomass as part of a GHG reduction strategy will ultimately affect land
owners, loggers, nonhuman forest species from salamanders to redwoods,
backcountry recreationists, wood product manufacturers and their employees,
makers of wood substitutes, wood product consumers, etc. Policy choices
require a complex balancing of interests to set public priorities.

Currently, a great deal of attention centers on carbon offsets as one policy
mechanism that could influence carbon storage in forests and harvested wood.
Under a cap-and-trade system, society chooses which sectors must comply with
an emissions cap. In climate change mitigation policy, uncapped sectors often
include agriculture and forestry, since their emissions are difficult to monitor
and their lands often sequester more greenhouse gases than they release.
Entities in these sectors may market GHG reductions or sequestration that are
beyond “business as usual” to capped sectors as substitutes for required
emissions reductions, or offsets. Since offsets under a cap-and-trade system
derive their value from public policy, questions about the definition of “business
as usual” and what counts as a saleable offset go beyond the technical and
touch on public values, property rights, and equity. These complex issues
associated with accounting for wood products carbon stores as part of forestry
offset projects under a cap-and-trade climate policy are discussed in the second
section of this report.

PAGE 2



Carbon Losses and Energy Emissions 
Associated with Wood Products
Before following carbon through a wood products life cycle, it is important to
understand the distinction between a greenhouse gas inventory and a life-cycle
analysis. Inventories, like the U.S. Environmental Protection Agency (EPA)
annual Inventory of U.S. Greenhouse Gas Emissions and Sinks, provide
comprehensive measures of net greenhouse gas emissions across the economy
as a whole, and may be useful to gauge the overall success of national or
regional GHG-reduction efforts. Inventories are not particularly useful, however,
in determining the GHG impacts of distinct parts of the economic system,
because inventory information is divided into sectors with no indication of how
one sector affects another. For example, carbon stored in wooden houses and
landfilled wood is reported in the Land Use, Land Use Change, and Forestry
sector of the EPA Inventory, while emissions from fossil fuels used to make,
move, and dispose of those products are reported in the Energy sector, and
emissions from decomposition at the landfill are reported in the Waste sector.
For the same reasons, an inventory cannot assess the potential for one product
to reduce overall emissions by substituting for a higher-emissions alternative.
(One example of this type of question, the potential for wood products to lower
GHG emissions by replacing concrete or steel, is treated later in this paper.) A
life-cycle analysis, on the other hand, can illuminate the critical connections
between sectors to predict the overall GHG impacts of a particular activity or
policy. 

A life-cycle analysis for wood products begins with the decision to harvest trees
and ends with the disposal of wood products made from those trees. Two
parallel and related streams of GHG impacts result directly from the harvesting,
processing, use, and disposal of wood products. First, carbon is lost at each
step of the processing chain due to the physical breakdown of wood, releasing
carbon dioxide, methane, and other byproducts.1 Second, the transportation of
wood to mills, transformation into a variety of products, and delivery to
customers and eventually to landfills requires energy, a large proportion of
which is derived from fossil fuels. Gower (2003) clearly describes the
importance of including these GHG fluxes in a wood products analysis:

It is extremely important to note that almost all the forest
product sequestration estimates are based on gross C
accumulation. That is to say, GHG emissions from harvest,
transportation of the roundwood or chips to processing plants
(i.e., pulp and paper mills, sawmills), mill emissions, and
transportation of the forest products to regional distributors and

PAGE 3

1 In the life-cycle analysis context, the wood products stream results in the release of a
variety of different greenhouse gases in addition to carbon dioxide (CO2) and they have
varying effects on the climate. Methane, for instance, is produced from the anaerobic
decomposition of landfilled wood. According to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (Forster et al. 2007), methane (CH4) is 25
times more potent than CO2 as a greenhouse gas. (Many applications still use a global
warming potential of 21, as suggested in the Second Assessment Report.) Climate policy
makers have settled on “carbon dioxide-equivalents” (CO2e) as a uniform unit for measuring
the global warming potential of emissions—so, for example, 1 ton of methane would be
measured as 25 tons of CO2e. 
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consumers are ignored... Life cycle analysis (LCA)… can be used
to quantify total GHG emissions for a forest product from cradle
(i.e., forest establishment) to grave (i.e., final fate). Scientists
have yet to demonstrate that there is a net C storage in forest
products if a complete LCA, from cradle to grave, is completed.

Figure 1 illustrates the flows of materials and energy through the wood products
processing chain. Table 1 summarizes the activities at each step that result in
GHG emissions from either wood loss or fossil energy use. In addition to the
direct effects of wood products production on greenhouse gas emissions, there
are less well-defined, indirect effects on both the forest ecosystem and on

economic activity that influence
the overall GHG benefits of wood
products. These are sketched out
under the section on Broader
System Effects below. Biomass
fuel is a special type of wood
product, the climate benefits of
which depend upon replacing
fossil fuels rather than increasing
carbon storage. Because of this
fundamental difference, the
greenhouse gas implications of
increasing biomass fuel use are
also treated in a separate
section.

Wood Carbon Losses
Through the Processing
Chain
This section outlines how carbon
stored in wood is lost through
decomposition or combustion
during five stages of processing

TABLE 1.

Wood Harvesting and Processing Steps
Step Activities

1. Harvest Road construction; felling, limbing, cutting trees to length; transport to landing and mill

2. Primary processing Sorting out material used for fuelwood and paper; sawing into lumber, planing; manufacture of plywood and
other panels

3. Secondary processing Manufacture of primary products into end products (furniture, cabinets, flooring, windows and doors);
and construction building construction

4. Use Maintenance and repairs

5. Disposal Landfilling, dumping, burning; recovery for re-use

FIGURE 1.

The Wood Products Processing Chain

------- wood material ----- GHGs
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as illustrated by the dotted lines in Figure 1: (1) harvest site losses, (2) primary
processing mill residues, (3) secondary processing and construction waste, (4)
product use and maintenance, and (5) ultimate disposal.2

Studies present wood losses and GHG emissions in varying units, and
percentages use different bases. Since the alternative to harvesting trees would
be to leave them standing, in this report we express losses at each step in the
processing chain as a percentage of carbon in the standing tree. We assume
that carbon density in wood products is similar to that in the live tree, so that
losses in wood volume provide rough estimates of carbon losses at each step. 

Timber harvests usually produce a mix of roundwood types (logs, pulp,
fuelwood, etc.), and a GHG accounting of the effects of harvest decisions should
reflect the impacts of the entire bundle of products. However, since carbon
storage benefits rest with long-lived wood products, and paper is widely
acknowledged to be a net emitter of greenhouse gases,3 we focus here
primarily on solid wood products. 

Due to the complexity of wood markets, with multiple end products and variable
recapture of byproducts and raw materials, generalizations about carbon losses
are risky. Nonetheless, broad guidelines for estimating the loss of wood carbon
during timber processing are provided by the U.S. Forest Service, in a reference
(Smith et al. 2006) used for the U.S. Department of Energy’s voluntary GHG
registry known as the 1605(b) program. This reference uses available data from
mill surveys, forest inventories, forest products research, and data on landfills
and housing stock, among other sources, to estimate wood product carbon and
predict losses over time as products are disposed of and decomposed. Due to
data limitations, these estimates are necessarily based on broad regional
averages and extrapolation from knowns to unknowns.

To supplement this general information, some additional research results are
summarized below. Our analysis finds losses of similar magnitude to the
estimates in Smith et al. (2006). The data that we synthesized from multiple
studies indicate that as little as 1% of the carbon present in the standing tree
may remain in solid wood products in use after 100 years. Interestingly,
landfills make a much larger contribution to long-term carbon storage,
sequestering perhaps 13% of the carbon originally present in the standing tree.
Table 2 and Figure 2 illustrate the range of wood losses through the processing
chain and after 100 years in use, with detailed explanations to follow.

2 This system boundary excludes several less direct effects of wood harvesting activities,
including the longer-term impacts of wood harvest on forest carbon, the impacts of wood
fuels on fossil fuel consumption, and possible substitution of wood for materials that have
different manufacturing emissions. These effects are treated, albeit briefly, in the Broader
System Effects and Biomass sections below. Our approach also assumes that impacts will be
similar for wood products utilized within the U.S. and those that are exported, so that the
location of the impacts is irrelevant to GHG assessments.

3 High-lignin papers may remain in landfills for considerable time, but the methane released
from the breakdown of landfilled paper and the energy required for paper production
outweigh any carbon storage benefit. The assumption that paper production contributes
little on balance to mitigating GHG emissions could change if a greater percentage of paper
were recycled or if more of the methane generated by landfilled paper were captured for
energy generation.

As little as 1% of 
the carbon present 

in the standing 
tree may remain 

in solid wood
products in use 

after 100 years.
Interestingly,

landfills make a
much larger

contribution to 
long-term carbon

storage.



It is important to recognize that the wood
from a single tree may experience high losses
at one stage and very low losses at another.
The variety of processing paths a log may
follow, as well as the variation in losses at
each processing step, illustrates why direct
sampling of wood flows would be important to
understand GHG emissions from wood losses.
Still, the fact remains that even the most
efficient processing chain will result in the loss
and emission of a significant portion of the
carbon present in the standing tree.

1. Harvest
Significant amounts of carbon are lost during
timber harvest when the un-merchantable
portion of the tree is piled and burned, left in
the woods or at a landing to decompose, or
collected and burned as biomass energy. Both
the amount and the rate of this loss affect
accounting for carbon emissions. Zhang et al.
(2008) surveyed data from 110 research sites
and found median litter decomposition half-
lives between 2 and 3 years.6* Given such
rapid decomposition rates, many studies make
a simplifying assumption that logging residue
is lost immediately, whether burned or left to
decompose.

The U.S. Forest Service (2008) estimates
logging residue at 30% of roundwood volume
for the United States as a whole. State-level
percentages range from 3% to 84% (U.S.
Forest Service 2007).7 These percentages fail
to capture the total carbon losses during
4 Secondary processing and construction losses are not
cumulative—the highest secondary processing losses
occur in industries like furniture, where construction
losses are zero. The estimate for medium losses from
secondary processing and construction combined

assumes 76% of solid wood is used in construction and 24% in finished products, based on
data from Smith et al. 2006, Table D2 (see Data Appendix for further details).

5 Low and high estimates are from different analyses or regions. Medium estimate is national
average (for harvest losses, fuelwood, and pulp), simple average of low and high estimates
(for primary processing – mill and in-use), or weighted average (for secondary processing
and construction, based on national proportion of wood used for construction and other
long-lived uses).

6 *Many of the factors reported here required combining multiple sources of data, using
different units or a different base for percentages. To avoid cluttering the text with
computational details, we have explained all these computations in a Data Appendix. Items
explained in the Data Appendix are marked * in text.
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FIGURE 2.

Carbon Storage Through the Wood Products Chain

Source: Table 2 medium loss estimates.

TABLE 2.

Reductions in Wood Available for 
Long-Lived Wood Products

(% of Live-Tree Volume)
Processing Step Low Medium High

1. Harvest 22% 40% 59%

2. Primary processing – fuelwood portion 2% 5% 33%

2. Primary processing – pulp portion 3% 19% 30%

2. Primary processing – mill 4% 13% 22%

3. Secondary processing 6%
5%4

18%

3. Construction 1% 5%

4. 100 years in use 14% 17% 19%

Cumulative losses 99%

Sources: See text.5
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logging, as reported logging residue volumes exclude roots, stumps, and small
limbs.8 Including stumps and small limbs would increase logging residue volumes
by an average of 14% for softwoods and 24% for hardwoods (McKeever and Falk
2004), which would increase overall national average residue to about 36%* of
roundwood volume. Large roots range from 5% to 51% of total tree biomass,
with a mean of 19%, in cold temperate and boreal forests in the United States (Li
et al. 2003). Taking all these factors together, approximately 40%* of the original
tree volume, with a range from 22%* to 59%* for individual states, might be left
behind at harvest, and its stored carbon lost.

Actual losses would vary significantly depending on the type of harvest (whole-
tree or bole-only, commercial thinning or diameter-limit or clearcut) and the
type and quality of timber (hardwoods generally produce more residue than
softwoods, and higher-quality trees produce proportionally less residue). A
portion of in-forest decomposition losses due to logging might occur even
without harvest activity, due to natural tree mortality. An increase in the
commercially used portion of the tree would lower logging residue losses, but
might also ultimately reduce site productivity.

2. Primary Processing
As we have seen in the discussion above, logs removed from a harvest site
represent approximately 60% of the volume—and hence, stored carbon—of the
trees from which they came. Harvested logs may be destined for pulp,
fuelwood, sawlogs, or other specialized uses, but long-term carbon storage
benefits come mainly from the sawlog portion. The portion of wood going to
each use varies widely by region, and will also differ among harvest operations
within a region, but the following calculations provide a general indication of
processing losses:

• According to figures in a recent Resources Planning Act assessment
(U.S. Forest Service 2008), fuelwood removals in 2007 ranged from
3% (in the South Central region) to 51% (Rocky Mountain region) of
total roundwood removals by volume, with a national average of 9%.9

This national average amounts to about 5%* of the original standing

7 Roundwood is the volume of material loaded onto a truck for processing into lumber, pulp,
fuelwood, or other uses. Timber Product Output data are from mill surveys and field
sampling at logging sites. Data are imputed for years between surveys and could fail to
reflect recent changes in technology.

8 Logging residue also excludes wood lost during pre-commercial thinning or land clearing, about
8% of total material removed from forests nationwide, but since these losses are not directly
related to a harvest decision we consider them outside the boundary of our life-cycle analysis.

9 Most of the Forest Service data cited in this report groups U.S. states into nine regions as
follows: Northeast (Connecticut, Delaware, Maine, Maryland, Massachusetts, New
Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, Vermont, and West
Virginia); North Central (Illinois, Indiana, Iowa, Michigan, Minnesota, Missouri, Ohio, and
Wisconsin); Southeast (Florida, Georgia, North Carolina, South Carolina, and Virginia);
South Central (Alabama, Arkansas, Kentucky, Louisiana, Mississippi, Oklahoma, Tennessee,
and Texas); Great Plains (Kansas, Nebraska, North Dakota, and South Dakota);
Intermountain (Arizona, Colorado, Idaho, Montana, Nevada, New Mexico, Utah, and
Wyoming); Alaska; Pacific Northwest (Oregon and Washington, further split into Westside
and Eastside in some reports); and Pacific Southwest (California and Hawaii).
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tree volume burned as fuelwood, leaving 55% (60% minus 5%)
available for other uses.10

• The portion of total roundwood volume used for pulp ranges from 6%
for hardwood sawlogs in the North Central region to 50% for softwood
pulp in the Pacific Northwest Westside, with a national average of
about 31%* (Smith et al. 2006, Table D6).11 These pulp diversions
amount to another 3%* to 30%* by region of original standing tree
volume lost from the long-lived products stream, with a national
average of 19%*. This leaves about 36% (55% minus 19%) of the
original tree volume available for processing into long-lived products.

• Bark accounts for about 15% to 18% of roundwood volume (Smith et
al. 2006, Table 5). Most is burned for fuel, with small amounts used
for mulch, other short-term uses, or discarded. The bark portion of
the 36% of original tree volume remaining after fuelwood and pulp are
sorted out would amount to another 6%* of original tree volume.
However, making a conservative assumption that sawmill waste
percentages, as well as fuelwood and pulp diverted, include this bark
waste, we will not consider bark as an additional loss in the volume of
wood available for processing into long-lived products.

Once wood destined for short-lived uses (fuel and pulp) has been removed from
the solid wood stream, further losses during primary processing will vary
considerably depending on the product and the equipment used. Standard

circular sawmills may convert only
50% of a log into lumber, while thin-
kerf bandsaw mills may approach
70% conversion efficiency. Oriented
strandboard (OSB), medium-density
fiberboard (MDF), and particleboard
may approach 90% conversion of
non-bark wood to panels (at the cost
of increased use of energy and
resins—see the section on fossil
energy emissions below).
Northeastern sawmills producing
hardwood lumber averaged 56% loss
of wood from log to planed lumber
(Bergman and Bowe 2008). The
Consortium for Research on
Renewable Industrial Materials
(CORRIM) estimated wood waste
losses during primary solid wood

Either at the harvest site landing or
at the mill, logs are sorted by quality
and diameter into smaller material
used for fuelwood or pulp (relatively
short-lived uses) and large material
suitable for sawing into lumber.

10 Wood fuels are often considered “carbon-neutral,” but when evaluating the potential for
long-term carbon storage in harvested wood, burning must be treated like any other wood
loss because it definitely accelerates the release of carbon. However, see the Biomass
section below for a discussion of possible carbon benefits of fuel substitution. Processing
byproducts used for fuel are not included in these fuelwood percentages, however, since
carbon losses from this source would be included as part of processing waste.

11 Additional waste material from solid wood processing may also be recovered to make paper,
but because of paper’s emissions profile this recovery would not make a significant
contribution to carbon storage.
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processing ranging from 26%* (for Southeast OSB) to 58%* (for Southeast
softwood lumber) of the raw log (Kline 2005; Milota et al. 2005; Wilson and
Sakimoto 2005). A study from Finland estimated 56% losses for softwood
lumber and 62% for plywood (Liski et al. 2001).12 With about 36% of original
standing tree volume available for processing into long-lived products, primary
mill losses amount to about 4%* to 22%* (average of 13%) of the standing
tree volume, leaving about 23% of the original volume to be incorporated into
long-lived wood products such as lumber or panels.

3. Secondary Processing and Construction
Once primary products leave the mill, many undergo further processing into
finished products, sometimes in multiple stages. For instance, lumber might be
shaped for molding or flooring, then further trimmed at the construction site.
Systematic studies of wood waste during secondary processing are hard to
come by, but a few examples indicate the general magnitude of waste at this
step.

Losses in furniture and cabinetry are particularly high due to trimming of knots
and other defects. A North Carolina study (Wood Waste and Furniture Emissions
Task Force 1998) assumed wood waste in furniture manufacturing at 55% to
65% of lumber. A Georgia furniture manufacturer scrapped approximately 40%
of all hardwood lumber purchased due to cracks and other defects (Crumpler
1996). A British study (BFM, Ltd. 2003) found secondary manufacturing waste
at 20% of raw material purchased for “board” products (MDF, OSB, plywood),
27% for softwood lumber, 37% for hardwood lumber, and 50% to 80% for
veneer. This range of secondary processing losses (expressed above as
percentages of lumber or panel volume) translates to losses of 6%* to 18%* of
original standing tree volume lost at the secondary manufacturing stage.

Wood destined for furniture, cabinetry, windows, and doors experiences most
losses at the secondary manufacturing plant. By contrast, framing lumber,
flooring, paneling, and siding undergo further trimming at the construction site.
Using wood waste amounts reported by the National Association of Home
Builders (NAHB) Research Center (1995) and total wood materials required for
construction of a 2,082-square-foot single-family house (NAHB, cited in Wilson
and Boehland 2005) we estimate that construction-site waste in home building
ranges from 4% for solid wood to 10% for engineered wood components. The
general magnitude of construction wastes according to NAHB data is similar to
the 10%-12% range found in several other studies (Cornell University
Cooperative Extension 1996; James et al. 2007; McKeever and Falk 2004).
Particular construction applications will naturally diverge from these overall
national averages. A Cornell University study of the construction of seven
homes (Cornell University Cooperative Extension 1996) found wood waste per
square foot of home varied from one-half to twice the NAHB estimates cited
above. A Texas study found that construction wood waste from large, custom-
built homes was approximately three times the NAHB amounts recorded for
12 Mill residues from primary mills may be burned on-site for energy, used to make pelleted

wood fuel, converted to structural panels or paper, or dumped or landfilled. Other than
structural panels and discards in an anaerobic landfill, the other possible uses for mill
residues would store carbon for very short time periods so they are considered direct losses
here.
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smaller homes (Houston Advanced Research Center 2005). This range of
construction site losses (expressed above as percentages of lumber volume)
translates to losses of 1%* to 5%* of original standing tree volume.

Generally the same wood material will not be subject to secondary processing
losses and construction site losses, as most construction materials undergo
primary processing only. Assuming that 76%* of wood volume in long-lived
products is construction lumber, with the remaining 24% in furniture, cabinetry,
and other products, total secondary processing and construction losses might
be about 5%* of original standing tree volume. If 23% of the tree remains
after primary processing, this leaves about 18% of original live tree volume
actually incorporated into long-lived products.

4. Use
Once products are placed in service, carbon losses begin to occur as products,
or portions of them, are disposed of. Even when mills turn out a product like
lumber that is capable of storing carbon for long periods, actual long-term
carbon storage will depend upon its final use and expected lifetime in that use,
as well as whether it is discarded prematurely due to renovations and repairs.
Lifetimes in use vary widely among solid wood products. The longest-lived uses
are for buildings or furniture, and about 60%* of all primary solid wood
products (lumber and paneling) find their way into these uses (Smith et al.
2006). Shorter-lived uses include pallets and other shipping containers and
miscellaneous manufacturing (e.g., matches, popsicle sticks, toothpicks).

Half-lives are generally used to indicate the rate at which wood products will be
discarded over time.13 The latest WoodCarbII model, used for the 2007
Inventory of U.S. Greenhouse Gas Emissions and Sinks, assumes half-lives of
86 years for single-family and 52 years for multi-family homes built recently
(these half-lives are shorter for earlier construction years), 26 years for
residential repairs, 38 years for “other” solid wood uses, and 2.5 years for
paper (Skog 2008). These half-lives were calibrated so that the WoodCarbII
model estimates of discards to landfills match EPA solid waste estimates for
1990 to 2001, and estimates of wood carbon in housing in 2001 fit with Census
of Housing data.

Beyond half-lives, estimates of wood carbon remaining in use also depend upon
the equation used to describe the disposal path. Researchers make various
assumptions about whether the disposal path is linear, logarithmic, or follows
some other pattern. Miner (2006) provides examples from Europe (European
Forest Institute - EFI), Japan (National Institute of Environmental Studies -
NIES), Canada (Kurtz), and alternative U.S. approaches, that can be compared
to the first-order functions used in tables developed for Smith et al. (2006) and
the 1605(b) program. Figure 3 compares different curves describing the
percentage of original tree carbon that remains stored in wood products over
time (initial stores begin at 18% since that is the approximate amount of the
carbon in the standing tree that would be incorporated in solid wood products).
This figure shows that, depending on the underlying assumptions about curve

13 For 1,000 tons of lumber used to construct homes in the year 2000, a 100-year half-life
implies that 500 tons will remain in use in the year 2100.

Even when mills turn
out a product like
lumber that is
capable of storing
carbon for long
periods, actual 
long-term carbon
storage will depend
upon its final use 
and expected 
lifetime in that use.
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formulas and use lives, estimates of
carbon still in use in year 100 range
from 0% to 4.6% of the carbon
originally present in the standing tree.
Based on this comparison, the
assumptions behind U.S. use curves
appear to be less conservative (i.e.,
result in a higher estimate of 100-year
carbon) than those of some other
countries.

Renovations: Even before long-lived
products reach the end of their
expected lifetime, users will discard
portions as they repair and renovate
homes and furniture. Systematic data
are lacking on the percentage of wood
products that are discarded before the
end of their useful lives, but a few
statistics indicate that this is likely to be
a significant source of wood carbon
losses. Residential repairs and
renovations utilized 61% as much
lumber, 42% as many square feet of
structural panels, and 60% as many
square feet of nonstructural panels, as new construction in the United States in
1998 (McKeever 2002). Renovations generate about 20% of all wood waste,
more than the percentage of wood waste from new construction (McKeever and
Falk 2004).

In the WoodCarbII model, half-lives for houses and wood used for repairs are
calibrated so that model estimates of wood discarded to landfills match EPA
data on discards from 1990 to 2001. Hence, in a general sense the calibrated
half-lives for houses incorporate the effects of wood discarded during
renovations, but additional analysis would be needed to sort out the separate
effects of renovation waste and expected house lifetimes.

5. Disposal
The percentage of harvested wood in use as long-lived products does not tell
the whole story of wood products carbon sequestration. In fact, discarded wood
in landfills actually stores much more carbon than the wood in long-lived
products in use. In addition to discarded products, some of the wood waste
from mills and construction sites will also be disposed of in landfills (checkered
bars in Figure 2). Wood carbon in landfills can persist for some time, as
anaerobic conditions inhibit the fungi that specialize in breaking down lignin
(the substance that makes wood “woody”), but landfill decomposition rates vary
considerably with environmental and management factors. Predicted
decomposition rates are often extrapolated from laboratory experiments (Barlaz
1997) that were designed to calculate maximum methane emissions under
anaerobic conditions. These studies may overstate total decomposition under

FIGURE 3.

Estimates of Carbon Stored in Wood Products Over Time
(% of Total Carbon in Standing Tree) 

Sources: McKeever 2002; Miner 2006; Smith et al. 2006; Skog 2008.
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field conditions, but they are also short in duration
which makes extrapolation to 100 years quite
speculative.

Field tests near Sydney, Australia, confirm that
solid wood may last for a significant time in
landfills (Ximenes et al. 2008). Researchers
estimated carbon losses based on the proportion of
lignin in excavated wood that was buried for 19,
29, and 46 years (assuming lignin totally resists
decomposition under anaerobic conditions). Wood
buried for shorter periods appeared to decompose
very little, while an estimated 17%-18% of initial
wood carbon had been released from the 46-year
sample. Results from these three sample sites raise
as many questions as they answer. After year 46,
would decomposition continue at an accelerated
rate due to removal of some initial deterrent to
bacterial activity? Or would decomposition slow as

lignin constitutes a larger proportion of the residual material? Similar to the
case discussed above regarding wood products in use, the form of the equation
that is chosen to describe landfill decay also has significant implications for
stored carbon estimates at any given time (Pingoud and Wagner 2006). Various
studies have assumed that anywhere between 20% and 80% of landfilled wood
is subject to decay (Borjesson and Gustavsson 2000). Only further research can
answer these questions, and variable landfill conditions mean that estimates will
always remain uncertain.

The WoodCarbII model assumes that only 56% of paper and 23% of solid wood
are subject to decay in landfills, with decay half-lives of 14.5 years for paper
and 29 years for wood (Skog 2008). These numbers were calibrated to match
solid waste estimates from the EPA and to meet IPCC guidelines. WoodCarbII
also makes assumptions about how much of the waste at each stage will be
landfilled, burned, dumped, or recycled and how quickly its carbon will be
released as a greenhouse gas (Skog 2008). Based on this model, the 1605(b)
tables (Smith et al. 2006, Table 6) indicate that about 9% of North Central
region softwood pulp volume (or about 5%* of standing tree volume) would
remain in use or in landfills at 100 years, with over 91% of that in landfills. At
the other end of the scale, the tables estimate that 41% of Pacific Northwest
Westside softwood sawlog volume (or about 25%* of standing tree volume)
would remain in use or in landfills at 100 years, with two-thirds of that in
landfills. Clearly, what happens in landfills is an important part of wood carbon
accounting.

Methane: Many carbon accounting schemes address only the rate at which
carbon is released from decomposing products, without accounting for the form
in which it is released, but the global warming potential of methane (CH4) is 25
times that of CO2. Due to the anaerobic conditions, over half the carbon
released from decomposing wood in landfills will be in the form of methane, or
about 20% once flaring or burning for energy use (which converts CH4 to CO2)
is accounted for (U.S. EPA 2006). A Swedish study (Borjesson and Gustavson
2000) found that if all wood from the demolition of a four-story wood-frame

PAGE 12

WOOD PRODUCTS AND CARBON STORAGE

Wood discarded in landfills
continues to store carbon for some
time once it is buried and cut off
from an oxygen supply. The portion
that does decompose releases
significant quantities of methane,
however, which has a much higher
global warming effect than carbon
dioxide.
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apartment building is landfilled at the end of useful life, rather than being
burned or re-used, the consequent methane emissions are large enough to
make the overall structure a strong net emitter of greenhouse gases over its
complete life cycle.

If 23% of the mass of landfilled solid wood products eventually decomposes,
and 20% of the carbon thus emitted is released as methane, the global
warming potential of these emissions would be about 60%* of the CO2e
originally stored in the discarded wood. The 1605(b) tables, based on carbon
alone, do not reflect this methane effect. Because of methane’s climate
impacts, landfilled wood waste from mills, construction sites, and house
demolition stores only about 13% of the CO2e present in the standing-tree
(checkered bars in Figure 2). Including the carbon remaining in wood products
in use (solid bars in Figure 2), total harvested wood CO2e at 100 years is about
14% of that present in the standing tree.

Fossil Fuel and Other GHG Emissions 
Associated with Wood Products
In addition to the carbon lost through decomposition or combustion of wood
waste, the processing and transport of wood products also requires energy,
much of it provided by fossil fuels that emit greenhouse gases when burned.
Returning to Figure 1 (page 4), energy emissions are associated with
transformations that occur within the solid shapes in the diagram, as well as
with the transportation represented by solid lines. Few full life-cycle
assessments have been made of energy use and carbon emissions associated
with wood products from harvest to disposal. Nonetheless, several sources
indicate that energy use and other emissions associated with these stages can
be substantial, perhaps even greater than the CO2-equivalent stored in the
finished wood products. 

Since paper is known to be an energy-intensive net emitter of greenhouses
gases, we concentrate here, as above, on the solid wood products chain.
Carbon losses from combustion of wood as fuel (both wood sorted as fuelwood
and processing byproducts burned for energy) have already been included as
losses to the long-lived products stream in the previous section, so this section
considers only fossil fuel energy emissions. Again, we use wood carbon
remaining in use or in landfills at 100 years after harvest as the metric to
represent the carbon storage benefits of wood products. The emissions
associated with producing those benefits are the GHG cost of that activity.
Therefore, this section expresses GHG emissions from energy use during
processing, transport, use, and disposal of wood products as a ratio to 1 metric
ton CO2e of 100-year wood carbon.14

1. Harvest
Harvest-related activities at the source forest emit a relatively small amount of
greenhouse gases. A CORRIM study (Johnson et al. 2005) found emissions from
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14 This section assumes that 100-year wood carbon (including landfilled wood) would be
approximately 14% of standing tree carbon. See Data Appendix for computations marked
by * in text. 



fossil fuels used in harvest, replanting, and fertilization—plus methane and
nitrous oxide (N2O, a greenhouse gas more than 300 times more potent then
CO2)—of about 0.9%* to 1.3%* of CO2e in the raw log. In a life-cycle analysis
for Chetwynd Forest in British Columbia, Gower et al. (2006) estimated that
harvest-related emissions (including road-building, reforestation, and transport
to the sawmill) were about 2%* of the CO2e stored in the roundwood 
removed. When compared to long-term carbon storage rather than raw logs,
the ratio of harvest-related emissions to 100-year carbon ranges from about
0.04* to 0.07*.

2. Primary Processing
CORRIM studies found fossil fuel-related emissions for processing of four
primary wood products ranging from 2%* (softwood lumber, including only on-
site emissions) to 18%* (oriented strandboard, including off-site emissions) of
the CO2e in the raw log (Kline 2005; Milota et al. 2005; Wilson and Sakimoto
2005). Data from Finland indicate primary processing emissions range from 3%
to 7% of log CO2e content (Liski et al. 2001). Gower et al. (2006) found
sawmill emissions from nonrenewable energy to be 2%* of the CO2e in the raw
log for softwood lumber. Bergman and Bowe (2008) found that processing of
hardwood logs resulted in fossil fuel-based GHG emissions equivalent to 2%* of
the initial log carbon (for on-site emissions only) or 7%* (including off-site).
Skog et al. (2008) estimate that GHG emissions associated with resins and
other non-wood components of panels are as high as 20%* of the CO2e stored
in the panel (a factor that likely accounts for some of the high off-site
emissions for oriented strandboard above).

Beyond on-site process energy and transport of raw materials to the
manufacturing facility, transport from mill to retail outlet can contribute
significant emissions. The U.S. EPA (2006) provides life-cycle data that combine
manufacturing and transport emissions for selected wood-based products.
Emissions from burning of biomass to produce process energy are not included.
The EPA’s transport emissions include only the shipping of raw materials to the
place of manufacture (assumed to be 20 miles) and from there to the retailer;
they exclude transport to the final consumer and do not account for any CH4 or
N2O emissions from transport. Raw material acquisition and manufacturing and
transport emissions (in metric tons of carbon equivalent per wet ton of material
arriving at the landfill) amount to 0.05 for lumber and 0.10 for medium-density
fiberboard (U.S. EPA 2006). This translates to emissions of 12%* to 24%* of
the CO2e content of these raw materials.

Gower et al. (2006) tracked transport emissions as wood products moved from
sawmill to retail store, and found that this stage by far dominated the overall
emissions picture at about 70% of the CO2e stored in the lumber. The market
chain for this lumber included transport to Home Depot wholesale warehouses,
with redistribution across the continent; the significance of transport emissions
for this processing chain illustrates the importance of sampling emissions flows
for each individual offset project. At the other end of the transport spectrum,
analysis by CORRIM of two sample wood-framed houses, a 2,062-square-foot
house in Minneapolis and a 2,153-square-foot house in Atlanta, found transport

WOOD PRODUCTS AND CARBON STORAGE
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from manufacturing facility to construction site to
be an insignificant source of emissions (Meil et al.
2004).

Based on the studies above, the ratio of primary
processing emissions to 100-year carbon stores
varies from about 0.02* to 0.77* for processing
and related raw material transport. If
transportation of the finished product to outlets is
included, the ratio varies from 0.16* (EPA 2006)
to 1.19* (Gower et al. 2006; 1.12 for transport
and 0.07 for primary processing). Since finished
product transport emissions are so variable (from
0 for products that are used very close to the
manufacturing site, to the dominant element of
the emissions picture for those with continent-
wide transport networks), we have reported this emissions source separately in
Table 3 and Figure 4 below.

3. Secondary Processing and Construction
Manufacturing of lumber or panels into secondary products (windows, doors,
cabinets, furniture) and/or construction into buildings requires additional energy.
The studies cited above provide emissions data only through primary processing.
With very little comprehensive data available, our accounting for wood products
emissions includes a potentially large gap for energy emissions from secondary
processing.

CORRIM studies calculated construction emissions for the two sample wood-
framed houses described above. These homes stored a total of 22.4 and 17.1
metric tons of CO2e, respectively, in their wood components (Perez-Garcia et al.
2005) over an expected lifetime of 75 years. These studies included only basic
framing, and therefore did not account for secondary processing or construction
emissions associated with components such as finished flooring, cabinets, wood
paneling, wooden doors, and so on. Thus, total emissions from actual home
construction would be much higher than those reported here. In the CORRIM
studies, fossil fuel GHG emissions from construction were 1.3 and 1.1 metric
tons CO2e, respectively (Meil et al. 2004), but only a portion of those emissions
were directly associated with wood components. With wood at 15% of materials
for the Minneapolis house and 10% for the Atlanta house, the ratios of
construction emissions to 100-year carbon stores associated with wood
products might be about 0.011* and 0.008*.

It is important to recognize that total manufacturing and construction emissions
for these sample homes far exceed the CO2e stored in the wood, even without
considering secondary processing of the wood components. For the Minneapolis
house, emissions are 1.65 times the CO2e content of the wood components,
and for the Atlanta house 1.25 times. The entire home must be built in order to
store the wood long-term, but it is not clear what portion of total emissions
should be considered a direct cost of wood carbon storage.

Construction emissions are typically
calculated for the building frame

only, without factoring in the GHG
costs of turning raw wood material

into paneling, cabinets, finished
flooring, and other components.
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4. Use (Maintenance)
Since wood products would not be long-lived without maintenance and heating
of the homes and furniture that store the wood, some accounting for
maintenance energy is appropriate. Heating and cooling for the two CORRIM
model houses emitted 5,174 kg of CO2e (Minneapolis) and 3,032 kg of CO2e
(Atlanta) per year (Winistorfer et al. 2005), but only a small portion of these
emissions might be required to slow the decay of wood components so that they
remain an effective carbon sink. In addition to heating and cooling, some house

components need to be repaired or
replaced periodically, and these activities
are more directly attributable to wood
carbon storage. The greenhouse gas
emissions associated with maintenance of
the wooden portions of CORRIM’s model
houses over a 75-year lifespan were 1,066
and 890 kg CO2e respectively (Winistorfer
et al. 2005)—a ratio to 100-year wood
carbon of about 0.06*.

5. Disposal
Again in the CORRIM model homes study,
demolition and transport to the landfill of
the wood materials in the two houses
released another 65* kg CO2e
(Minneapolis) and 49* kg CO2e (Atlanta)
(Winistorfer et al. 2005), for a ratio to
100-year wood carbon of less than 0.01.
Additional expenditures of fossil fuel
energy would occur at the landfill itself to
move and bury wastes, but these were
not included.

Thus, as indicated in Table 3 and Figure 4,
the entire process of transforming wood
into a form suitable for carbon storage
causes substantial GHG emissions, and in
some cases long-distance transport may
cause emissions to exceed the CO2e
storage value.

Broader System Effects
The stump-to-dump analyses outlined
above track wood carbon losses and fossil
fuel energy use throughout the life cycle
of a wood product, but timber harvest
also has broader system effects, on forest
ecosystems as a whole as well as on
markets and the larger economy. 

FIGURE 4.

Energy and Other Process-Related Greenhouse Gas
Emissions Associated with Wood Products

Source: Table 3. 
Note – excludes secondary processing emissions.

TABLE 3.

Greenhouse Gas Emissions from Solid 
Wood Products Processing

Ratio of non-wood energy GHG emissions
to wood storage in year 100 (CO2e basis) 

Processing Step Low Medium High

1. Harvest and transport to mill 0.04 0.05 0.07
2. Primary processing 0.02 0.10 0.77
3. Secondary processing

Construction 0.008 0.009 0.011
Transport to end use 0.00 0.56 1.12

4. Use/maintenance 0.06 0.06 0.06
5. Demolition and disposal 0.003 0.003 0.003

Total 0.13 0.78 2.03
Sources: See text.
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The effect of timber harvest for wood products on the
broader forest ecosystem depends on the assumptions
of a particular study. At one extreme, some studies
assume that without a wood products market, no
forests would exist; hence wood products should be
credited for all carbon sequestered by the source
forest. At the other extreme are studies assuming that
without a wood products market, natural forests would
remain undisturbed and would continue to fix carbon
at a slowing but still significant rate for centuries;
hence any harvest activity reduces carbon stores, at
least temporarily. The typical situation lies somewhere
in the middle.

A key determinant of the broader ecosystem effect of
wood products is the particular management system
that is applied to the source forest. Multiple studies have compared the carbon
storage implications of different forest management systems, accounting for
carbon stored in the forest, in wood products in use, and in landfills. Some
sources assume that sustained yield guarantees the carbon-neutrality of wood,
but sustainability of harvest volumes is actually a poor indicator of overall GHG
benefits of the management regime. For example, a management regime that
involves periodic light harvests and maintains high forest stand volumes, and a
regime using clearcuts with short rotations and low average stand volumes, will
both produce “sustainable” harvest flows, but they have very different carbon
implications.

The volume of live and dead wood maintained on the site over time is a better
indicator than the sustainability of harvest flow to assess the carbon
sequestration contributions of a particular forest management system.
Management regimes that reduce the standing stock of timber, even if they
produce a sustainable flow of timber over time, will have smaller GHG benefits
than regimes that maintain high stand volumes (Liski et al. 2001; Hoover and
Stout 2007; Ray et al. 2007; Depro et al. 2008;). Even very old stands
continue to build carbon reserves, particularly in the soil (Luyssaert et al.
2008). For young secondary managed forests, the carbon balance depends
upon multiple factors, including the effect of harvest on stand regeneration, the
proportion of wood converted to long-lived versus short-lived products, the rate
of decomposition and amount of methane emitted by discarded products and
the extent of reuse, and the growth dynamics of the particular forest type. For
older forests with a low risk of major disturbances, conversion to young, fast-
growing forest will cause large amounts of GHG emissions as the old stand is
removed (Harmon et al. 1990), and it may take decades or even centuries for a
sustainable harvest regime to work off this initial carbon debt.

In addition to readily observable effects on standing timber and carbon volumes,
harvest operations can affect soil and forest floor carbon stores through physical
disturbance. Surprisingly little is known about these effects, but in general,
logging can be expected to reduce forest floor carbon. Early research by
Covington (1981) indicated that forest floor biomass decreased by half during the
15 years following clear-cutting of northern hardwood stands, presumably due to
faster decomposition and reduced deposition of litter. Harmon et al. (1990)

The effect of a particular forest
management regime on greenhouse

gases depends upon the volume of
standing trees maintained over time,

as well as on soil and forest floor
impacts, including road building.
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WOOD PRODUCTS AND CARBON STORAGE

estimated that fine woody debris and forest floor carbon would decrease from 26
to 7 metric tons per hectare if an old-growth Douglas fir stand were converted to
a 60-year rotation. Removal of whole trees appears to decrease forest floor
carbon as compared to removal of sawlogs only (Johnson et al. 2002). A recent
review of studies relating forest management practices to soil carbon stores
indicated that thinning generally leads to lower forest floor carbon due to faster
decomposition and less litterfall, despite the pulse of carbon from harvest
residues (Jandl et al. 2007). Effects on mineral soil are less pronounced, and
depend on the degree of disturbance, but clearcutting can lead to overall carbon
deficits for up to 20 years as immediate losses of carbon from the soil and forest
floor outweigh new growth and litterfall. Yanai et al. (2003) paint a more complex
picture, citing studies that show slower litter decomposition after clearcuts (due to
a less favorable environment for decomposer organisms), combined with possible
accelerated losses of carbon within the soil organic horizon, and mixing of some
litter into mineral soil by logging disturbance. Forestland managed for timber may
also lose soil and forest floor carbon due to clearing for logging roads. And finally,
loss of cover in wet boreal forests with deep peat soils could trigger release of the
vast amounts of carbon stored in those soils.

Beyond the relatively short-term effects on standing trees and the longer-term
effects on the forest floor and soils, timber harvest can also affect the resilience
of forests to disturbances over time. In fire-prone forests, thinnings that reduce
excess fuel loads may reduce the frequency or severity of fire, protecting forest
carbon reservoirs into the future (Oneil et al. 2007). However, thinning in moist
forests may make forests more vulnerable to ice damage or wind throw. Timber
operations that remove invasive exotic species can produce more diverse stands
that better resist stresses from droughts to pest outbreaks; by the same token,
disturbance from harvest activities can also help spread invasives that inhibit
regeneration of tree species with high carbon storage potential. Single-age,
single-species plantations may grow rapidly during intermediate stand ages, but
can be more vulnerable to future disturbances and consequent carbon losses.
Even the best forest growth models cannot predict future conditions,
disturbance events, or forest responses with much certainty. Forest climate
strategies will need to adapt to a shifting reality, with the state of scientific
knowledge continuously scrambling to keep up as forests and management
methods change and develop.

In addition to ecosystem effects, changes in wood products volume may also reduce
GHG emissions as markets substitute wood for more GHG-intensive materials.
However, the actual degree of substitution is extremely difficult to document. Simply
producing more wood products will not do the trick. The ultimate impact of expanded
lumber production on GHG emissions depends on a) the elasticity of substitution of
wood for alternative materials, b) the impact of materials availability on housing
supplies, and c) the elasticity of demand for housing (Figure 5). The first factor, the
elasticity of substitution for alternative building materials, is likely to be low, because
wood is already the “business as usual” technology for home construction and
residential furniture in the U.S. (used for 90% to 94% of one- and two-family homes,
Gustavson et al. 2006) and it is difficult to build wooden high-rises (usually framed
with steel) or foundations (usually concrete). Considering the other two factors, if
abundant lumber drives down housing costs (b),15 and if people respond by building
more or larger houses or renovating existing ones (c), expanding the lumber supply

Even the best forest
growth models cannot
predict future
conditions,
disturbance events, or
forest responses with
much certainty. Forest
climate strategies will
need to adapt to a
shifting reality.



could well result in more overall GHG emissions as
fossil fuels are burned to construct and maintain
those homes. Overall, then, it would seem that
the possible GHG benefits of substitution are
relatively low for long-lived wood products.

Biomass
The discussion above traces the greenhouse
gas emissions associated with wood products
flows. An analysis of the greenhouse gas
emissions associated with wood fuels is closely
related, because woody biomass that is
burned to generate heat or electricity is often
a byproduct of both timber cutting operations
and the processing of wood products. Unlike
wood products, wood fuels lack any carbon
storage benefit, so substitution effects
comprise the entire climate benefit of these
fuels. Fossil fuels are currently the dominant
source of energy, so there is much greater
substitution opportunity for biomass than there is for wood in construction. As
for wood products, however, the benefits depend upon wood fuels actually
reducing fossil fuel use, and not simply on expanded woody biomass use.

As a fuel, wood unquestionably has a smaller atmospheric carbon impact than
coal, oil, or natural gas. Yet wood fuels are definitely not, literally speaking,
“carbon neutral.” First, an analysis of the GHG benefits of wood fuels must reflect
the fact that they, like wood products, require fossil fuel energy to produce and
transport. In the case of wood-chip fuel, the fossil fuels used to harvest, chip, and
transport wood release about 5% of the CO2e contained in the fuelwood portion
of the tree (Mann and Spath 1997).16 This figure may underestimate actual
transport energy, as it assumes haul distances of only 17 miles and does not
account for truck idling time while loading and unloading, which one source
estimated could be as high as 60% of total truck run time (Hakkila and Aarniala
2002). Small-scale biomass projects with a localized “woodshed” can minimize
the fossil fuels used to transport bulky solid wood fuels.

Wood pellets require more processing than wood chips. One Wisconsin study
found that wood pellets used 6% to 9% as much fossil fuel energy in
processing as the energy contained the pellets, compared to wood chips at 2%
to 3% (Katers and Kaurich 2006).17 Fossil energy used to transport and process
heating oil, by comparison, was 16% to 25% of the energy contained in the
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15 This effect of abundant lumber is likely small, since wood is typically only about 10% of
overall building costs.

16 When comparing fossil fuel consumption associated with various energy sources, it is
important to consider how each study treats the energy embedded in equipment as well as
upstream and downstream energy use—fossil fuels themselves also require energy for
extraction, processing, and transport.

17 Because wood fuels contain more water (and otherwise burn less efficiently) than heating oil
(see below), fossil fuel energy as a percentage of useful heat will be slightly higher than
these percentages.

FIGURE 5.

Greenhouse Gas Emissions Impact of 
Expanded Lumber Production

Total +
Materials

Supply 

Housing 
Demand 

Housing –
Costs 

Amount of +
Housing Built 

Maintenance  +
and Repairs 

Housing +
Supply 

Net impact =
+ increase in lumber emissions
- decrease in steel and concrete emissions
+ increase in construction emissions due to more building
+ increase in maintenance and repairs emissions

Impact on amount of housing
built depends on how raw
material costs affect supply
of housing, and on elasticity
of demand for housing. 

Impact on steel and concrete production
depends on elasticity of substitution—
ultimately limited by current market
share of these alternative materials. 

Residential 
Construction +

Lumber 
Quantity

Steel –
Quantity 

Concrete –
Quantity 



fuel (Katers and Kaurich 2006). Wood fuels clearly have much lower GHG
emissions from processing and transport than fossil fuels, but their fossil-based
emissions are not zero.

Liquid biofuels require even more energy to produce than solid fuels. Pimentel
and Patzek (2005) estimate that harvest, transport, and processing of wood for
cellulosic ethanol uses 57% more energy from fossil fuels than the energy
contained in the ethanol itself. Even if cellulosic ethanol is produced using
steam heat generated by wood, this study estimated that its production still
requires 73% as much fossil fuel energy as the ethanol itself contains. A study
by Argonne National Laboratory for the U.S. Department of Energy (Wu et al.
2006), in contrast, estimates that cellulosic ethanol will use only 16% as much
fossil fuel energy as the energy contained in the ethanol and could reduce GHG
emissions by 85% compared to burning gasoline.18

In addition to fossil fuels used to process wood fuels, combustion and conversion
are generally less efficient for wood than for fossil fuels, so more units of heat
(BTUs) must be generated to produce a given amount of useful energy. Solid
biomass fuels like wood are used primarily for heat (in traditional wood stoves
and furnaces that burn cordwood, wood gasification plants that use chips, and
stoves or boilers that burn wood pellets) or to generate electricity (over 80
wood-fueled power plants nationwide have a combined output of nearly 1,700
megawatts). The most efficient wood use is for heat alone (about 65% of the
potential BTUs in wood burned in a typical home wood stove are converted to
useful heat, and up to 75% in gasification systems according to Biomass Energy
Resource Center 2009), or for combined-cycle heat and power, also known as
co-generation (60% to 80% efficient at converting wood energy to useful
energy). Wood-fueled electric utility plants, on the other hand, may be only 18%
to 24% efficient (U.S. Forest Service Forest Products Lab 2004). In comparison,
modern oil or gas furnaces may be up to 97% efficient, electricity generated
from oil or coal is about 30% to 35% efficient, and coal for space heat has about
the same conversion efficiency as wood.19

When evaluating the potential GHG benefits of substituting wood fuels for fossil
fuels, the relative carbon content of alternative fuels must also be considered.
Wood has a lower hydrogen content than fossil fuels, which causes it to release
more carbon per unit of heat. Wood releases 21% more CO2 per BTU than fuel
oil, and 67% more than natural gas, but 14% less than anthracite coal (U.S.
Energy Information Administration 2008a).20 So replacing oil or natural gas with
wood actually increases greenhouse gases released per BTU, even if the boiler
burns with equal efficiency. Replacing coal with wood, on the other hand,
potentially reduces emissions per BTU if the wood is burned efficiently. In sum,
because of efficiency and chemistry differences, wood fuel may generate up to
twice the CO2 per unit of useful heat or electricity as fossil fuels, with the
substitution most favorable for coal.

PAGE 20
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18 Differences are due to contrasting assumptions. Wu et al. use much lower values for energy
embodied in equipment, assume no fertilization for woody biomass, incorporate the energy
content of byproducts, and assume increasing yields over time as technology improves.

19 Wood stoves and furnaces may be close to oil and gas in efficiency at peak output, but wood
equipment is more difficult to start and stop on demand, and hence often runs with
incomplete combustion (producing charcoal and ash and increased emissions rather than heat)
for part of the season as it operates at lower temperatures and with limited oxygen supply. 
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Since wood actually releases more greenhouse gases per unit of useful energy
than fossil fuels, the climate benefits of a switch to wood depend heavily on the
assumption that the source forest continues to take up carbon as rapidly as it is
released by burning, and even then there will inevitably be some delay between
emissions and reabsorption. Hence, an assessment of the GHG impacts of
biomass use on the source forest must also account for the full ecosystem
effects of intensified management needed to increase biomass supplies. It is
true that burning fossil fuels releases carbon that had been removed from the
atmosphere hundreds of millions of years ago, while growing trees and burning
their wood cycles carbon in and out of the atmosphere over a scale of a few
decades. But timing still matters. If the source forest regenerated instantly,
biomass would earn its “carbon-neutral” label, but the longer it takes to
regenerate forest carbon after a biomass harvest, the longer that carbon dioxide
remains in the atmosphere exerting its heating effect.

Waste wood burned for energy comes closest to true carbon neutrality, as it has
already been removed from the forest and would otherwise decompose without
energy benefits. New wood fuel plants are often promoted as running on wood
waste, but unfortunately there is very little true waste remaining in the wood
processing system. Perlack et al. (2005) calculated the amount of additional
biomass fuel that could feasibly be used in the United States each year, and
estimated that there are only 8 million tons of unused mill waste and 28 million
tons of urban and consumer wood waste that could be captured for this
purpose. The remainder of the woody biomass documented in the report, a total
of 190 million tons, would come from the forest—41 million tons of logging
residues, 60 million tons from forest fuels reduction treatments, and 89 million
tons from all sources generated as byproducts of potential increased harvest
and wood products consumption.

Removing 190 million more tons of woody biomass from U.S. forests annually
(plus harvesting sufficient additional roundwood to generate enough new
logging residue and wood waste) would reduce forest carbon stores in the short
term, and could also affect carbon sequestration capacity in the longer term
through its effects on site productivity and soil carbon. Increased use of whole-
tree harvest technology and collection of widely scattered and bulky residues
could create unintended impacts on soils and the forest floor as well as
increasing fossil fuel consumption associated with harvest. In special cases,
removal of excess woody material can increase forest carbon stores by reducing
losses from catastrophic wildfire. But in general, there is a trade-off between
burning wood and storing its carbon on the stump. As economists, the “dismal
scientists,” like to say, “There is no such thing as a free lunch.”

Because of fossil fuel energy required to produce wood fuels, differences in
combustion efficiency and fuel chemistry, and possible impacts on source forests,
woody biomass cannot be considered a truly carbon-neutral energy source.
Harvested judiciously, however, with care for long-term forest health, and with
an emphasis on small-scale space heating applications, it can help reduce
greenhouse gas emissions and help us through the transition to truly renewable
energy sources. Incentives and regulations designed to boost use of wood fuels
need to minimize the negative effects and promote uses with the greatest net
benefit. 
20 These comparisons assume kiln-dried wood with complete energy capture, so typical

fuelwood in a typical home stove would burn much less efficiently. 
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Policy Implications
The analyses above revealed that wood losses along the production chain,
release of methane from landfills, and GHG emissions from fossil fuel energy
used to produce and transport wood products are significant. As a result, long-
lived wood products ultimately store only a small portion of the carbon removed
from the forest by logging. Moreover, the most significant of these stores are in
landfills, rather than in wood products in use. When process energy emissions
are included, the U.S. forest products industry as a whole, including paper,
releases nearly twice the greenhouse gases (measured in CO2e) that it stores in
products and landfills, even excluding the effects of harvest on forest carbon
(Skog et al. 2008).

Despite these broad patterns, the emissions associated with different wood
products streams are extremely variable and complex, making it difficult to
recommend any uniform policy to enhance greenhouse gas reduction through
increased wood products flow. Only life-cycle analysis of specific products and
regions can determine whether a particular wood product stream has GHG
benefits. For any region or product mix, however, shifting use toward longer-
lived products, reducing wood waste at all stages, recovering used wood for
new products or energy, reducing processing and transport energy, and
capturing more landfill methane could all lower the carbon footprint of wood
products.

The clearest climate benefits of wood use, for either products or fuel, come
from substitution effects—that is, consequent reduced use of alternative fossil-
fuel-intensive materials. This is obvious in the case of biomass fuel, but it is

true of wood products as well. In the case of wood
products, the opportunities for substitution may be
limited, but when substitution does occur it
reduces fossil fuel emissions “forever.”
Unfortunately, simply expanding production will not
guarantee that substitution actually occurs.
Several policy options could tie wood use directly
to reduced dependence on fossil fuels: 1) impose
full environmental costs on fossil fuel-based and
wood-based products alike, hence giving wood a
competitive advantage (a carbon tax or cap-and-
trade program would do this by increasing the cost
of fossil-fuel-intensive alternatives, as long as
similar policies applied for trading partners); 2)
encourage voluntary choices that favor wood

(provided the advantages are thoroughly documented), through approaches like
green building standards or renewable energy certificates; 3) offer temporary
subsidies or tax breaks to switch fossil-fuel furnaces to clean-burning wood
furnaces where sustainable supplies are available; 4) encourage community-
scale wood heat projects that use locally sourced wood and are likely to have
fewer environmental and fossil energy impacts than larger-scale projects.

Increased demand for wood products resulting from such policies will ultimately
reward wood producers through higher prices, with no need to subsidize wood
production directly. Climate policies should not directly reward “second-best”

WOOD PRODUCTS AND CARBON STORAGE

Processing recovered materials into
new long-lived products can extend
the storage life of wood carbon
already removed from the forest. For
instance, discarded pallets may be
remanufactured into hardwood
paneling. 
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strategies (like building with or burning wood) without reliable proof that they
replace a “third-best” alternative. The “first-best” strategy remains a reduction
in the overall use of resources, and direct subsidies for wood use could lead to
excess capacity, excessive energy use, and unintended harm to forest health.
Since the climate benefits of wood fuels and wood products alike depend upon
maintenance of high carbon stores in source forests over time, any temporary
subsidies must be accompanied by rigorous forest sustainability standards.

A clear and accurate picture of the climate effects of wood use is critical to the
development of effective greenhouse gas reduction strategies. With tightening
international and national commitments to reduce GHG emissions, accounting
for forest and harvested wood carbon has received increasing attention. The
treatment of these carbon pools in national GHG inventories and under cap-
and-trade systems will ultimately influence the success of climate change
mitigation efforts. The last section of this report provides a brief overview of
how wood products have been treated under climate policy to date. A topic of
current interest and controversy is whether and how wood products carbon
should be credited as part of offset projects, so we also discuss some key
issues that must be resolved if this is to be done effectively—that is, if wood
products carbon is to help reduce greenhouse gas emissions.

The Role of Harvested Wood Products
in Climate Policy: A Short History
Nations that signed the United Nations Framework Convention on Climate
Change (Kyoto Agreement) in 1992 agreed to report emissions and
sequestration of greenhouse gases. The guidelines developed for these
inventories initially omitted wood products carbon, under the assumption that
new wood products would simply replace discarded ones with no net change in
this carbon pool (IPCC 1996, Chapter 5, Box 5, p. 5.17). Countries could
include harvested wood products in their reporting, however, if they could
clearly demonstrate that stocks of products in use and in landfills were
increasing over time.

As countries gained experience with GHG reporting and as the start of the first
2008-2012 Kyoto commitment period approached, interest grew in crediting
carbon stored in wood products and in landfills as part of national inventories to
help balance emissions from other sectors. In 2003, the Intergovernmental
Panel on Climate Change (IPCC) issued Good Practice Guidance for Land Use,
Land Use Change, and Forestry, which included methodologies for measuring
carbon in wood products in use and in landfills (IPCC 2003, Appendix 3.a.1),
and the most recent Guidelines for National Greenhouse Gas Inventories (IPCC
2006) now incorporate these recommendations.

Beyond simply measuring greenhouse gases, Kyoto Agreement signatories
made commitments to meet emissions reduction targets and it took several
follow-up meetings to agree on how to treat the forest sector for these targets.
The final rules for the 2008-2012 commitment period require countries to
report the GHG impacts of land use changes (deforestation and afforestation),
and allow countries to choose whether or not to include emissions from and
sequestration by managed forestlands that remain forested (with individual-
country limits on use of sequestration by managed forests to balance their
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industrial emissions).21 At this time, increased carbon in wood product pools
cannot be credited toward emissions reduction commitments, though
negotiations are ongoing about the inclusion of forest products carbon in future
commitment periods.

In both international and U.S. contexts, cap-and-trade mechanisms are gaining
acceptance as an approach to reducing GHG emissions. Theoretically, market-
based trading may be used within a nation or between nations to allocate
emissions reduction efforts to least-cost options under a defined emissions cap.
Through allowance trading, parties with surplus emissions reductions can
market them to those with higher compliance costs. Allowance trading systems
have gained acceptance through programs like the U.S. EPA’s cap-and-trade
program for sulfur dioxide.

Initial cap-and-trade proposals treat forests and agriculture as uncapped
sectors. One way to encourage emissions reductions or GHG removals by
uncapped sectors is to allow them to sell documented GHG reductions—that is,
increased sequestration or emissions reductions beyond “business as usual”—as
“offsets” to entities in capped sectors. These offsets can serve as a substitute
for direct emissions reductions by those entities. When forestry projects are
used to offset emissions from regulated sources, questions about what counts
as a GHG reduction can become complex. In general, the U.S. has taken a
more favorable attitude toward forest offsets than many other countries. The
European Union Emission Trading Scheme, for instance, currently excludes
forestry offset projects.

U.S. forests currently capture about 10% of national GHG emissions, thanks to
regrowth of forests on abandoned agricultural land and intensively cut
timberland. Receiving credit for this sink, at the national accounting level or
through individual offset projects, would reduce compliance costs for other
sectors. Crediting wood products carbon storage would further expand the
range of forest-based offsets. Of course, only changes in practice that
supplement “business as usual” sequestration in these sinks will actually
contribute to GHG reductions. Emerging regulatory schemes in California, the
Northeast (Regional Greenhouse Gas Initiative), and the West (Western Climate
Initiative) include forest offset options, and each of these arenas is considering
inclusion of wood products pools. Crediting wood products carbon storage would
further expand the range of forest-based offsets. Emerging regulatory schemes
in California, the Northeast (Regional Greenhouse Gas Initiative), and the West
(Western Climate Initiative) include forest offset options, and each of these
arenas is considering inclusion of wood products pools. The U.S. Department of
Energy’s voluntary 1605(b) greenhouse gas registry and the Chicago Climate
Exchange also credit wood products carbon for projects registered or offsets
traded.

WOOD PRODUCTS AND CARBON STORAGE

21 Canada, for instance, chose to exclude managed forests from its 2008-2012 Kyoto
Agreement-mandated reporting, as scientists estimated that there would be a high chance
of managed forests acting as a source rather than a sink during this period, due to
increasing fire and insect outbreaks.
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Accounting for Wood Products in Forest Offsets
Harvesting timber as part of an offset project introduces a complex series of
greenhouse gas impacts that spread back to the source forest and outward
through the economy. Though many of the issues can be addressed by the life-
cycle assessment approach outlined in the first sections of this report, the
offsets context introduces new questions about what impacts should be credited
or debited to the offset project provider. Incomplete accounting could fail to
properly reward significant emissions reductions, whereas crediting activities of
questionable climate benefit could inadvertently encourage GHG-emitting
activities.

Because the U.S. is somewhat unique in its emphasis on offsets from forest
carbon sinks, particularly in proposing to credit wood product pools, it is critical
to get the accounting right in order to maintain credibility as our nation begins
to play a role in global GHG reduction efforts. A good project accounting system
will: 1) define a system boundary that captures major effects; 2) include
significant GHG pools and fluxes; 3) set additionality criteria that ensure that
“business as usual” activities are not credited (including defining accurate
baselines); 4) account for significant leakage (emissions outside the project
boundary that are affected by the project); 5) ensure that carbon is stored
“permanently;” and 6) address uncertainties and risks by discounting credits
and/or pooling risk across multiple projects. The discussion below indicates how
each of these criteria applies to wood product pools as part of forest offsets.

1. Project Boundary
One boundary question arises for wood products projects operating in isolation
from source forests. It is forests that actually remove carbon from the
atmosphere, and production of wood products merely slows the rate of release
back into the atmosphere when some of that carbon is removed from the forest
site. Because sequestration on the source forest and in harvested wood are so
intertwined, stand-alone wood products offset projects would exclude many
significant project impacts. Wood products should only be considered as a
possible carbon pool within the context of forest management projects, and
then only if full accounting of GHG impacts is required.

The second critical boundary question is the treatment of emissions beyond the
geographic boundary of the forested property. The following principles for
project accounting from the IPCC Good Practice Guidance for Land Use, Land
Use Change, and Forestry (2003) provide guidance for defining system
boundaries in offset projects:

In a general sense, project boundaries can be thought of in terms of
geographical area, temporal limits (project duration), and in terms of
the project activities and practices responsible for greenhouse gas
emissions and removals that are significant and reasonably
attributable to the project activities (Section 4.3.2, p. 4.90).

Project operators need to determine and report the greenhouse gas
emissions from direct fossil fuel and electricity use in mobile and
stationary equipment (Section 4.3.3.7, p. 4.109).

Because the U.S. is
somewhat unique in

its emphasis on offsets
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wood product pools, it
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Emissions associated with
processing, transport, use, and
disposal of wood products are
certainly “reasonably attributable” to
the wood carbon storage function, as
without these steps a tree removed
from the forest would decompose
much more rapidly. However,
projects that claim offset credits for
wood stored off-site depend on
capped sector entities to perform
these services. It is not at all clear
how to handle this anomaly since
capped sectors themselves are not
eligible to sell offsets.

In an offsets context, accounting for
energy emissions matters because
forest project developers will choose
between strategies that accumulate

more carbon in the forest ecosystem and strategies that remove more carbon
for storage in products and landfills. Projects that include timber harvest will
have a competitive advantage because timber revenues help cover project
costs. Crediting these projects for the full amount of carbon stored in wood
products, without accounting for associated emissions, would skew the offsets
mix toward timber harvest projects, and would increase pressure on limited
fossil fuels and raise costs elsewhere in the economy. Considering only the
sequestration aspect would be like a cost/benefit analysis that considers only
benefits. Some wood products clearly result in more processing emissions than
the carbon they store, and these activities should not be subsidized by valuing
the carbon stored in final products and landfills without accounting for GHG
emissions along the production path.

Some claim that under an economy-wide program offset projects should not be
responsible for fossil fuel-related emissions outside the forest, since those
emissions are already capped. By this line of argument, allowance costs
associated with processing and transport will affect offset providers through a
lower value for raw harvested wood. But allowance costs will also raise prices
for finished wood products and lower profits for wood businesses, among other
effects, so raw wood values will not reflect the entire cost. Lower timber prices
will also apply equally to all forest landowners, not just offset providers. Hence
the burden is on regulators to ensure equal treatment for forest offset
strategies through project accounting that reflects net carbon storage, rather
than gross storage. A requirement that offset projects maintain pre-project
forest carbon stores throughout the project period would also help guard
against unintended intensification of harvest.

2. Carbon Pools
Most carbon accounting protocols call for periodic sampling of all significant
carbon pools, with offset providers credited or debited based on stock changes.

WOOD PRODUCTS AND CARBON STORAGE

Long-distance shipping is an
important source of fossil fuel
emissions that should be reflected in
harvested wood carbon offset
accounting. Exports of logs and
lumber to China have grown in
recent years, and emissions from this
source would fall outside of Kyoto
commitments (Zhang Jiagang,
China, 2001).
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This system would adequately reflect forest carbon reductions directly caused by
timber harvest, as well as losses occurring from natural processes in the
absence of harvest activity. The volume of standing live and dead trees would
decrease after harvest; forest floor and down dead wood pools would briefly
increase and then decrease as material rots over several years. Carbon losses
from the stumps and roots of harvested trees would also be accounted for if
below-ground carbon is estimated from above-ground tree biomass, as a
missing tree would lower the post-harvest below-ground estimate. Long-term
losses of soil and litter carbon due to harvest disturbance are less likely to be
captured through periodic inventories due to the difficulty of sampling soils
adequately. Because soils commonly hold one-third to one-half of forest carbon,
a small percentage change in soil carbon can significantly affect total forest
carbon. When soil-carbon impacts are underestimated, this can make short-
rotation, intensive-production forestry look more favorable from a carbon
perspective than it really is.

Measurement of wood product carbon stocks and flows is a bit trickier.
Documentation of carbon storage in wood products for offset projects would
probably concentrate on the portion converted to solid lumber, plywood, or
panels, and perhaps the portion remaining intact in landfills. Because of the
complexities of tracking these pools over time, the U.S. Department of Energy
introduced the 100-year method into its voluntary 1605(b) program. This
approach allows project developers to report carbon stocks expected to remain
in wood products and landfills 100 years after harvest. Projects relinquish claims
to shorter-term carbon stores, in exchange for receiving permanent credit for
stores present in year 100. Registry participants are provided with a set of
tables developed by the USDA Forest Service (based on Smith et al. 2006),
which are sufficiently accurate for a voluntary registry.

In an offset context, however, this simple approach is inadequate. Regional data
in the 1605(b) tables blend results from very diverse operations—with different
management styles and land use histories; harvesting logs of various species,
sizes, and qualities; and shipping to mills with different product mixes and
equipment—all of which creates extremely variable patterns of carbon storage
over time. Without direct sampling of a particular wood products stream,
adequate discounting of offset credits to reflect the substantial uncertainty of
model estimates would likely eliminate creditable wood products carbon
altogether. Tracking the wood processing path of an individual project would
encourage efficiency, recycling, and channeling of wood to long-lived products to
improve retention of wood carbon over time. Some 1605(b) parameters, such
as the carbon density of various finished products, apply across all projects and
can be combined with project-specific data to develop estimates of carbon
stored in wood products. Changes in wood product technology and consumer
behavior also demand periodic adjustments in estimation parameters.

3. Additionality
After establishing appropriate project boundaries and defining carbon pools, an
offset project claiming wood product credits would compare the flow of wood
products under planned project management to the flow under a “business as
usual” scenario. The difference in GHG emissions would comprise the wood



PAGE 28

products component of project carbon credits. Developers of offset standards
are just beginning to consider how to define a wood products baseline, against
which an offset must measure its carbon storing activities. Should the baseline
be the historical flow from this property, the projected future flow, or the
average from similar properties? Additionality questions are an important but
unresolved issue that all offset protocol developers are still wrestling with.

4. Leakage
Additionality is further complicated by market leakage and substitution effects,
both outside the direct control of the offset developer. At its most extreme,
leakage seems to confound any attempt to change “business as usual”
practices, as project actions may be undone by non-project reactions. If a
project lowers historic levels of timber harvest in order to accumulate forest
carbon, but nearby properties respond with increased cutting that depletes their
carbon stocks, leakage adjustments would reduce creditable project carbon. If a
project increases harvest to store more carbon in wood products, and nearby
properties respond with reduced cutting, this would likewise undercut wood
carbon gains. Work to estimate and compensate for leakage in forest offset
projects is ongoing (see Willey and Chameides 2007 for one suggested
method).

Substitution is really a type of leakage with effects extending to substitute
products. For the harvest-reducing project example, inclusion of substitution
effects might penalize the project if the harvest reduction indirectly causes
increased use of concrete, steel, or plastics. Conversely, a project that increases
timber harvest might claim greenhouse gas reductions from reduced use of
concrete or steel framing. As explained in the Broader System Effects section
above, data are lacking to actually demonstrate substitution effects in the
economy, and crediting such an uncertain outcome would be out of place in an
offset project.

An analogy might help provide context for interpreting substitution claims. The
owner of a hybrid vehicle might claim that every mile driven in that vehicle
reduces GHG emissions, and is worthy of a climate subsidy, because the owner
could have chosen to drive a conventional sport utility vehicle instead. For the
individual driver faced with a choice of vehicles, the hybrid is undoubtedly a
more climate-friendly choice, just as for a builder use of wood might be more
climate-friendly than concrete. Yet a superior GHG-reducing strategy would be
to stop driving altogether or to reduce building size, extend building life, and
reuse waste wood. If this driver never owned a sport utility vehicle nor had
plans to purchase one, or if the hybrid was driven more miles due to lower
driving costs, then the benefits would be entirely fictional. Moreover, if hybrid
vehicles or wood construction are already the “business as usual” technologies,
no credit may be claimed for their use. Even where they are not dominant,
actual substitution must still be demonstrated.

Because these indirect market effects are beyond the control of an offset
provider and are mind-bendingly complex, some protocols exclude them from
project carbon accounting. Climate policies that directly support efficiency,
conservation, and GHG-reducing technologies (e.g., by subsidizing research or

WOOD PRODUCTS AND CARBON STORAGE



PAGE 29

setting appliance standards) are better suited than offset projects to address
these economy-wide factors.

5. Permanence
Wood products do not store carbon permanently, though landfills apparently can
store it for decades or even centuries (our experience with landfills is too short
to know this for certain). Since offsets enable continued GHG emissions above
the cap set by public policy, and since those emissions permanently shift carbon
from the lithosphere to the biosphere, it is important to use conservative
assumptions about the longevity of carbon storage through terrestrial offset
projects, particularly for wood products and landfills that do not sequester
additional carbon over time as forests do. IPCC’s Good Practice Guidance for
Land Use, Land Use Change, and Forestry (2003) uses very conservative default
half-lives in use of 30 years for all solid wood products and 2 years for paper.
Use lives change over time as new technologies extend product life or introduce
more disposable products or as consumer habits change, so parameters would
need to be updated frequently.

Since it would be impossible to track wood flows from an offset project to
particular landfills, regional or national average decomposition rates would be
the only option for tracking the fate of landfilled wood carbon. Ongoing
monitoring will be critical to improve data on landfill releases, and to update
GHG emissions estimates as waste management practices change over time. If
the longevity of products and waste are tracked as part of wood pools in offset
projects, practices that increase product life or boost waste recovery would be
rewarded.

6. Uncertainty and Risk
The wood products life-cycle summary in the first section of this report
illustrated the variability of wood processing pathways in terms of their carbon
losses and energy requirements. Due to diverse sources and processing
methods, it is impossible to develop a single reliable error estimate for wood
products carbon measurements. In the face of substantial uncertainty, wood
carbon estimates should use conservative estimation methods and should be
discounted for uncertainty if credited to an offset project.
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Conclusions
The limited role of forests and wood products in sequestering and storing
carbon can be understood through information about basic biology and
technology, but choices about how forests and wood products and wastes are
treated under climate policy are ultimately a matter of public values. Forest and
agricultural operations will likely be excluded from a regulatory cap on
greenhouse gases, because their land base often sequesters more carbon than
it releases and because their carbon flows are so difficult to measure.
Nonetheless, management practices of these operations can reduce as well as
increase carbon stores, and the distinction between these entities and regulated
ones is a matter of degree rather than kind. The ability to market offsets,
should it be incorporated in U.S. cap-and-trade legislation, must be understood
as a public policy choice and not a right. Offset standards should be designed to
support broad public policy outcomes.

Setting public goals for forests will require weighing the advantages of
accumulating more carbon in forests versus the advantages of accumulating it
in furniture, homes, and landfills or burning to generate energy. In most cases,
boosting forest carbon stores will create stable, self-sustaining carbon reserves
at no fossil-fuel emissions cost. Protecting and enhancing forest carbon
reserves can also help maintain undisturbed, late-successional forests that are
currently rare across the landscape. These forests could provide a refuge for
species stressed by a changing climate and provide valuable lessons about how
natural systems adapt to new conditions. In contrast, carbon storage in wood
products and landfills depends upon continuing fossil fuel use and requires
space for housing and landfills that displace carbon-fixing vegetation. At the
same time, however, wood products and fuels generate revenue for landowners
(an incentive to keep forests as forests), provide material comforts for
consumers, and may indirectly reduce GHG emissions by substituting for more
fossil-fuel-intensive alternatives.

Wood products and wood fuels have a role to play in a carbon-friendly future.
An emphasis on increased wood production, however, can distract from the
ultimate goal of reducing use of energy and materials. The U.S. economy
currently uses over 2.3 times more energy and 1.5 times more materials per
capita than Europe (Rogich et al. 2008; U.S. Energy Information Administration
2008b), yet quality of life indicators are lower in the U.S. than in many
European countries. There is clearly room for reducing consumption without
harming basic human welfare, and the best climate change strategies will keep
that goal clearly in sight.

WOOD PRODUCTS AND CARBON STORAGE
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Data Appendix – Conversions and Calculations
Item Original Data and Source Assumptions Computed Estimate

Wood Losses
Rate of Zhang et al. (2008). Decomposition k = ln(2) / HL, where HL = half-life. Convert rate of decomposition by first-
decomposition of rate (k value) for first-order decay order decay to half-lives. 0.3 = 
forest floor litter = 0.3. In (2) / HL; HL = 2.3.

Above-ground logging Logging residue and roundwood Stumps and branches add ~19% to Above-ground logging waste as % of
waste including volume nationwide (30%) and by logging residue on average (mean roundwood is 19% more than logging
logging residue region: South Central (28%), value between 14% for softwoods residue. National = 0.3 * 1.19 = 36%.
plus stumps and Rocky Mountain (22%), North and 24% for hardwoods). Nevada 0.03 * 1.19 = 4%. 
small limbs Central (40%), Pacific Northwest New Hampshire = 0.84 * 1.19 = 100%. 

(28%), Northeast (47%) (U.S. South Central 0.28 * 1.19 = 33%. 
Forest Service 2008, Table 40). Rocky Mountain 0.22 * 1.19 = 26%. 
Logging residue and roundwood North Central 0.40 * 1.19 = 48%. 
volume at state level: NV (3%), Pacific Northwest 0.28 * 1.19 = 33%.
NH (84%) (Timber Product Output Northeast 0.47 * 1.19 = 56%.
data online at http://ncrs2.fs.fed.us/
4801/fiadb/rpa_tpo/wc_rpa_tpo.ASP). 
Stumps and branches add 14%
to softwood logging residue and
24% to hardwood logging residue
(McKeever and Falk 2004).

Total logging waste Large roots are 5% to 51%, mean Apply mean root value of 19% of If roots are 19% of total tree volume, 
including logging 19%, of total tree biomass in cold total tree biomass across United then 81% of total tree volume is above-
residue plus stumps temperate and boreal forests States (omits small roots). Assume ground. A tree with total tree volume =
and small limbs and (Li et al. 2003). all tree parts have same density so 1 would have above-ground volume of 
roots that biomass proportions and volume 0.81. If roundwood volume = x and 

proportions are similar. above-ground logging waste including 
stumps and branches is 0.36x (national),
then x + 0.36x = 0.81 and x = 
0.81 / 1.36 = 60%. Total tree losses 
including above-ground logging residue
and large roots = 1 - 0.60 = 0.40, or 
40% of total tree volume. Computations
for states and regions use same 
stumps/branches/roots percentages but
substitute logging residue percentages 
by state or region. Total logging losses 
including above-ground logging residue 
and large roots are 22% for NV, 59% 
for NH, 39% for South Central, 36% for
Rocky Mountain, 45% for North Central, 
39% for Pacific Northwest. 

Fuelwood as Fuel as percent of roundwood nationwide Multiply fuelwood as percent of See above for calculation of roundwood
percent of (9%) and by region: South Central roundwood times roundwood as as percent of standing tree volume.
standing tree volume (3%), Rocky Mountain (51%) (U.S. percent of standing tree volume to Fuelwood as percent of standing tree

Forest Service 2008, Table 39). estimate fuelwood as percent of total volume: Nationally, 0.09 * 0.60 = 5%. 
standing tree volume. For South Central, 0.03 * 0.61= 2%. For 

Rocky Mountains, 0.51 * 0.64 = 33%.

Pulpwood as percent Pulp as percent of roundwood for This source is used because it Estimate national pulp as percent of
of standing tree hardwood sawlogs in the North Central includes pulp sourced from sawlogs. roundwood (31%) from weighted 
volume region (6%) and softwood pulp in the Multiply pulpwood as percent of average based on regional pulp percent

Pacific Northwest Westside (50%) roundwood times roundwood as of roundwood for hardwood/softwood
(Smith et al. 2006, GTR-NE-343, percent of standing tree volume to and sawlog/pulp, weighted by 2002
Table D6). 2002 roundwood volumes estimate pulpwood as percent of roundwood volumes from Adams
from Adams et al. (2006, PNW-GTR- total standing tree volume. et al. (2006). See above for calculation
659, Table 13). of roundwood as percent of standing tree 

volume. Pulpwood as percent of 
standing tree volume:  
Nationally, 0.31 * 0.60 = 19%. 
North Central, 0.06 * 0.55 = 3%.  
Pacific Northwest, 0.50 * 0.61 = 30%.
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Bark as percent of 15% to 18% of roundwood volume Portion of roundwood volume Portion of roundwood volume available
standing tree volume (Smith et al. 2006, Table 5). remaining after fuelwood and pulp for long-lived products that is bark is

sorted out = 1 - 0.40 - 0.05 - 0.19 0.36 * 0.165 = 6%. 
= 0.36. Assume that bark is included 
in primary processing losses as 
calculated below, so not deducted 
separately.

Primary processing General primary processing conversion
losses efficiencies: http://www.borealforest.

org/world/innova/processing.htm for 
circular vs. bandsaw conversion 
efficiency; Structural Board Association 
http://osbguide.tecotested.com/faqs/
faq_singlepage.html for OSB efficiency.

Primary processing Log and product masses: PNW lumber: PNW lumber: (1,538 - 774) / 1538 = 50%.
losses log 1,538 kg, lumber 774 kg (Milota South lumber: (2,093 - 883) / 2093

et al. 2005, Table 5); South lumber: = 58%. PNW plywood: (504 - 241) / 241
log 2,093 kg, lumber 883 kg (Milota et al. = 52%. South plywood: (625 - 290) / 
2005, Table 5); PNW softwood plywood: 625 = 54%. South OSB: (772 - 574) / 
log 504 kg, plywood 241 kg (Wilson 772 = 26%. Primary mill losses range 
and Sakimoto 2005, Table 13); South from 26% (OSB) to 58% (South lumber)  
softwood plywood: log 625 kg, plywood of log mass. 
290 kg (Wilson and Sakimoto, 2005, 
Table 13); South oriented strandboard:
log 772 kg, OSB 574 kg (Kline 2005, 
Tables 1 & 2).

Primary processing Percentage losses from various studies: To get percent of standing tree, Convert to percent of standing tree by
losses 10% (theoretical OSB) to 62% multiply mill losses by percent of multiplying by 0.36. Range from

(plywood in Finland). standing tree volume remaining 0.10 * 0.36 = 4% to 0.62 * 0.36 = 22%.
after logging losses, fuelwood and Average loss = 13%, so remaining
pulp are removed (36%). portion of standing tree in primary 

products is 36% - 13% = 23%.

Secondary processing Secondary processing losses as percent Multiply mill losses by percent of Secondary losses range from 27% to 
losses of lumber or panel volume (Crumpler standing tree remaining after 80% of lumber/panels. Secondary 

1996; Wood Waste and Furniture primary processing (23%—see processing losses as percent of standing
Emissions Task Force 1998; BFM, Ltd. above). tree volume: 0.27 * 0.23 = 6% and 
2003). 0.80 * 0.23 = 18%.

Construction losses Construction losses as percent of lumber Calculate weight of wood in Construction losses range from 4% to
or panel volume, (National Association standard home from volumes using 21% of lumber/panels. Construction
of Home Builders Research Center 1995; conversion factors. Then apply losses as percent of standing tree
Cornell University Cooperative Extension construction losses to percent of volume: 0.04 * 0.23 = 1% and
1996; Houston Advanced Research standing tree remaining after 0.21 * 0.23 = 5%.
Center 2005; NAHB, cited in Wilson primary processing (23%—see
and Boehland 2005; James et al. 2007; above).
McKeever and Falk 2004;). Conversion
factors for lumber and panels: 33 lbs./
cubic foot for softwood lumber and 40 
lbs./cubic foot (1.25 lbs./square foot 3/8 
inch thick) for sheathing (Smith et al. 
2006, GTR NE-343, Table D1).

Data Appendix – Conversions and Calculations (continued)
Item Original Data and Source Assumptions Computed Estimate
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Secondary and Percentages in long-lived uses by Secondary processing losses 6% to Multiply percent of softwood lumber used
construction losses primary product; total volume of each 18% and construction losses 1% to in construction and for furniture (Smith
combined primary product produced in United 5% (see above). Use average losses et al. 2006, Table D2) times volume of

States (Smith et al. 2006, GTR-NE-343, for construction (3%) and secondary softwood lumber produced in 1998
Table D2; and McKeever 2002, PNW- processing (12%). Assume primary (McKeever 2002, Table 18) to estimate
GTR-524, Tables 18, 20, 22). products represented in GTR-343 total volume of softwood lumber used

and GTR-524 tables are for construction and for furniture.
representative of all primary solid Repeat for hardwood lumber, softwood
wood products for U.S. plywood, OSB, and nonstructural panels.

Sum estimated amounts of all primary
products used for construction. Repeat
for furniture. Estimated proportions as 
weighted average for all primary 
products in long-lived uses are 76% used
in construction and 24% in furniture. To
get weighted average combine 
secondary processing and construction 
losses, multiply proportion in use times
wood loss as percent of standing tree for
construction and for furniture and sum. 
0.76 * 0.03 + 0.24 * 0.12 = 5%. 
Volume remaining in end uses 23% -
5% = 18%.

Long-lived uses Percentages in long-lived uses by Primary products represented in Multiply percent of softwood lumber used
primary product; total volume of each GTR-343 and GTR-524 tables are in construction or furniture (Smith et al.
primary product produced in U.S. representative of all primary solid 2006, Table D2) times volume of softwood
(McKeever 2002, PNW-GTR-524, Tables wood products for United States, and lumber produced in 1998 (McKeever
18, 20, 22; Smith et al. 2006, GTR-NE- same percentages in long-lived uses 2002, Table 18). Repeat for hardwood
343, Table D2). apply for exports/imports. lumber, softwood plywood, OSB, and 

nonstructural panels to derive amount in 
long-lived uses. Sum and divide by sum 
of total production to get weighted 
average percent in long-lived uses, 60%.

Use losses Amount of U.S. production for each Alternative formulas were applied for a
primary product for 1998 (McKeever period of 100 years. Amount remaining
2002); percent of each primary product is weighted average based on solid wood
in each end use: single-family, multi- products in each end use in the United
family, residential upkeep, and all other States from McKeever 2002, proportions
(Skog 2008); alternative in-use formulas of residential wood use in single-family
(first-order for Smith et al. 2006, GTR- and multi-family construction by primary
NE-343, and other examples from product from Skog 2008, and unit
Miner 2006). conversions from Smith et al. 2006, 

Table D1. Table 2 reports lowest and 
highest losses over 100 years from 
alternative formulas. Medium loss listed
in Table 2 is weighted average loss.

Comparison with North Central fraction of softwood pulp See above for regional roundwood North Central softwood pulp fraction in 
1605(b) loss roundwood in use 0.008, in landfills as percent of standing tree volume. use or landfills = 0.008 + 0.084 = 0.092.
estimates 0.084. Pacific Northwest Westside 0.084 / 0.092 = 91% in landfills. 

fraction of softwood sawlog roundwood Percent of standing tree volume = 0.092 * 
in use 0.130, in landfills 0.279 (Smith 0.55 = 5%. Pacific Northwest Westside 
et al. 2006, Table 6). softwood sawlog fraction in use or 

landfills = 0.130 + 0.279 = 0.409. 
0.279 / 0.409 = 68% in landfills. 
Percent of standing tree volume 
= 0.409 * 0.61 = 25%.

Methane emissions 23% of solid wood and 56% of paper Assume that portion of wood waste Calculate net CO2e emissions per ton of 
decomposes in landfills (Skog et al. from mills and construction that is solid wood CO2e deposited in landfills: 
2008). About 80% of carbon released subject to decay (23%) completely 0.8 * 0.23 = 0.184 tons CO2 and 0.2 *
from U.S. landfills is in the form of CO2 decomposes by year 100. 0.23 * 12 / 44 * 16 / 12 = 0.0167 tons 
— about 50% of C is released as CH4. CH4 measured as CO2e is 0.0167 * 25 
methane but about 40% of methane is GWP = 0.418. Total CO2e released per 
flared or burned for energy, which ton solid wood landfilled is 0.184 tons
converts it to CO2 (U.S. EPA 2006). CO2 plus 0.418 tons CH4 measured as 
GWP of methane is 25 (Forster et al. CO2e = 0.60 tons, so net long-term CO2e
2007). storage is 40% of CO2e deposited in

landfill.

Data Appendix – Conversions and Calculations (continued)
Item Original Data and Source Assumptions Computed Estimate
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Data Appendix – Conversions and Calculations (continued)
Item Original Data and Source Assumptions Computed Estimate

CO2e from solid wood Use medium range of wood losses from Primary and secondary mill and Primary mill waste is about 13% of
wastes remaining in previous sections of this report. 67% construction waste is landfilled at standing tree volume. Net CO2e in
use and in landfills of solid wood waste is disposed of in typical rates (67%) and 23% of it landfilled mill waste at year 100 would
at 100 years landfills and 77% of solid wood waste decomposes by 100 years after tree be 0.13 * 0.67 * 0.40 = 3% of CO2e in

remains in landfills at 100 years (Skog is cut. House demolition waste is standing tree. Secondary mill/
et al. 2008). Net GHG emissions landfilled at a similar rate, but only construction waste is about 4% of 
avoided are 40% of CO2e in wood 11.5% decomposes by year 100 standing tree volume. Net CO2e in
waste, due to methane effects (see since disposal occurs gradually landfilled secondary mill/construction
methane calculations above). over time. waste would be 0.04 * 0.67 * 0.40 = 1%.

House demolition waste is about 17% of
standing tree volume. Net CO2e in house
demolition waste (assuming 1/2 of 
decay-prone portion decomposes by year
100) would be 0.17 * 0.67 * 0.70 = 8%.

Fossil Energy and Other Process Emissions
Ratios of logs:100- Wood remaining as percent of standing These ratios are used to convert Ratios:
year C, lumber:100- tree from previous section of this report emissions per mass of raw material logs:100-year wood = 60 / 14 = 4.3;
year C, house wood: using medium range estimates. Logs to emissions per CO2e of wood lumber:100-year wood = 23 / 14 = 1.6;
100-year C = 60%, Lumber = 23%, End products = remaining in Year 100 (see rows end products:100-year 

18%. 100-year wood (in use and below). wood = 18 / 14 = 1.3.
landfilled) = 14%. For CORRIM houses with 75-year life, all 

materials to landfill in year 75, 25 years 
decomposition in landfill leaves 81.75% 
of wood material remaining in year 100. 
So ratio is 18 / (18 * 0.8175) = 1.22.

Harvest Fossil fuel emissions for site preparation 1 m3 of logs weighs about 525 kg. Convert CH4 to CO2e by multiplying by
and harvest operations for Southeast Multiply by 0.5 to estimate carbon 25, and N2O to CO2e by multiplying by
and PNW low- and high-intensity content, multiply by 3.6667 to 310 and total all GHGs per m3 of log.
management range from 8.02 to 9.71 estimate CO2 content. Hence logs Convert CO2e per m3 to CO2e per kg by
kg of CO2 plus 0.00171 to 0.0127 kg contain 962 kg CO2e per m3. dividing by 962 kg/m3. Totals range
CH4 plus 0.00019 to 0.00554 kg N2O from 0.0085 to 0.0132 kg CO2e of
per m3 of log (Johnson et al. 2005). emissions per kg of CO2e in log. 

Calculate ratios to 100-year carbon by
multiplying by 4.3. Range from 0.04 to
0.06.

Harvest Harvest emissions 11,411 CO2e for Convert log C content to CO2e content by
193,170 metric tons of C in logs multiplying by 3.6667 = 708,296 metric
(Gower et al. 2006). tons. Divide harvest emissions by log 

CO2e = 0.02. Calculate ratio to 100-year
carbon by multiplying by 4.3. Result is 
0.07.

Primary manufacturing Carbon content in raw logs and CO2 and Assume logs are 50% carbon. Convert methane (minor emissions) to
CH4 emissions by product (Kline 2005, CO2 equivalent by multiplying by 25.
Tables 2 and 7; Milota et al. 2005, Sum fossil CO2 and CH4 as CO2e.
Tables 5 and 8; Wilson and Sakimoto Estimate C in log by multiplying mass
2005, Tables 12 and 13; Bergman and by 0.5, then multiply by 3.6667 to
Bowe 2008, Tables 2 and 5). derive CO2e in log. Divide emissions by 

raw log CO2e to get ratios of 0.02 
(softwood lumber South or Northeast 
hardwood), 0.04 (softwood lumber 
West), 0.03 (OSB), 0.005 (plywood). 
Including off-site emissions, 0.07 
Northeast lumber, 0.18 OSB, 0.11 
plywood. Calculate ratio to 100-year 
carbon by multiplying by 4.3. Range 
0.02 to 0.77.

Primary manufacturing Source reports fossil C emissions as 0.032 sawmill, 0.069 plywood mill.
percent of C in primary product (Liski Calculate ratio to 100-year carbon by
et al. 2001). multiplying by 1.6. Results 0.05 and 

0.11.

Primary manufacturing Sawmill nonrenewable emissions Convert lumber C to CO2e by multiplying
(lumber portion only) 4,708 metric tons. by 3.6667 = 301,366. Divide sawmill
C stored in lumber = 31,705 (Home emissions by log CO2e = 0.02. Calculate 
Depot) plus 50,477 (other) total tons ratio to 100-year carbon by multiplying 
(Gower et al. 2006). by 4.3. Result is 0.07.
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Primary manufacturing 200 kg CO2e emissions per metric ton of 1 metric ton panels contains 0.48 1 * 0.48 * 3.6667 = 0.88 metric tons 
panels (Skog 2008, p. 16). metric tons C (Smith et al. 2006, CO2e in 1 metric ton of panels. 200kg = 

GTR-NE-343, Table D1 panel 0.2 metric tons CO2e of emissions/metric
average). ton panels. 0.2 / 0.88 = 0.23. Calculate

ratio to 100-year carbon by multiplying
by 1.6. Result is 0.36.

Primary manufacturing, 4-story wood-framed apartment Lumber is 50% carbon. Assume all 1,400 GJ = 1,400,000 MJ. 1,400,000 /
construction, building—wood content has 1,400 GJ wood embodied in house remains at 15.8 = 88,608 kg of wood in building. 
transportation embedded energy and primary 100 years. 88,608 * 0.5 = 44,304 kg C in wood in

manufacturing emissions are 117 tons building. 44,304 * 3.6667 = 162,449 kg
CO2e. Wood contains 15.8 MJ/kg energy CO2e or 162 metric tons CO2e in building
content (Borjesson and Gustavson 2000). wood. Fossil fuels used to produce and 

transport building materials emit 117 
metric tons CO2e. 117 / 162 = 0.72.

Primary manufacturing Average combined process and Original units are metric tons carbon Convert wet tons of product to dry
and transport transportation energy and process equivalent per wet (as delivered) tons. Convert short dry tons to

non-energy emissions, virgin inputs short ton of product. metric dry tons. Calculate carbon
(U.S. EPA 2006, Exhibit 2-2). Conversion content. Calculate ratio of C in
factors by product for wet to dry tons emissions to C in discarded material, 
(Exhibit 6-4) and carbon content as 0.12 for lumber, 0.24 for fiberboard.
percent of dry matter (Exhibit 6-2). Calculate ratio to 100-year carbon by 

multiplying by 1.3. Results 0.16 to 0.31.

Construction Construction emissions for Minneapolis Estimate construction emissions for Convert total construction emissions to
and Atlanta model houses converted to wood based on wood as portion of GWP. Minneapolis house = 1.27 metric
CO2e 1,271 and 1,121 kg (Meil et al. total materials. House life is tons, Atlanta house = 1.12 metric tons.
2004, Table 3-4). Wood as percent of assumed to be 75 years, so CO2e Proportionally, construction emissions
materials 15% and 10% (Miel et al. remaining at 100 years reflects 25 would be 0.15 * 1.3 = 0.19 for
2004, Table 10). CO2e content of homes years decomposition in landfill Minneapolis and 0.1 * 1.1 = 0.11 for
at 22.4 and 17.1 metric tons (82% remains in year 100). Atlanta. 82% of CO2e remains at 100
(Perez-Garcia et al. 2005). years: 18 metric tons CO2e for 

Minneapolis house and 14 for Atlanta 
house. Calculate ratio of construction 
emissions to 100-year CO2e. 0.19 / 18 =
0.011 for the Minneapolis house and 
0.11 / 14 = 0.008 for the Atlanta house.

Transport to Construction transport emissions Estimate transport emissions for Convert total transport emissions from
construction site converted to CO2e 37 and 21 kg wood based on wood as portion manufacturing to construction site to

(Meil et al. 2004, Table 3-4). of total materials. House life is GWP. Minneapolis house = 0.037 metric
See above for other data. assumed to be 75 years, so CO2e tons CO2e; Atlanta house = 0.021 metric

remaining at 100 years reflects 25 tons CO2e. Estimated wood transport for
years decomposition in landfill Minneapolis = 0.15 * 0.037 = 0.006;
(82% remains in year 100). Atlanta = 0.10 * 0.021 = 0.002. 

Construction wood transport emissions 
as percent of 100-year wood carbon 
storage is insignificant.

Transport to end use 128,199 (Home Depot) + 83,396 (other) Logs are 50% carbon. Total carbon stored in lumber 31,705 +
total tons CO2e transport emissions 50,477 = 82,182. 82,182 * 3.6667 =
(Gower et al. 2006). 301,337 tons CO2e in lumber . Total 

transport emissions = 128,199 + 83,396 
= 211,595. Divide transport emissions 
by lumber CO2e 211,595 / 301,337 = 
0.70. Calculate ratio to 100-year carbon 
by multiplying by 1.6. Result is 1.12.

House maintenance Emissions associated with maintenance Divide maintenance CO2e by 100-year
of wood components 1,066 and 890 kg CO2e (see above). 1.066 / 18 = 0.06 
CO2e (Winistorfer et al. 2005, Tables 8 and 0.890 / 14 = 0.06.
and 9). For total wood CO2e in house 
see above.

Demolition 435 and 491 kg CO2e demolition energy Multiply total demolition CO2e by fraction
emissions (Winistorfer et al. 2005, of landfilled material that is wood.
Table 11). For total wood CO2e in 435 * 0.15 = 65 kg. 491 * 0.10 = 49 kg.
house see above. Divide estimated wood demolition CO2e 

by house content CO2e. 65 / 22,400 = 
0.003 and 49 / 17,400 = 0.003.

Data Appendix – Conversions and Calculations (continued)
Item Original Data and Source Assumptions Computed Estimate
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Abstract

We reviewed the experimental evidence for long-term carbon (C) sequestration in soils as consequence of specific forest management
strategies. Utilization of terrestrial C sinks alleviates the burden of countries which are committed to reducing their greenhouse gas emissions.
Land-use changes such as those which result from afforestation and management of fast-growing tree species, have an immediate effect on the
regional rate of C sequestration by incorporating carbon dioxide (CO2) in plant biomass. The potential for such practices is limited in Europe by
environmental and political constraints. The management of existing forests can also increase C sequestration, but earlier reviews found
conflicting evidence regarding the effects of forest management on soil C pools. We analyzed the effects of harvesting, thinning, fertilization
application, drainage, tree species selection, and control of natural disturbances on soil C dynamics. We focused on factors that affect the C input
to the soil and the C release via decomposition of soil organic matter (SOM). The differentiation of SOM into labile and stable soil C fractions is
important. There is ample evidence about the effects of management on the amount of C in the organic layers of the forest floor, but much less
information about measurable effects of management on stable C pools in the mineral soil. The C storage capacity of the stable pool can be
enhanced by increasing the productivity of the forest and thereby increasing the C input to the soil. Minimizing the disturbances in the stand
structure and soil reduces the risk of unintended C losses. The establishment of mixed species forests increases the stability of the forest and can
avoid high rates of SOM decomposition. The rate of C accumulation and its distribution within the soil profile differs between tree species.
Differences in the stability of SOM as a direct species effect have not yet been reported.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Forest ecosystems store more than 80% of all terrestrial
aboveground C and more than 70% of all soil organic C (Batjes,
1996; Jobbágy and Jackson, 2000; Six et al., 2002a). The annual
CO2 exchange between forests and the atmosphere via
photosynthesis and respiration is ≈50 Pg C/yr, i.e. 7 times the
anthropogenic C emission. An increase in soil respiration would
increase the CO2 emissions from forest ecosystems. In order to
mitigate climate change, more C should be sequestered in forest
ecosystems and strategies for an adapted forest management are
sought (Brown et al., 1996).

According to the Kyoto Protocol (KP), C sequestration in
terrestrial sinks can be used to offset greenhouse gas emissions.
Currently, European forests absorb 7 to 12% of European emis-
sions with agricultural land being a source and forests a sink of
CO2 (Janssens et al., 2003). Several Europeans countries have so
far failed to curtail their greenhouse gas emissions and may rely
on the inclusion of terrestrial C sinks in order to meet their
emission reduction targets. The Kyoto Protocol states in Article
3.3 that “net changes in greenhouse gas emissions by sources
and removals by sinks resulting from direct human-induced
land-use change and forestry activities, limited to afforestation,
reforestation and deforestation since 1990, measured as veri-
fiable changes in carbon stocks in each commitment period, shall
be used to meet the commitments”. However, the ability to
utilize afforestation as a tool to offset carbon emissions is con-
strained by available land area. The upper limit for afforestation
projects in Europe has been estimated to be 20% of the agri-
cultural land area (Cannell, 1999a). In several countries (e.g.
Austria, Finland, Sweden, Switzerland) the forest cover is al-
ready 50% and further increases are unlikely. In countries with a
low forest cover (e.g. Ireland, Denmark, Mediterranean
countries), however, an increase in the forested area is on the
political agenda. KP Article 3.4 allows the use of forest
management for C sequestration up to nationally applicable
limits (United Nations Framework Convention on Climate
Change, 2002; Cannell, 2003; ECCP-Working group on forest
sinks, 2003).

National Forest Inventories are used to assess the C se-
questration in the aboveground biomass in the context of na-
tional greenhouse gas emission reports (Löwe et al., 2000).
Measuring changes in soil C is more difficult because its spatial

variability is high and soil C accumulation is a slow process
(Conen et al., 2004). The rate of formation of stable SOM is
between 2 and 12 kg C/ha/yr and much lower than the accu-
mulation of C in the aboveground biomass of a moderately
productive forest (Schlesinger et al., 2000). Experiments have
found different effects of forest management activities on C
sequestration (Johnson, 1992; Post and Kwon, 2000; Johnson
and Curtis, 2001). Treatments such as thinning, harvesting, and
fertilization modify soil C dynamics and different results can be
explained by specific site and soil conditions. In this paper, we
review the effects of forest management on C sequestration from
the perspective of soil processes. We attempt to generalize about
soil processes, that are affected by forest management, scrutinize
forest management strategies with respect to their influence on
soil C pools, and recommend activities that can lead to long-term
C sequestration in forest soils.

2. The pool of soil organic carbon

2.1. Factors influencing the soil C pool

The soil C pool is determined by the balance between C input
by litterfall and rhizodeposition on the one hand and the release
of C during decomposition on the other side. The turnover of
SOM depends on the chemical quality of the C compounds
(labile or stable C), site conditions (climate), and soil properties
(clay content, soil moisture, pH, nutrient status). Several of these
factors are directly or indirectly influenced by forest manage-
ment. The relative effect of temperature and chemical quality on
the decomposition rate has received considerable attention
(Trumbore et al., 1996; Liski et al., 1999; Giardina and Ryan,
2000; Knorr et al., 2005; Davidson and Janssens, 2006). The
actual turnover rate differs between regions. In boreal peatland
forests, excess soil moisture is a limiting factor; in both high
elevation and boreal forests the short growing season limits the
annual decomposition rate, whereas in mediterranean systems
summer droughts inhibit the turnover of SOM.

In a warming world both the primary productivity and the
decomposition of SOM accelerate and the soil C pool will move
towards a new equilibrium. Forest soils respond more strongly
than soils under other forms of land use (Schimel, 1995;
Valentini et al., 2000; Rustad et al., 2001). A review of soil
respiration experiments concluded that in the long run warming

254 R. Jandl et al. / Geoderma 137 (2007) 253–268



will reduce the amount of SOM because soil respiration rates
will be stimulated more than the productivity (Rustad et al.,
2001). In cold regions the response is expected to be more
pronounced (Cox et al., 2000; Kirschbaum, 2000). However,
10 years of experimental warming suggest that the loss of soil C
is only a temporary effect, because only the labile soil C pool is
exhausted (Jarvis and Linder, 2000; Melillo et al., 2002). The
response of SOM to rising temperatures is still a subject of
controversy, mainly owing to different assumptions on the
heterogeneity of fractions of SOM (Kirschbaum, 2004;
Powlson, 2005).

The chemical quality of SOM limits the rate of soil respiration
(Giardina and Ryan, 2000; Liski et al., 2003). Labile C fractions
are quickly mineralized when the temperature regime is ap-
propriate, but the turnover of stable fractions of SOM such as
organic compounds associated with the mineral soil is inde-
pendent of the temperature (Trumbore et al., 1996; Hobbie et al.,
2000). Soil microorganisms will acclimatize to changed con-
ditions and the temperature sensitivity of soil respiration will
decrease (Luo et al., 2001). Nevertheless, microbial processes
are controlled by the quality and availability of substrate and by
site properties such as nutrient availability and moisture supply.
The substrate availability depends on litter input, the chemical
bonding between SOM, and the mineral soil and the chemical
structure of the organic compounds.

2.2. Stabilization of soil organic matter

The process of C stabilization is different from the process of
accumulation. Accumulation is driven by site factors inhibiting
soil respiration, such as excess soil moisture or low tempera-
tures. For an increase of stable soil C pools it is necessary to
identify sites where soil properties are conducive to C seques-
tration. An abundance of reactive surfaces of clay minerals and
oxides, where C can form complexes with a low turnover rate,
leads to the stabilization of C. The adsorption of organic matter
at the mineral surface creates an intimate bond, which leads to an
enduring stabilization (Torn et al., 1997; Torn et al., 2002;
Hagedorn et al., 2003).

Processes that affect the aggregation of the soil also affect the
C sequestration capacity. Stabilized SOM is found in micro-
aggregates of the mineral soil. Stabilization of SOM can either
be a consequence of the inherent recalcitrance of the molecules,
bonding at oxide and clay mineral surfaces, or simply the in-
accessibility of SOM for potential microbial grazers (Sollins
et al., 1996; Six et al., 2002a,b). The surface accumulation of
SOM is positively related to the C input. There are gradual
differences between different clay minerals. The bonding of
SOM to smectite is tighter than to kaolinite and its turnover time
is twice as long (Wattel-Koekkoek et al., 2003). The chemical
reaction is a surface condensation that forms stable bondings
(Keil et al., 1994; Kennedy et al., 2002). Even over the longest
available time series of soil data (150 years) from Russian
grasslands, it was shown that the abundance of amorphous
minerals was the single most important factor determining the
size of the soil C pool. The decisive factor is the physical
protection of C upon adsorption to the surface. Once C is

stabilized, the C pool does not change, even when marked
differences in land use and climate occur. A comparison of
recent data with archived soil material from the Russian steppe
shows minimal changes over a century. Despite cultivation and
global warming the recalcitrant C stock remained unchanged
(Torn et al., 2002).

Stabilization of soil C is not strongly related to site pro-
ductivity. 13C tracer experiments have shown that the net
accumulation of new tree-derived C can be greater in loamy soils
with a low productivity than in fertile sandy soils with a high
productivity (Hagedorn et al., 2003). This suggests that soil
properties play a dominant role.

Soil C sequestration in peatlands is a special case of bio-
chemical stabilization. Under anaerobic conditions the enzyme
phenol oxidase is inactive, even when temperatures are rising
(Freeman et al., 2001). Consequently, chemically labile SOM
accumulates on this site. A change in land management, e.g., the
drainage of peatland, can lift this biological constraint and in-
crease the mobilization of SOM. Global warming also promotes
drying of peatland and will partially mobilize this huge C pool
(Goulden et al., 1998).

3. Afforestation — Kyoto Protocol article 3.3

Forests have a higher C density than other types of eco-
systems (Bolin et al., 2000). The terrestrial C pool has been
greatly reduced by human activities such as conversion of forests
into agricultural land and urban areas. Among the consequences
was a reduction of the soil C pool. The currently observed carbon
sink is a reversal of past carbon losses (Erb, 2004; Lal, 2004).
The afforestation of former agricultural land increases the C
pool in the aboveground biomass and replenishes the soil C pool.
Accumulation occurs until the soil reaches a new equilibrium
between C input (litterfall, rhizodeposition) and C output
(respiration, leaching). Recent reviews report that the average
rate of soil C sequestration was 0.3 t C ha−1 yr−1 (range 0–3 t C
ha−1 yr−1) across different climatic zones (Post and Kwon,
2000). On average afforestation increases total C stocks by 18%
over a variable number of years (Guo and Gifford, 2002). The
initial C accumulation occurs in the forest floor. Its thickness and
chemical properties vary with tree species (Vesterdal and
Raulund-Rasmussen, 1998; Six et al., 2002a, see chapter 4).

Changes in soil C storage have been reported from a number
of studies based on stand chronosequences, paired plots and
repeated sampling. Results are quite diverse as soils may gain C,
experience no change or even lose C following afforestation
(Guo and Gifford, 2002; Vesterdal et al., 2002b). Carbon loss
can occur in a brief period following afforestation, when there is
an imbalance between C loss by soil microbial respiration and C
gain by litterfall. Planting leads to soil disturbance and can
stimulate the mineralization of SOM. These losses are not
necessarily offset by the low C input by litterfall in a young
plantation. Experimental evidence supports this theory. Carbon
gains in the upper mineral soil of plantation forests can be offset
by losses of old C from deeper parts of the soil (Bashkin and
Binkley, 1998; Giardina and Ryan, 2002;Markewitz et al., 2002;
Paul et al., 2002; Vesterdal et al., 2002a). In experiments in
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South Carolina with Pinus taeda, 80% of the C accumulation
occurred in the biomass, some accumulation was found in the
forest floor and only a small amount ended up in the mineral soil
(Richter et al., 1999). A synthesis of afforestation chronose-
quences in northwestern Europe suggested that soils can con-
tribute about 30% of the total C sequestration in afforested
ecosystems (Vesterdal et al., 2006). Mineral soils only seques-
tered C in two out of the six chronosequences. Radiocarbon
analyses and 13C tracer experiments showed that litter-derived C
wasmoved into the mineral soil, but it remained unstabilized and
was lost rapidly by decomposition (Trumbore, 2000; Hagedorn
et al., 2003). The available long-term experiments found that
after several decades more C is moved to the mineral soil
(Jenkinson, 1991; Compton et al., 1998; Richter et al., 1999;
Gaudinski et al., 2000; Post and Kwon, 2000; Hooker and
Compton, 2003; Johnson et al., 2003; Paul et al., 2003; DeGryze
et al., 2004).

Following afforestations soils accumulate less C and at a
slower rate than the aboveground biomass. Conditions that are
not conducive to soil microbial processes, such as sandy texture,
low nutrient availability and low pH, can lead to the formation of
a thick forest floor layer (Staaf, 1987; Vesterdal et al., 1995;
Vesterdal and Raulund-Rasmussen, 1998). It is less certain how
C sequestration in the mineral soil is affected by the soil type. In
some cases, fertile and clayey soils stored more C, because the
production of above- and belowground litter is high and because
the formation of organo-minerals complexes protects SOM from
decomposition (van Veen and Kuikman, 1990; Liski, 1995; Vogt
et al., 1995). In other cases, poor mineral soils were reported to
store more C, which was attributed to the slow decomposition
and complex formation between organic molecules and metal
ions (Vesterdal et al., 2006). In an assessment of soil C stocks in
pure Norway spruce and mixed spruce-broadleaved stands on
poor soils the C stocks were positively related to soil aluminum
pools in an area with relatively poor soils (Berger et al., 2002),
because decomposition of SOM is slow in acidic soils. However,
the question of how the C stock of different soil types responds to
afforestation is not yet resolved (Vejre et al., 2003).

Previous land use affects the C sequestration potential of
afforested sites. Pasture soils already have high C stocks and
high root densities in the upper part of the mineral soil, so af-
forestation has a small effect (Guo and Gifford, 2002; Römkens
et al., 1999; Murty et al., 2002). Chronosequence studies from
New Zealand on former pastures, northern Spain on arable land,
and northern England on peatland found that soils initially lost,
but later gained C (Romanyá et al., 2000; Halliday et al., 2003;
Zerva et al., 2005). In contrast, croplands are more depleted in
soil C, and have a greater potential to sequester soil C.

In conclusion, the rate of soil C sequestration is slower than
changes in the aboveground C, and it takes decades until net
gains occur in former arable soils. Forest floors accumulate C
quickly, but most of it in a labile form and for a limited time.

4. Influence of tree species

Despite much research on the role of vegetation in soil
formation, a general understanding of the extent of the effect of

tree species across site types has not yet been reached (Stone,
1975; Augusto et al., 2002; Binkley and Menyailo, 2005). Tree
species affect the C storage of the ecosystem in several ways.
Shallow rooting coniferous species tend to accumulate SOM in
the forest floor, but less in the mineral soil, compared with
deciduous trees. At identical biomass volumes, trees with a high
wood density (many deciduous tree species) accumulate more C
than trees with light wood (many coniferous species) (Table 1).
Late-successional trees tolerate a higher stem density than
pioneer species. Species that occupy different ecological niches
can complement each other so that the biomass production of a
mixed stand is higher than that for pure stands (Resh et al., 2002;
Pretzsch, 2005). For the productivity of a forest over the entire
rotation period, its stability against disturbance is important. In
Central Europe, mixtures of beech and spruce are the better
option, even if pure spruce stands have a higher growth rate
(Pretzsch, 2005).

Table 1 shows the differences in soil C pools under common
European tree species. Pine forests have remarkably low soil C
pools, whereas beech forests have the highest soil and total C
pools. It must be kept in mind that mean values for different
species also represent site conditions where the species are
dominant. For instance, Scots pine forests often grow on shallow
and dry soils, which have low C stocks, whereas beech is found
on more fertile soils (Callesen et al., 2003, Table 1).

The influence of tree species was studied in common garden
experiments with replicated stands of the same species (Fyles
et al., 1994; Binkley, 1995; Prescott et al., 2000). In Denmark, a
study of seven species replicated at seven different sites along a
soil fertility gradient focused on the forest floor C stock
(Vesterdal and Raulund-Rasmussen, 1998). Lodgepole pine
(Pinus contorta), Sitka spruce (Picea sitchensis) and Norway
spruce had much higher C stocks than European beech (Fagus
sylvatica) and oak (Quercus robur). Similarly, a German
experiment showed more C in the forest floor under pine than
under beech. This was attributed to the slower decay of pine
and spruce litter compared with the litter of deciduous trees
(Vesterdal and Raulund-Rasmussen, 1998; Fischer et al., 2002).
It should be noted that the effects on the mineral soil are variable.
An Austrian study showed higher soil C stocks in pure Norway
spruce stands than in mixed spruce-broadleaf stands (Berger
et al., 2002). An interaction between tree species and soil type
was shown. On poor soils the admixture of spruce increased the
soil C pool to a larger extent than on fertile soils. There is
insufficient evidence of a consistent effect of tree species on
mineral soil C stocks, but the establishment of a spruce forest

Table 1
Wood density of European tree species and median of C pools in European
forests (de Vries et al., 2003)

Species Wood density
[kg/m3]

Tree C
[t/ha]

Soil C
[t/ha]

∑C
[t/ha]

Pinus sylvestris (Scots pine) 490 60 62 122
Picea abies (Norway spruce) 430 74 140 214
Abies alba (Silver fir) 410 100 128 228
Fagus sylvatica (beech) 680 119 147 266
Quercus sp. (oak) 660 83 102 185
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after beech leads to the release of C from parts of the mineral soil
that is no longer penetrated by roots (Kreutzer et al., 1986). The
rooting depth is relevant for soil C because root growth is a most
effective way of introducing C to the soil (Jobbágy and Jackson,
2000; Rothe et al., 2002; Vesterdal et al., 2002a).

The conversion of Central European secondary Norway
spruce plantations to mixed species forests has been proposed
(Spiecker et al., 2004). The primary objective is to reduce storm
damages and increase the stability of forests in a changing en-
vironment (von Lüpke, 2004; Pretzsch, 2005). Spruce forests
generate a higher revenue than mixed species forests or pure
beech stands, even when the higher production risk of spruce is
taken into account (Assmann, 1961; Dieter, 2001). According to
models the long-termC sequestration inDouglas fir (Pseudotsuga
menziesii) and beech stands is higher than in Norway spruce
stands (Burschel et al., 1993; Schöne and Schulte, 1999). In pine
stands that have been underplanted with beech, the depth gradient
of soil C was changed. In mixed pine–beech stands more C
accumulated in deeper parts of the mineral soil, because beech
roots reached deeper into the mineral soil. It remains to be seen if
this C will be shifted into a stable pool. Nevertheless, the total soil
C gain after conversion from pine to beechwas low (Fischer et al.,
2002).

In conclusion, the effect of tree species on forest floor C
stocks is rapid. For the permanence of C sequestration it is more
relevant to select tree species that increase the pool of stabilized
C in the mineral soil. The driving process is the production of
belowground biomass. However, little evidence for the size of
this effect is available.

5. Stand management — Kyoto Protocol article 3.4

The thinning regime, the length of the rotation period,
specific harvesting techniques, uneven-aged forest manage-
ment, and continuous-cover forestry are management options
with tangible economical and ecological consequences.

Thinning interventions increase the radial growth of the
remaining trees at the expense of the total biomass and are not
primarily aimed at maximizing C sequestration (Assmann, 1961;
Sobachkin et al., 2005). Thinning changes the microclimate.
Decomposition of forest floor C is temporarily stimulated be-
cause soils become warmer and possibly wetter due to reduced
evapotranspiration and the soil C pool decreases (Piene and van
Cleve, 1978; Aussenac, 1987). The stand microclimate returns
to previous conditions unless the thinning intervals are short and
intensities are high. Apart from the changed microclimate,
litterfall is temporarily lowered in heavily thinned stands. This
reduces forest floor accumulation and contributes to lower soil C
stocks. The input of thinning residues into the soil may com-
pensate for losses (de Wit and Kvindesland, 1999). Forest floor
C stocks decreased with increasing thinning intensity in field
studies in New Zealand, Denmark and the USA (Wollum and
Schubert, 1975; Carey et al., 1982; Vesterdal et al., 1995). In the
Danish study, forest floor C stocks were inversely related to the
basal area, but the change in the forest floor C pool was smaller
than its variation between experimental sites with different soil
types (Vesterdal et al., 1995).

Less experimental evidence is available for the effect of
thinning on the C pool in the mineral soil. The balance in forest
soil C depends on the extent of the soil disturbance, the input of
thinning residues into the soil and the rate of the litterfall. In an
Austrian experiment of a Norway spruce stand, all thinning
intensities decreased the C storage (Fig. 1). A thinning
intervention in an experimental site with flux measurements in
Finland did not result in a net release of C from the ecosystem,
because the enhanced growth of the ground vegetation
compensated for the reduced C sequestration of the tree layer
and the increase of heterotrophic soil respiration was balanced
by a decrease in autotrophic respiration of similar magnitude
(Suni et al., 2003). In a Korean study, neither soil CO2 efflux nor
litter decomposition was increased with increasing thinning
intensity (Son et al., 2004). Any effects on soil respiration rates
were apparently overruled by root respiration as indicated by a
positive relationship between stand density and soil CO2 efflux.

Harvesting removes biomass, disturbs the soil and changes
the microclimate more than a thinning operation. In the years
following harvesting and replanting, soil C losses may exceed C
gains in the aboveground biomass. The long-term balance
depends on the extent of soil disturbance. Harvesting influences
soil carbon in two contrasting ways: harvest residues left on the
soil surface increase the C stock of the forest floor and dis-
turbance of the soil structure leads to soil C loss. In a com-
parative study, harvesting turned forests into a C source because
soil respiration was stimulated, or reduced to a lesser extent, than
photosynthesis (Kowalski et al., 2004). A scheme of C dynamics
after harvest shows the almost immediate C loss that is followed
by a slow recovery of the C pool Fig. 2.

A review of harvesting techniques suggested that the effect on
soil C is rather small, on average, and depends on the harvesting
type (Johnson and Curtis, 2001).Whole-tree harvesting caused a
small decrease in A-horizon C stocks, whereas conventional
harvesting, leaving the harvesting residues on the soil, resulted
in a small increase. Although soil C changes were noted after
harvesting, they diminished over time without a lasting effect. In
general, different harvesting methods had a far greater effect on
ecosystem C due to its effect on the biomass of the regenerating

Fig. 1. Carbon in the aboveground biomass and the soil in a thinning experiment
eight years after the intervention. “N” denotes the number of stems per ha
(Hager, 1988).
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stand, and a weaker effect on soil C (Johnson and Curtis, 2001;
Johnson et al., 2002).

Other researchers report large soil C losses after harvesting.
Measurement of net ecosystem C exchange showed that for at
least 14 years after logging, regenerating forests remained net
sources of CO2 owing to increased rates of soil respiration
(Olsson et al., 1996; Schulze et al., 1999; Yanai et al., 2003).
Reductions in soil C stocks over 20 years following clear cuts
can range between 5 and 20 t C/ha and are therefore significant
compared to the gain of C in biomass of the maturing forest
(Pennock and van Kessel, 1997).

Continuous-cover forestry, including selective harvesting,
resembles thinning with respect to its effect on the soil C pool,
and is considered a possible measure to reduce soil C losses
compared with clear-cut harvesting (ECCP-Working group on
forest sinks, 2003).

An elongation of the rotation period has been proposed to
foster C sequestration in forests. Old-growth forests have the

highest C density, whereas younger stands have a larger C sink
capacity. After harvest operations, soil C pools in managed
forests recover to the previous level. Short rotation lengths
where the time of harvest is close to the age of maximum mean
annual increment will maximize aboveground biomass produc-
tion, but not C storage. Longer rotation periods imply that the
disturbance frequency due to forest operations is reduced and
soils can accumulate C (Schulze et al., 1999). Growth and yield
tables suggest that stand productivity declines significantly in
mature forest stands. However, even very old unmanaged
forests can sequester large amounts of C. A 250-year old beech
stand in the Hainich National Park (Central Germany) accu-
mulated more than 4 t C/ha/yr (Knohl et al., 2003). A mature
Siberian Scots pine forest and old-growth forests in the USA
transferred a higher proportion of its C into the soil than in the
early stages of the stand development and continuously in-
creased the soil C stock (Harmon et al., 1990; Schulze et al.,
2000). In Sitka spruce plantations in the UK all investigated C
pools increased with a 20 year longer rotation, because the
productivity of the forest remained very high (Kaipainen et al.,
2004). The accumulation of C continues until the C gain from
photosynthesis is larger than respiration losses. Late-succes-
sional species (e.g. beech, Norway spruce) are able to maintain
high C sequestration rates for longer than pioneer tree species.
Over-mature forest stands are not able to close canopy gaps
created by natural mortality or thinning. Consequently the de-
composition of SOM is enhanced and decreases the soil C pool.

Chronosequences of spruce in Norway and pine in Northern
Germany showed an increase in the thickness of the forest floor
layer with age, reaching a steady state after several decades
(Sogn et al., 1999; Böttcher and Springob, 2001). No C changes
with stand age were found in the mineral soil of the pine forest.
A chronosequence of Norway spruce stands in Austria shows
only a slight, statistically insignificant, C enrichment of the soil
(Fig. 3).

Several modeling studies suggest that very long rotation
lengths do not necessarily maximize the total C balance of
managed forests (Cannell, 1999b; Liski et al., 2001; Harmon
and Marks, 2002). In a simulation experiment of the effect of
increased rotation length on C storage in Scots pine plantations
in Finland, Germany, and Spain stand productivity declined,
because the currently applied harvest age was already beyond
the maximum annual increment. Soil C accumulated for several
decades but leveled off. The main reason was the decline in

Fig. 2. Simulation of C dynamics in the aboveground biomass and the soil after
harvesting. — Assumptions: Biomass-C stock typical for Central European
Norway spruce forest; rotation period ≈100 years; 25% of SOM are labile, total
SOM loss from literature (Olsson et al., 1996).

Fig. 3. Carbon pools a chronosequence of Norway spruce stands in Kobernauser Wald/Austria. (a) C pools versus stand basal area, and (b) temporal trend of C pools
over stand age (Bauer, 1989).
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aboveground litter production, which controlled the soil C pool
(Kaipainen et al., 2004).

The elongation of the rotation period has consequences for
the wood product market. Carbon that remains in the forest
ecosystem cannot be built into wood products and cannot con-
tribute to the substitution of fossil fuels (Schlamadinger and
Marland, 1996). It therefore needs to be substantiated, in which
types of forests are long rotation periods effective, and where
greater volume growth rates in short- to medium-rotation length
systems are a better choice.

We conclude that ageing of forests results in increasing C
densities in management systems with longer rotation lengths,
provided the harvest age is not beyond the age where the forest
stand turns from a net sink to a source of C. The magnitude of
the effect of increased rotation lengths depends on the current
management practice. At the landscape level, longer rotation
lengths with more old forests lead to higher C pools than short
rotations with only young plantations. A conclusive summary of
the long-term C accumulation in forests is still needed. Even
when single old stands can sequester C at a high rate, it needs to
be demonstrated that these forests are truly representative for the
life time of the respective forest type within a given region. —
Management interventions such as thinning add value to the
stand, but remove biomass. The net effect for C is a loss.
Nevertheless, thinning increases the stand stability and therefore
offers an important control mechanism for the maintenance of C
storage in ecosystems.

6. Disturbances — fire, storm and pest infestation

Recommendations for forest management need to consider
the regional disturbance regime. Fire has always played an
integral role in the structure and function of forest ecosystems,
especially in seasonally dry forests (Fisher and Binkley, 2000).
The policy of fire suppression can delay but cannot prevent
wildfires over the long term. It leads to an apparent net C
accumulation that in fact increases the risk of large C release
during catastrophic fires. The role of fire in ecosystemC changes
is not straightforward. Several experiments showed that wildfire
had caused increases in soil C, which may be driven by the
incorporation of charcoal into soils and new C inputs via post-
fire N2 fixation (Schulze et al., 1999; Hirsch et al., 2001; Johnson
and Curtis, 2001; Johnson et al., 2004). However, N-fixing
plants are not common to all fire-prone ecosystems.

In boreal and mediterranean forests wildfires impose natural
limits on the rotation period. Owing to the fire cycle, Siberian
forests which are younger than 40 years are a net C source because
the rate of decay of forest floor material is larger than biomass
accumulation. Forests between 40 and 100 years old are a strong
net C sink (≈1 t C/ha/yr), older forests are a weak sink (≈0.2 t C/
ha/yr) (Wirth et al., 2002). Wildfires in tropical forests are not
common, but can have serious impacts on the global C cycle.
Burning of forested peatlands of Indonesia in 2002 released an
equivalent of 13 to 40% of the annual global C emissions from
fossil fuels. No management options exist to affect the size of the
C pool in tropical peatlands, but protection of these swamp–forest
ecosystems is required (Page et al., 2002).

Climate change may increase the frequency and intensity of
drought, especially in the Mediterranean and temperate zones.
The impacts are site specific and difficult to predict. Water
limitations will tend to affect tree growth negatively, but on the
other hand the decomposition of soil C may be reduced (Hanson
andWeltzin, 2000). Climate change also has an impact on forest
pest infestations. A feedback mechanism between ozone, CO2

and insect populations has been demonstrated in a FACE
experiment in North America with aspen (Populus tremuloides)
and mixed aspen–birch (Betula papyrifera) stands. Under
changing conditions the population of insects and the frequency
of diseases increased. Moreover, forests did not reach the anti-
cipated productivity, either because of damage or the detrimental
effect of ozone. The decreased biomass production lowered the
rate of soil C formation significantly (Percy et al., 2002; Loya
et al., 2003).

Storm damage may result in strongly increased amounts of
coarse woody debris on the forest floor. Carbon dynamics after
the disturbance are also affected by subsequent management
decisions. In the case of a severe reduction in the value, the stand
will be harvested and damaged timber will be salvaged. When
only parts of the canopy are broken and the stand is already
mature, it may be wise to continue the originally planned pro-
duction cycle (Thürig et al., 2005). Uprooting of trees by wind-
throw destroys soil structure, which in turn makes protected C
accessible for decomposers. Two years after a windthrow in
European Russia, the whole ecosystem lost 2 t C/ha to the
atmosphere over a 3-month summer period (Knohl et al., 2002).

In conclusion, disturbances consistently lead to the mobili-
zation of C and present a potentially large C source. There are
many interdependencies with management activities such as
choice of tree species, regulation of stand structure, thinning
intensity, and rotation length. Without forest management
interventions, the importance of disturbances for C dynamics
increases.

7. Improvement of site conditions

7.1. Nitrogen fertilization

Cycling of SOM is influenced by fertilization in contrasting
ways. (1) Nitrogen fertilization stimulates tree growth, which
potentially increases C inputs into soils through litterfall and
rhizodeposition. Increases in tree growth and SOM content due
to long-term N fertilization would support this assumption, but
there are also reports about decreased root biomass under
experimental N additions (Mäkipää, 1995; Eriksson et al., 1996;
Andersson et al., 1998; Gundersen et al., 1998). (2) Fertilization
increases the nutrient content of the litter material, which stim-
ulates decomposition of SOM (Paul and Clark, 1989). In contrast
there are indications that input of mineral N retards decompo-
sition rates of old litter and recalcitrant SOM by suppression of
ligninolytic enzymes of soil microbes and by chemical
stabilization. Nitrogen stimulates the initial decomposition of
fresh litter, but suppresses humus decay in later stages.
Radiocarbon and 13C tracer experiments indicated that N
additions increased the fraction of old and stable humus in
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soils, which may significantly affect soil C storage in the long
run (Fog, 1988; Berg andMatzner, 1997;Magill and Aber, 1998;
Berg and Meetemeyer, 2002; Neff et al., 2002; Franklin et al.,
2003; Hagedorn et al., 2003).

A meta-analysis of 48 experiments from a wide geographical
range reported the effects of N, both directly applied as mineral
fertilizers and captured byN-fixing plants. A significant increase
in soil C was found in the upper mineral soil and in the total soil
C pool. A less consistent response was found in a N-fertilization
experiment with Pinus ponderosa seedlings. The effect of am-
monium sulphate on the soil C pool did not differ significantly
from the control (Johnson et al., 2000; Johnson and Curtis,
2001).

The effects of N fertilization on the soil C pool vary widely
and depend on subsequent soil processes. Often a decrease in
the soil C:N ratio is observed, indicating that the N retention
effect of the soils is stronger than the C sequestration (Johnson
and Curtis, 2001; Jandl et al., 2003). By contrast, a Swedish
fertilization experiment to a mature pine forest with very high N
applications rates doubled the C pool of the forest floor within
20 years (+5 to 9 t C/ha). This response was interpreted as a
consequence of the greatly accelerated growth rate, which in
return led to a massive increase in the litter production but also
to a decrease in the decomposition rate (Nohrstedt, 1990;
Franklin et al., 2003).

Fertilization of forests can lead to the sequestration of larger
amounts of soil C than is feasible by afforestation projects.
However, the results are site specific and no general recom-
mendation for greater regions can be derived (Canary et al.,
2000; Chen et al., 2000).

Nitrogen fertilization stimulates biomass production, but the
effect on the soil C pool is more complex. It stimulates the
microbial decomposition of SOM, which can lead to a net C loss
from the soil and can lead to the formation of nitrogen oxides. The
effect of C sequestration in the aboveground biomass is then
partly offset by the production of N2O. This has been shown in
agricultural as well as in forest ecosystems (Brumme and Beese,
1992; Mosier et al., 1998). It can be concluded that N fertilization
has positive effects on ecosystem level C pools on nutrient-limited
sites. However, widespread anthropogenic N deposition has
greatly reduced the area of European forests with severe N
deficiency. The effects on soil C sequestration are variable.

7.2. Natural aggradation of forests

Many European forests recover from exploitative uses such as
litter raking, unregulated fellings, and coppicing (Farrell et al.,
2000). Increasing the length of the growing season, N deposition,
improved forest management, as well as the enrichment effect of
CO2 has all enhanced the growth rate. In many countries annual
increment exceeds the harvest (Spiecker et al., 1996, Fig. 4).
Gradually, old forests with a high standing biomass are becoming
more common. The current conclusion is that N deposition exerts
a fertilization effect on the aboveground biomass, but the effect on
soil C is uncertain and at best weak (Nadelhoffer et al., 1999;
Davidson and Hirsch, 2001; Oren et al., 2001; Schlesinger and
Lichter, 2001; Pussinen et al., 2002).

The interaction between productivity, C sequestration and N
availability was confirmed with pan-European data. The C
sequestration potential closely follows a deposition gradient: in
Northern Europe, where the rate of N deposition is small, C
sequestration is also small. A large part of the N is retained in the
vegetation and the productivity of the forests is increased. By
contrast, both the C sequestration and the N deposition are high
in Central and Eastern Europe. The increase in N availability
leads to greater productivity and more C sequestration until
future constraints to growth are imposed (de Vries et al., 2003).
Insufficient water supply may become more common as a result
of climate change. The shortage will be aggravated by the
increasing water demand of forests, whose productivity will
have changed by the increasing length of the growing season and
the higher N availability.

7.3. Liming

In Central and Northern Europe many forest soils have been
limed in the past in order to regulate soil and surface water
chemistry, to protect the ecosystem from irreversible acidifica-
tion and to mobilize recalcitrant forest floor material (Fiedler
et al., 1973; von Wilpert and Schäffer, 2000). However, the
target of mobilizing the forest floor is in conflict with the ob-
jective of C sequestration. A literature review showed that
liming causes a net loss of C in temperate and boreal forests
owing to increased microbial activity and DOC leaching
(Brumme and Beese, 1992; Jandl et al., 2003; Lundström
et al., 2003).

In two fertilizer experiments NPK was applied together with
lime. The intention of this ‘harmonized amelioration’ was the
mobilization of nutrients from the forest floor and the provision
of readily available nutrients. The overall effect on C is a net
loss from the soil (Fig. 5). In the experiment ‘Dobrowa’ the total
soil C content was reduced, whereas in ‘Altmanns’ C was
transferred from the previously inactive mor layer to the mineral
soil. In both cases, SOM was mobilized.

7.4. Water management — peatlands

In peat soils, excess water suppresses the rate of decompo-
sition of SOM and leads to C accumulation. It does not influence

Fig. 4. The persistent difference between increment and harvest leads to C
sequestration — example: Austrian forests. Sources: Austrian National Forest
Inventory, Austrian Carbon Balance (Weiss et al., 2000).
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its stabilization. As a result of soil anoxia natural peatlands emit
the greenhouse gas methane (CH4) while nitrous oxide (N2O)
emissions from natural mires are insignificant (Martikainen
et al., 1993). In the Nordic countries, approximately 15 million
ha peatland have been drained for forestry (Paavilainen and
Päivänen, 1995). Drainage stimulates the productivity of
forested peatlands and enables the establishment of a forest in
otherwise treeless peatlands. Global warming and drainage
would result in peatlands becoming drier and the increased
microbial activity could turn boreal mires from C sinks to C
sources (Moore and Dalva, 1993; Silvola et al., 1996). On the
other hand CH4 emissions would decrease for the same reasons
(Nykänen et al., 1998). The increased decomposition of organic
matter following drainage is at least partly compensated by the
higher inflow of C into the system through increases in plant
biomass and primary production and decreases in soil
temperature, soil pH and litter decomposability (Minkkinen
et al., 1999; Laiho et al., 2003). Leaching of dissolved organic C
(DOC) increases immediately after digging the drainage
network, but returns to pre-drainage levels later on (Ahtiainen,
1988; Sallantaus, 1994). Direct measurements of soil C balances
in peatlands are rare, but both decreases and increases following
drainage have been reported (Braekke and Finer, 1991; Sakovets
and Germanova, 1992; Minkkinen and Laine, 1998; Minkkinen
et al., 1999; Gustafsson, 2001; Hargreaves et al., 2003; Byrne
and Farrell, 2005). As C stores in vegetation nearly always
increase following forestry drainage, peatlands may remain C
sinks despite C losses from the soil (Minkkinen et al., 2002;
Hargreaves et al., 2003; Laiho et al., 2003). To conclude, forest
drainage decreases CH4 emissions, increases N2O and CO2

emissions from peat, but increases C sequestration in the veg-
etation. Simulations using data from Finnish peatlands indicated
that the radiative forcing of forest drainage may even be neg-
ative, i.e. drainage may have a “cooling” effect on the global

climate during the first centuries (Laine et al., 1996; Minkkinen
et al., 2002).

7.5. Site preparation

Site preparation promotes rapid establishment, early growth
and good survival of seedlings. Techniques include manual,
mechanical, chemical methods and prescribed burning, most of
which include the exposure of the mineral soil by removal or
mixing of the organic layer. The soil disturbance changes the
microclimate and stimulates the decomposition of SOM, thereby
releasing nutrients (Palmgren, 1984; Johansson, 1994). Another
effect is improved water infiltration into the soil and better root
development. The recent trend towards nature-oriented forest
management reduces the importance of site preparation. A
review on the effects of site preparation showed a net loss of soil
C and an increase in productivity (Johnson, 1992). The effects
varied with site and treatment. Several studies that compared
different site preparation methods found that the loss of soil C
increased with the intensity of the soil disturbance (Johansson,
1994; Örlander et al., 1996; Schmidt et al., 1996; Mallik and Hu,
1997). At scarified sites, organic matter in logging residues and
humus, mixedwith or buried beneath themineral soil, is exposed
to different conditions for decomposition and mineralization
compared with conditions existing on the soil surface of clear-
cut areas. The soil moisture status of a site has great importance
for the response to soil scarification. The increase in decompo-
sition was more pronounced at poor, coarsely textured dry sites
than on richer, moist to wet sites (Johansson, 1994). Sandy soils
are particularly sensitive to management practices, which result
in significant losses of C and N (Carlyle, 1993). Intensive site
preparationmethodsmight result in increased nutrient losses and
decreased long-term productivity (Lundmark, 1988). In most of
the reviewed studies biomass production was favored by site

Fig. 5. Effect of NPK fertilization, liming and planting of N2-fixers (Lupinus heterophyllus) on soil C in two Austrian amelioration experiments; Dobrowa (Jandl et al.,
2003) and Altmanns (Jandl et al., 2002).
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preparation and this effect may balance or even outweigh the
loss of soil C in the total ecosystem response. In conclusion,
there is in general a net loss of soil C with site preparation, which
increases with the degree of disturbance. The chosen technique
of site preparation is important and will determine if the net C
effect of the activity is positive or negative.

8. Discussion

Forest soils are considered to have a considerable potential as
C sinks (Frolking et al., 1996; Perruchoud et al., 1999; Halliday
et al., 2003). Modeling studies suggest that European forest soils
are currently sequestering 26 Tg C yr−1, i.e. 30–50% of the
estimated C sink in the forest biomass (Liski et al., 2002).
However, modeled accumulation rates of soil C have so far not
been detected in nature. Field and process-based studies
conclude that the rate of soil C accumulation is small, compared
with the C accretion in the aboveground biomass, because only a
small proportion of plant-derived C becomes stabilized in the
mineral soil (Martin and Haider, 1986; Mayer, 1994; Richter
et al., 1999; Kaiser and Guggenberger, 2003; Giardina et al.,
2005). Either the understanding of the geochemical C fluxes is
still incomplete, or the accumulation occurs, but much slower
than predicted, or the changes are not detectable owing to the
spatial and temporal variability of soil C.

Efforts to increase soil C storage should ideally increase the
pool of recalcitrant C. Nevertheless, an increase in less stable
pools is also relevant when these pools are sustained by a con-
tinuous input of organic matter. The recovery of degraded forest
ecosystems and the afforestation of land after agricultural use are
cases, that affect mostly the C pool in the forest floor, which is not
stabilized by the formation of organo-mineral complexes.

In regions where exploitative historic land-use practices have
reduced the soil C pool, one option is to foster the restoration of
the previous forest type. This can be achieved by ameliorations,
such as underplanting, liming, and fertilizer application, or
through a natural aggradation process, which is supported by
anthropogenic N deposition and climatic change (Jandl et al.,
2002). The response of the aboveground biomass is often an
increase in productivity. A temporary soil C sink exists, where
intensive litter raking has greatly depleted the soil C pool, and
where the previous level can be re-established. At other sites, the
nutrient export has created unfavorable conditions for soil
microorganisms and biologically inactive mor humus layers
have formed. Their mobilization leads to the formation of more
favorable humus forms (Jandl et al., 2003). There, site recovery
leads to a reduction of the C pool in the forest floor. The C losses
may or may not be offset by C gains in the mineral soil and the
aboveground biomass. Forest floor C is physically and chem-
ically less stable than C in the mineral soil and can be respired
within a few decades under changed site conditions (Covington,
1981; Hamilton et al., 2002). Its mineralization can very quickly
turn forest soils from a C sink into a C source.

Afforestation affects the C pool in the forest floor more
strongly than in the mineral soil. The accumulation of a forest
floor layer in, e.g., a conifer forest is a C sink. The forest floor
should not be discounted with regard to C sequestration, al-

though this C pool is more volatile than mineral soil C and can
be lost upon changing site conditions. A long-term consequence
of afforestation is the gradual incorporation of C in the mineral-
associated soil C pool. This effect is by no means intermediate
(DeGryze et al., 2004).

Forest management can stimulate the decomposition of the
forest floor and can modify its quality by the tree species selec-
tion (quantity and chemical quality of litter, rooting depth)
and the thinning regime (microclimate). Several studies have
stressed the negative impacts of intensive site preparation on the
C balance (Johnson, 1992; Schmidt et al., 1996; Mallik and Hu,
1997). Critical situations are after thinning interventions and the
end of the rotation period. Frequent thinning of stands through-
out the rotation increases their stability. The lightest thinning
operation removes at least those trees which would fall victim to
natural mortality (Assmann, 1961). Maintaining a high stand
density would maximize the C pool, but would also bear a con-
siderable risk of disturbance. A lower stand density increases the
stability of individual trees and thus reduces the risk of C losses

Table 2
Summary of the effects of specific forest management actions on ecosystem C
stocks (‘+’…increases C stock, ‘−’…decreases C stock; ‘±’ neutral with respect to
C stock)

Afforestation
+Accumulation of aboveground biomass formation of a C-rich litter layer and
slow build-up of the C pool in the mineral soil

± Stand stability depends on the mixture of tree species
−Monotone landscape, in the case of even-aged mono-species plantations

Tree species
+Affects stand stability and resilience against disturbances; effect applies for
entire rotation period; positive side-effect on landscape diversity, when mixed
species stands are established

−Effect on C storage in stable soil pools controversial and so far insufficiently
proven

Stand management
+Long rotation period ensures less disturbance due to harvesting, many forest
operations aim at increased stand stability, every measure that increases
ecosystem stability against disturbance

± Different conclusions on the effect of harvesting, depending if harvest residues
are counted as a C loss or a C input to the soil

−Forests are already C-rich ecosystems — small increase in C possible;
thinning increases stand stability at the expense of the C pool size; harvesting
invariably exports C

Disturbance
+Effects such as pest infestation and fire can be controlled to a certain extent
± Low intensity fires limit the risk of catastrophic events
−Catastrophic (singular) events cannot be controlled; probability of disturbance
can rise under changed climatic conditions, when stands are poorly adapted

Site improvement
+N fertilization affects aboveground biomass; effect on soil C depends on
interaction of litter production by trees and carbon use efficiency of soil
microbes

± Drainage of peatland enables the establishment of forests (increased C storage
in the biomass) and decreases CH4 emissions from soil, but is linked to the
increased release of CO2 and N2O from the soil

−Liming and site preparation always stimulate soil microbial activity. The
intended effect of activating the nutrient cycle is adverse to C sequestration; N
fertilization leads to emission of potent greenhouse gases from soils
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due to disturbance. The presence of biomass residues left on site
after thinning plays a role in evaluating C pools. Our view is that
this pool of thinning residues is not relevant for C sequestration.
Nevertheless, we are aware that thinning residues are a C pool
that is not clearly represented, because it neither counts as forest
floor material nor as wood product.

A trend towards nature-oriented silviculture and continuous-
cover forestry will reduce the relevance of site preparations and
clear cuts (Pommerening and Murphy, 2004). The effect of
continuous-cover forestry is difficult to assess at the present
time, because the long-term impacts have not yet beenmeasured.
It is characterized by the avoidance of large canopy openings.
The forest floor layer will therefore be less exposed to
decomposition and will be rather stable in time, but effects on
the recalcitrant C pool as a direct result of management specific
processes in the mineral soil are not expected. A relevant factor
may be the slow formation of organo-mineral complexes in the
undisturbed soil (DeGryze et al., 2004).

The relevance of tree species for the objective of C
sequestration in Central Europe invariably leads to a weighing
of the benefits and peculiarities of Norway spruce versus beech.
On most acidic to neutral sites, spruce produces more stem
volume. Consequently, many mixed species stands in Central
Europe have been converted to “secondary spruce forests”. For
the objective of C sequestration, the relevant characteristic is
total biomass production. The higher C density of beech wood
and the higher production of non-stem aboveground biomass
mean, that the total aboveground accumulation of C of the two
species is not far apart. Moreover, beech develops a deep rooting
system which increases the C pool in the mineral soil (Kreutzer
et al., 1986), allowing longer rotation periods than spruce, and
increasing the stability of mixed stands (Pretzsch, 2005). Mixed
species stands are also less susceptible to pest infestations,
whereas secondary spruce forests are notorious for extensive
bark beetle damage (Baier et al., 2000). Considering these
factors we conclude, that mixtures of beech and spruce are a
better forest management option than pure spruce stands, when
terrestrial C sinks need to be optimized.

Even though single old-growth forests can have impressive
rates of C sequestration (Schulze et al., 2000; Knohl et al., 2003),
we are skeptical with respect to the role of the elongation of the
rotation period of forests. Forests beyond a certain age are sus-
ceptible to disturbances. The aboveground productivity declines
with age (Ryan et al., 2004). Openings in the canopy are closed
more slowly than in younger stands and old stands are therefore
more vulnerable to windthrow. Limits in the expectable life span
of forests are evident from records of long-term experimental
plots. Only a few of these studies can be continued over decades,
whereas most stands disintegrate when they reach maturity
(Johann, 2000). Recommendations for the elongation of the
rotation period need to be based on experimental evidence ob-
tained from a representative set of stands. These trials still await
implementation.

This evaluation of forest management activities indicates
that few practices are clearly good or bad with respect to C
sequestration (Table 2). Productive forests with a high rate of
aboveground and belowground litterfall circulate a large amount

of C and are a precondition for efficient C sequestration. Their
overall impact depends on the degree of soil disturbance in the
course of harvesting or thinning operations and the degree of
stability against disintegration of the stand structure. Two gov-
erning processes are the quantity and quality of the litter (C
input) and the decomposition of SOM (C output). Optimized
forest management with regard to soil C sequestration should
aim to secure a high productivity of the forest on the input side,
and avoid soil disturbances as much as possible on the output
side. Our review shows that forest management directly in-
fluences the C flow into the soil. The pathways are both above-
and belowgroundC fluxes. The subsequent stabilization of SOM
in the soil partly depends on soil properties which cannot be
influenced by stand management. What is beyond dispute is that
the formation of a stable soil C pool requires time. Avoiding soil
disturbances is important for the formation of stable organo-
mineral complexes which in turn are crucial elements in the
process of C soil sequestration.

References

Ahtiainen, M., 1988. Effects of clear-cutting and forestry drainage on water
quality in the Nurmes-study. Proceedings International Symposium on the
Hydrology of Wetlands in Temperate and Cold Regions. Joensuu, Finland,
pp. 206–219.

Andersson, F., Brække, F.N., Hallbäcken, L., 1998. Nutrition and growth of
Norway spruce forests in a Nordic climatic and deposition gradient. Tech. Rep.
Tema Nord, vol. 566. Nordic Council of Ministers, København, Denmark.

Assmann, E., 1961. Waldertragskunde — Organische Produktion, Struktur,
Zuwachs und Ertrag von Waldbeständen. BLV Verlagsgesellschaft, München.

Augusto, L., Ranger, J., Binkley, D., Rothe, A., 2002. Impact of tree species on
soil solutions in acidic conditions. Annals of Forest Science 59, 233–253.

Aussenac, G., 1987. Effets de l'èclaircie sur l'écophysiologie des peuplements
forestiers. Schweizerische Zeitschrift fur Forstwesen 138, 685–700.

Baier, P., Führer, E., Kirisits, T., Rosner, S., 2000. Comparison of the resistance
of Norway spruce (Picea abies [L.] Karst.) in secondary pure spruce and
mixed species stands against bark beetles (Coleoptera, Scolytidae) and the
associated blue stain fungus Ceratocystis polonica (Siem.) C. Moreau. In:
Hasenauer, H. (Ed.), Forest Ecosystem Restoration — Ecological and
Economical Impacts of Restoration. Processes in Secondary Coniferous
Forests. Universität für Bodenkultur, Institute of Forest Growth Research,
Vienna.

Bashkin, M.A., Binkley, D., 1998. Changes in soil carbon following
afforestation in Hawaii. Ecology 79, 828–833.

Batjes, N., 1996. Total carbon and nitrogen in the soils of the world. European
Journal of Soil Science 47, 151–163.

Bauer, H. 1989. Nährstoffvorräte von Fichtenbeständen auf einer Standortsein-
heit des Kobernausser Waldes. Master's thesis, Universität für Bodenkultur.

Berg, B., Matzner, E., 1997. Effect of N deposition on decomposition of plant
litter and soil organic matter in forest systems. Environmental Reviews 5,
1–25.

Berg, B., Meetemeyer, V., 2002. Litter quality in a north European transect
versus carbon storage potential. Plant and Soil 242, 83–92.

Berger, T., Neubauer, C., Glatzel, G., 2002. Factors controlling soil carbon and
nitrogen stores in pure stands of Norway spruce (Picea abies) and mixed
species stands in Austria. Forest Ecology and Management 159, 3–14.

Binkley, D., 1995. The influence of tree species on forest soils: processes and
patterns. In: Mead, D., Comfort, I. (Eds.), Proceedings of the Trees and Soil
Workshop. Agronomy Society of New Zealand, Lincoln University Press,
Canterbury, pp. 1–33.

Binkley, D., Menyailo, O., 2005. Gaining insights on the effects of trees on soils.
In: Binkley, D., Menyailo, O. (Eds.), Tree Species Effects on Soils:
Implications for Global Change. Springer, New York, pp. 1–16. NATO
Science Series.

263R. Jandl et al. / Geoderma 137 (2007) 253–268



Bolin, B., Sukumar, R., Ciais, P., Cramer, W., Jarvis, P., Kheshgi, H., Nobre, C.,
Semonov, S., Steffen, W., 2000. Global perspective. In: Watson, R., Noble,
I., Bolin, B., Ravindranath, N., D.J., V., Dokken, D. (Eds.), Land Use, Land-
Use Change, and Forestry. Cambridge University Press, Cambridge,
pp. 23–52.

Böttcher, J., Springob, G., 2001. A carbon balance model for organic layers of
acid forest soils. Journal for Plant Nutrition and Soil Science 164, 399–405.

Braekke, F., Finer, L., 1991. Fertilization effects on surface peat of pine bogs.
Scandinavian Journal of Forest Research 6, 433–449.

Brown, S., Sathaye, J., Cannell, M., 1996. Management of forests for mitigation
of greenhouse gas emissions. In: Watson, R., Zinyowera, M., Moss, R.
(Eds.), Climate Change 1995. Impacts, Adaptation and Mitigation of
Climate Change: Scientific–Technical Analyses. Contribution of WG II to
the Second Assessment Report of the IPCC. Cambridge University Press,
Cambridge, pp. 773–797.

Brumme, R., Beese, F., 1992. Effects of liming and nitrogen fertilization on
emissions of CO2 and N2O from a temperate forest. Journal of Geophysical
Research 97, 12851–12858.

Burschel, P., Kuersten, E., Larson, B., Weber, M., 1993. Present role of German
forests and forestry in the national carbon budget and options to its increase.
Water, Air, and Soil Pollution 325–340.

Byrne, K.A., Farrell, E.P., 2005. The effect of afforestation on soil carbon
dioxide emissions in blanket peatland in Ireland. Forestry 78, 217–227.

Callesen, I., Liski, J., Raulund-Rasmussen, K., Olsson, M.T., Tau-Strand, L.,
Vesterdal, L., Westman, C.J., 2003. Soil carbon stores in Nordic well-
drained forest soils relationships with climate and texture class. Global
Change Biology 9, 358–370.

Canary, J., Harrison, R., Compton, J., Chappell, H., 2000. Additional carbon
sequestration following repeated urea fertilization of second-growth
Douglas-fir stands in western Washington. Forest Ecology and Management
138, 225–232.

Cannell, M.G., 1999a. Environmental impacts of forest monocultures: water
use, acidification, wildlife conservation, and carbon storage. New Forests
17, 239–262.

Cannell, M.G., 1999b. Growing trees to sequester carbon in the UK: answers to
some common questions. Forestry 72, 237–247.

Cannell, M.G., 2003. Carbon sequestration and biomass energy offset:
theoretical, potential and achievable capacities globally, in Europe and the
UK. Biomass and Bioenergy 24, 97–116.

Carey, M., Hunter, I., Andrew, I., 1982. Pinus radiata forest floors: factors
affecting organic matter and nutrient dynamics. New Zealand Journal of
Forest Science 12, 36–48.

Carlyle, J., 1993. Organic carbon in forested sandy soils: properties, processes,
and the impact of forest management. New Zealand Journal Forest Science
23, 390–402.

Chen, W., Chen, J.M., Price, D.T., Cihlar, J., Liu, J., 2000. Carbon offset
potentials of four alternative forest management strategies in Canada: a
simulation study. Mitigation and Adaptation Strategies for Global Change 5,
143–169.

Compton, J.E., Boone, R.D., Motzkin, G., Foster, D.R., 1998. Soil carbon and
nitrogen in a pine–oak sand plain in central Massachusetts: role of
vegetation and land-use history. Oecologia 116, 536–542.

Conen, F., Zerva, A., Arrouays, D., Jolivet, C., Jarvis, P., Grace, J., Mencuccini,
M., 2004. The carbon balance of forest soils: detectability of changes in soil
carbon stocks in temperate and boreal forests. In: Griffiths, H., Jarvis, P.
(Eds.), The Carbon Balance of Forest Biomes, vol. 9. Garland Science/BIOS
Scientific Publishers, Southampton, UK, pp. 233–247. chap. 11.

Covington, W.W., 1981. Changes in forest floor organic mater and nutrient
content following clear cutting in northern hardwoods. Ecology 62, 41–48.

Cox, P.M., Betts, R.A., Jones, C.D., Spall, S.A., Totterdell, I.J., 2000.
Acceleration of global warming due to carbon-cycle feedbacks in a coupled
climate model. Nature 408, 184–187.

Davidson, E.A., Hirsch, A.I., 2001. Carbon cycle — fertile forest experiments.
Nature 411, 431–433.

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature 440, 165–173.

de Vries, W., Reinds, G.J., Posch, M., Sanz, M., Krause, G., Calatyud, V.,
Dupouey, J., Sterba, H., Gundersen, P., Voogd, J., Vel, E., 2003. Intensive

Monitoring of Forest Ecosystems in Europe. Tech. Rep., EC. UN/ECE,
Brussels.

de Wit, H., Kvindesland, S., 1999. Carbon Stocks in Norwegian Forest Soils and
Effects of Forest Management on Carbon Storage. Rapport fra skogfors-
kningen — Supplement. Forest Research Institute, Ås, Norway.

DeGryze, S., Six, J., Paustian, K., Morris, S.J., Paul, E.A., Merckx, R., 2004.
Soil organic carbon pool changes following land-use conversions. Global
Change Biology 10, 1120–1132.

Dieter, M., 2001. Land expectation values for spruce and beech calculated with
Monte Carlo modelling techniques. Forest Policy and Economics 2, 157–166.

ECCP-Working group on forest sinks, 2003. Conclusions and Recommenda-
tions Regarding Forest Related Sinks and Climate Change Mitigation. Tech.
Rep., EC-DG Environment http://www.europa.eu.int/comm/environment/
climat/forestrelatedsinks.htm.

Erb, K.-H., 2004. Land-use related changes in aboveground carbon stocks of
Austrias terrestrial ecosystems. Ecosystems 7, 563–572.

Eriksson, H., Berdén, M., Rosén, K., Nilsson, S., 1996. Nutrient distribution in
an Norway spruce stand after long-term application of ammonium nitrate
and superphosphate. Water, Air, and Soil Pollution 92, 451–467.

Farrell, E.P., Führer, E., Ryan, D., Andersson, F., Hüttl, R., Piussi, P., 2000.
European forest ecosystems: building the future on the legacy of the past.
Forest Ecology and Management 132, 5–20.

Fiedler, H.J., Nebe, W., Hoffmann, F., 1973. Forstliche Pflanzenernährung und
Düngung. G. Fischer Verlag, Stuttgart.

Fischer, H., Bens, O., Hüttl, R., 2002. Veränderung von Humusform, -vorrat und
-verteilung im Zuge von Waldumbau-Massnahmen im nordostdeutschen
Tiefland. Forstwissenschaftliches Centralblatt 121, 322–334.

Fisher, R.F., Binkley, D., 2000. Ecology and Management of Forest Soils, third
ed. John Wiley & Sons, Inc., New York.

Fog, K., 1988. The effect of added nitrogen on the rate of decomposition of
organic matter. Biological Reviews 63, 433–462.

Franklin, O., Högberg, P., Ekblad, A., Ågren, G.I., 2003. Pine forest floor carbon
and accumulation in response to N and PK additions: bomb 14C modelling
and respiration studies. Ecosystems 6, 644–658.

Freeman, C., Ostle, N., Kang, H., 2001. An enzymatic latch on a global carbon
store. Nature 409, 149.

Frolking, S., Goulden, M., Wofsy, S., Fan, S., Sutton, D., Munger, J., Bazzaz,
A., Daube, B., Grill, P., Aber, J., Band, L., Wang, X., Savage, K., Moore, T.,
Harriss, R., 1996. Modelling temporal variability in the carbon balance of a
spruce/moss boreal forest. Global Change Biology 2, 343–366.

Fyles, J., Coté, B., Courchesne, F., Hendershot, W., Savoie, S., 1994. Effects of
base cation fertilization on soil and foliage nutrient concentrations, and litter-
fall and throughfall nutrient fluxes in a sugar maple forest. Canadian Journal
of Forest Research 24, 542–549.

Gaudinski, J.B., Trumbore, S.E., Davidson, E.A., Zheng, S., 2000. Soil carbon
cycling in a temperate forest: radiocarbon-based estimates of residence times,
sequestration rates and partitioning of fluxes. Biogeochemistry 51, 33–69.

Giardina, C.P., Ryan, M.G., 2000. Evidence that decomposition rates of organic
carbon in mineral soil do not vary with temperature. Nature 404, 858–561.

Giardina, C.P., Ryan, M.G., 2002. Total belowground carbon allocation in a fast-
growing Eucalyptus plantation estimated using a carbon balance approach.
Ecosystems 5, 487–499.

Giardina, C.P., Coleman, M.D., Hancock, J.E., King, J.S., Lilleskov, E.A., Loya,
W.M., Pregitzer, K.S., Ryan, M.G., Trettin, C.C., 2005. The response of
belowground carbon allocation in forests to global change. In: Binkley, D.,
Menyailo, O. (Eds.), Tree Species Effects on Soils: Implications for Global
Change. Springer, New York, pp. 119–154. NATO Science Series.

Goulden, M., Wofsy, S., Harden, J., Trumbore, S., Crill, P., Gower, T., Fries, T.,
Daube, B., Fan, S., Sutton, D., Bazzaz, A., Munger, J., 1998. Sensitivity of
boreal forest carbon balance to soil thaw. Science 279, 214–217.

Gundersen, P., Emmett, B., Kjønaas, O., Koopmans, C., Tietema, A., 1998.
Impact of nitrogen deposition on nitrogen cycling in forests: a synthesis of
NITREX data. Forest Ecology and Management 101, 37–55.

Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: a meta
analysis. Global Change Biology 8, 345–360.

Gustafsson, M., 2001. Carbon loss after forest drainage of three peatlands in
southern Sweden. Master's thesis, Department of Forest Soils SLU, Uppsala
Sweden.

264 R. Jandl et al. / Geoderma 137 (2007) 253–268

http:////www.europa.eu.int/comm/environment/climat/forestrelatedsinks.htm
http:////www.europa.eu.int/comm/environment/climat/forestrelatedsinks.htm


Hagedorn, F., Spinnler, D., Bundt, M., Blaser, P., Siegwolf, R., 2003. The input
and fate of new C in two forest soils under elevated CO2. Global Change
Biology 9, 862–872.

Hager, H., 1988. Stammzahlreduktion — Die Auswirkungen auf Wasser-,
Energie- und Nährstoffhaushalt von Fichtenjungwüchsen. Forstliche
Schriftenreihe der Universität für Bodenkultur 1, 1–189.

Halliday, J.C., Tate, K.R., McMurtrie, R.E., Scott, N.A., 2003. Mechanisms for
changes in soil carbon storage with pasture to Pinus radiata land-use
change. Global Change Biology 4, 1294–1308.

Hamilton, J.G., DeLucia, E.H., George, K., Naidu, S.L., Finzi, A.C.,
Schlesinger, W.H., 2002. Forest carbon balance under elevated CO2.
Oecologia 131, 250–260.

Hanson, P., Weltzin, J., 2000. Drought disturbance from climate change:
response of United States forests. The Science of the Total Environment 262,
205–220.

Hargreaves, K., Milne, R., Cannell, M., 2003. Carbon balance of afforested
peatland in Scotland. Forestry 76, 299–317.

Harmon, M.E., Marks, B., 2002. Effects of silvicultural practices on carbon
stores in Douglas-fir — western hemlock forests in the Pacific Northwest,
U.S.A.: results from a simulation model. Canadian Journal of Forest
Research 32, 863–877.

Harmon, M.E., Ferrell, W.K., Franklin, J.F., 1990. Effects of carbon storage of
conversion of old-growth forests to young stands. Science 247, 699–702.

Hirsch, K., Kafka, C., Tymstra, R., McAlpine, B., Hawkes, H., Stegehuis, S.,
Quintilio, S., Gauthier, S., Peck, K., 2001. FireSmart forest management: a
pragmatic approach to sustainable forest management in fire-dominated
ecosystems. Forest Chronicle 77, 357–363.

Hobbie, S.E., Schimel, J.P., Trumbore, S., Randerson, J.R., 2000. Controls over
carbon storage and turnover in high-latitude soils. Global Change Biology 6,
196–210.

Hooker, T.D., Compton, J.E., 2003. Forest ecosystem carbon and nitrogen
accumulation during the first century after agricultural abandonment.
Ecological Applications 13, 299–313.

Jandl, R., Kopeszki, H., Bruckner, A., Hager, H., 2003. Forest soil chemistry
and mesofauna 20 years after an amelioration fertilization. Restoration
Ecology 11, 239–246.

Jandl, R., Starlinger, F., Englisch, M., Herzberger, E., Johann, E., 2002. Long-
term effect of a forest amelioration experiment. Canadian Journal of Forest
Research 32, 120–128.

Janssens, I.A., Freibauer, A., Ciais, P., Smith, P., Nabuurs, G.-J., Folberth, G.,
Schlamadinger, B., Hutjes, R.W.A., Ceulemans, R., Schulze, E.-D., Valentini,
R., Dolman, A.J., 2003. Europe's terrestrial biosphere absorbs 7 to 12% of
European anthropogenic CO2 emissions. Science 300, 1538–1542.

Jarvis, P., Linder, S., 2000. Constraints to growth of boreal forests. Nature 405,
904–905.

Jenkinson, D., 1991. The Rothamsted long-term experiments: are they still of
use? Agronomy Journal 83, 2–10.

Jobbágy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic
carbon and its relation to climate and vegetation. Ecological Applications
10, 423–436.

Johann, K., 2000. Ergebnisse von Düngungsversuchen nach 30 Jahren
ertragskundlicher Beobachtung. Berichte der FBVA 114, 1–93.

Johansson, M.-B., 1994. The influence of soil scarification on the turn-over rate
of slash needles and nutrient release. Scandinavian Journal of Forest
Research 9, 170–179.

Johnson, D.W., 1992. Effects of forest management on soil carbon storage.
Water, Air, and Soil Pollution 83–121.

Johnson, D.W., Curtis, P.S., 2001. Effects of forest management on soil C and N
storage: meta analysis. Forest Ecology and Management 140, 227–238.

Johnson, D.W., Cheng, W., Ball, J., 2000. Effects of [CO2] and nitrogen
fertilization on soils planted with ponderosa pine. Plant and Soil 224,
99–113.

Johnson, D., Knoepp, J., Swank, W., Shan, J., Morris, L., van Lear, D.,
Kapeluck, P., 2002. Effects of forest management on soil carbon: results of
some long-term resampling studies. Environmental Pollution 116, 201–208.

Johnson, D., Todd, D., Tolbert, V., 2003. Change in ecosystem carbon and
nitrogen in a Loblolly pine plantation over the first 18 years. Soil Science
Society America Journal 67, 1594–1601.

Johnson, D., Susfalk, R., Caldwell, T., Murphy, J., Mille, W., Walker, R., 2004.
Fire effects on carbon and nitrogen budgets in forests. Water, Air, and Soil
Pollution: Focus 4, 263–275.

Kaipainen, T., Liski, J., Pussinen, A., Karjalainen, T., 2004. Managing carbon
sinks by changing rotation length in European forests. Environmental
Science and Policy 7, 205–219.

Kaiser, K., Guggenberger, G., 2003. Mineral surfaces and soil organic matter.
European Journal of Soil Science 54, 219–236.

Keil, R.G., Muntlucon, D.B., Prahl, F.G., Hedges, J.I., 1994. Sorptive preservation
of labile organic matter in marine sediments. Nature 370, 549–552.

Kennedy, M.J., Pevear, D.R., Hill, R.J., 2002. Mineral surface control of organic
carbon in black shale. Science 295, 657–660.

Kirschbaum,M.U., 2000. Will changes in soil organic carbon act as a positive or
negative feedback on global warming? Biogeochemistry 48, 21–51.

Kirschbaum, M.U., 2004. Soil respiration under prolonged soil warming: are
rate reductions caused by acclimation or substrate loss? Global Change
Biology 10, 1870–1877.

Knohl, A., Kolle, O., Minayeva, T., Milyukova, I.M., Vygodskaya, N., Fokens, T.,
Schulze, E.D., 2002. Carbon dioxide exchange of a Russian boreal forest after
disturbance by wind throw. Global Change Biology 8, 231–246.

Knohl, A., Schulze, E.-D., Kolle, O., Buchmann, N., 2003. Large carbon uptake
by an unmanaged 250-year-old deciduous forest in Central Germany. Agri-
cultural and Forest Meteorology 118, 151–167.

Knorr, W., Prentice, I., House, J., Holland, E., 2005. Long-term sensitivity of
soil carbon turnover to warming. Nature 433, 298–301.

Kowalski, A.S., Loustau, D., Berbigier, P., Manca, G., Tedeschi, V., Borghetti, M.,
Valentini, R., Kolari, P., Berninger, F., Rannik, Ü., Hari, P., Rayment, M.,
Mencuccini, M., Moncrieff, J., Grace, J., 2004. Paired comparisons of carbon
exchange between undisturbed and regenerating stands in fourmanaged forests
in Europe. Global Change Biology 10, 1707–1723.

Kreutzer, K., Deschu, E., Hösl, G., 1986. Vergleichende Untersuchungen uber
den Ein-fluβ von Fichte (Picea abies [L.] Karst.) und Buche (Fagus
sylvatica L.) auf die Sickerwasserqualität. Forstwissenschaftliches Central-
blatt 105, 364–371.

Laiho, R., Vasander, H., Penttilä, T., Laine, J., 2003. Dynamics of plant-
mediated organic matter and nutrient cycling following water-level
drawdown in boreal peatlands. Global Biogeochemical Cycles 17.
doi:10.1029/(2002)GB002015.

Laine, J., Silvola, J., Tolonen, K., Alm, J., Nykänen, H., Vasander, H.,
Sallantaus, T., Savolainen, I., Sinisalo, J., Martikainen, P.J., 1996. Effect of
water level drawdown in northern peatlands on the global climatic warming.
Ambio 25, 179–184.

Lal, R., 2004. Soil carbon sequestration impacts on climate change and food
security. Science 304, 1623–1627.

Liski, J., 1995. Variation in soil organic carbon and thickness of soil horizons
within a boreal forest stand— effect of trees and implications for sampling.
Silva Fennica 29, 255–266.

Liski, J., Ilvesniemi, H., Mäkelä, A., Westman, C.J., 1999. CO2 emissions from
soil in response to climatic warming are overestimated—the decomposition
of old soil organic matter is tolerant to temperature. Ambio 28, 171–174.

Liski, J., Pussinen, A., Pingoud, K., Mäkipää, R., Karjalainen, T., 2001. Which
rotation length is favourable to carbon sequestration? Canadian Journal of
Forest Research 31, 2004–2013.

Liski, J., Perruchoud, D., Karjalainen, T., 2002. Increasing carbon stocks in the
forest soils of western Europe. Forest Ecology and Management 169,
159–175.

Liski, J., Nissinen, A., Erhard, M., Taskinen, O., 2003. Climate effects on litter
decomposition from arctic tundra to tropical rainforest. Global Change
Biology 9, 575–584.

Löwe, H., Seufert, H., Raes, F., 2000. Comparison of methods used within
member states for estimating CO2 emissions and sinks according to
UNFCCC and EU monitoring mechanism: forest and other wooded land.
Biotechnology, Agronomy, Society and Environment 4, 315–319.

Loya, W.M., Pregitzer, K.S., Karberg, N.J., King, J.S., Giardina, C.P., 2003.
Reduction of soil carbon formation by tropospheric ozone under increased
carbon dioxide levels. Nature 425, 705–707.

Lundmark, J., 1988. Skogsmarkens Ekologi, del II, tillämpning (The Forest
Soil's Ecology, Part II, Application). Skogsstyrelsen, Jönköping.

265R. Jandl et al. / Geoderma 137 (2007) 253–268

http://dx.doi.org/10.1029/(2002)GB002015


Lundström, U., Bain, D., Taylor, A., van Hees, P., 2003. Effects of acidification
and its mitigation with lime and wood ash on forest soil processes: a review.
Water, Air, and Soil Pollution, Focus 3, 5–28.

Luo, Y., Wan, S., Hui, D., Wallace, L.L., 2001. Acclimatization of soil
respiration to warming in a tall grass prairie. Nature 413, 622–625.

Magill, A.H., Aber, J.D., 1998. Long-term effects of experimental nitrogen
additions on foliar litter decay and humus formation in forest ecosystems.
Plant and Soil 203, 301–311.

Mäkipää, R., 1995. Effect of nitrogen input on carbon accumulation of boreal forest
soils and ground vegetation. Forest Ecology and Management 79, 217–226.

Mallik, A., Hu, D., 1997. Soil respiration following site preparation treatments
in boreal mixedwood forest. Forest Ecology and Management 97, 265–275.

Markewitz, D., Sartori, F., Craft, C., 2002. Soil change and carbon storage in
longleaf pine stands planted on marginal agricultural lands. Ecological
Applications 12, 1276–1285.

Martikainen, P., Nykänen, H., Crill, P., Silvola, J., 1993. Effect of a lowered
water table on nitrous oxide fluxes from northern peatlands. Nature 366,
51–53.

Martin, J.P., Haider, K., 1986. Influence of mineral colloids on turnover rates of
soil organic carbon. Interactions of Soil Minerals with Natural Organics and
Microbes. Soil Science Society of America, pp. 283–304. chap. 9.

Mayer, L.M., 1994. Relationships between mineral surfaces and organic carbon
concentrations in soils and sediments. Chemical Geology 114, 347–363.

Melillo, J., Steudler, P., Aber, J., Newkirk, K., Lux, H., Bowles, F., Catricala, C.,
Magill, A., Ahrens, T., Morrisseau, S., 2002. Soil warming and carbon-
cycle. Feedbacks to the climate system. Science 298, 2173–2176.

Minkkinen, K., Laine, J., 1998. Long-term effect of forest drainage on the peat
carbon stores of pine mires in Finland. Canadian Journal of Forest Research
28, 1267–1275.

Minkkinen, K., Vasander, H., Jauhiainen, S., Karsisto, M., Laine, J., 1999. Post-
drainage changes in vegetation composition and carbon balance in Lakkasuo
mire Central Finland. Plant and Soil 207, 107–120.

Minkkinen, K., Korhonen, R., Savolainen, T., Laine, J., 2002. Carbon balance
and radiative forcing of Finnish peatlands 1900–2100 — the impact of
forestry drainage. Global Change Biology 8, 785–799.

Moore, T., Dalva, M., 1993. The influence of temperature and water table
position on carbon dioxide and methane emissions from laboratory columns
of peatland soils. Journal of Soil Science 44, 651–664.

Mosier, A., Kroeze, C., Nevison, C., Oenema, O., Seitzinger, S., van Cleemput, O.,
1998. Closing the global N2O budget: nitrous oxide emissions through the
agricultural nitrogen cycle. Nutrient Cycling in Agroecosystems 52, 225–248.

Murty, D., Kirschbaum, M., McMurtrie, R., McGilvray, H., 2002. Does
conversion of forest to agricultural land change soil carbon and nitrogen? A
review of the literature. Global Change Biology 8, 105–123.

Nadelhoffer, K.J., Emmett, B.A., Gundersen, P., Kjønaas, O.J., Koopmans, C.J.,
Schleppi, P., Tietema, A., Wright, R.F., 1999. Nitrogen deposition makes a
minor contribution to carbon sequestration in temperate forests. Nature 398,
145–148.

Neff, J.C., Townsend, A.R., Gleixner, G., Lehman, S.J., Turnbull, J., Bowman,W.D.,
2002. Variable effects of nitrogen additions on the stability and turnover of soil
carbon. Nature 419, 915–917.

Nohrstedt, H.-O., 1990. Effects of repeated nitrogen fertilization with different
doses on soil properties in a Pinus sylvestris stand. Scandinavian Journal of
Forest Research 5, 3–15.

Nykänen, H., Alm, J., Silvola, J., Tolonen, K., Martikainen, P., 1998. Methane
fluxes on boreal peatlands of different fertility and the effect of long-term
experimental lowering of the water table on flux rates. Global Biogeochem-
ical Cycles 12, 53–69.

Olsson, B., Staaf, H., Lundkvist, H., Bengtsson, H., Rosén, J., 1996. Carbon and
nitrogen in coniferous forest soils after clear-felling and harvests of different
intensity. Forest Ecology and Management 82, 19–32.

Oren, R., Ellsworth, D.S., Johnsen, K.H., Phillips, N., Ewers, B.E., Maier, C.,
Schäfer, K.V., McCarthy, H., Hendrey, G., McNulty, S.G., Katul, G.G.,
2001. Soil fertility limits carbon sequestration by forest ecosystems in a
CO2-enriched atmosphere. Nature 411, 469–472.

Örlander, G., Egnell, G., Albrektsson, A., 1996. Long-term effects of site
preparation on growth in Scots pine. Forest Ecology and Management 86,
27–37.

Paavilainen, E., Päivänen, J., 1995. Peatland Forestry— Ecology and Principles.
Ecological Studies, vol. 111. Springer, Berlin.

Page, S.E., Siegert, F., Rieley, J.O., Boehm, H.-D.V., Jaya, A., Limin, S., 2002.
The amount of carbon released from peat and forest fires in Indonesia during
1997. Nature 420, 61–65.

Palmgren, K., 1984. Microbiological changes in soil following soil preparation
and liming (in Finnish, English abstract). Folia Forestalia 603, 1–27.

Paul, E., Clark, F., 1989. Soil Microbiology and Biochemistry. Academic Press,
San Diego.

Paul, K., Polglase, P., Nyakuengama, J., Khanna, P., 2002. Change in soil carbon
following afforestation. Forest Ecology and Management 168, 241–257.

Paul, K.I., Polglase, P.J., Richards, G.P., 2003. Predicted change in soil carbon
following afforestation or reforestation, and analysis of controlling factors
by linking a c accounting model (CAMFor) to models of forest growth
(3PG), litter decomposition (GENDEC) and soil C turnover (RothC). Forest
Ecology and Management 177, 485–501.

Pennock, D., van Kessel, C., 1997. Clear-cut forest harvest impacts on soil
quality indicators in the mixedwood forest of Saskatchewan, Canada.
Geoderma 75, 13–32.

Percy, K.E., Awmack, C.S., Lindroth, R.L., Kubiske, M.E., Kopper, B.J.,
Isebrands, J.G., Pregitzer, K.S., Hendrey, G.R., Dickson, R.E., Zak, D.R.,
Oksanen, E., Sober, J., Harrington, R., Karnosky, D.F., 2002. Altered
performance of forest pests under atmospheres enriched by CO2 and O3.
Nature 420, 403–407.

Perruchoud, D., Joos, F., Fischlin, A., Hajdas, I., Bonani, G., 1999. Evaluating
timescales of carbon turnover in temperate forest soils with radiocarbon data.
Global Biogeochemical Cycles 13, 555–573.

Piene, H., van Cleve, K., 1978. Weight loss of litter and cellulose bags in a
thinned white spruce forest in interior Alaska. Canadian Journal of Forest
Research 8, 42–46.

Pommerening, A., Murphy, S., 2004. A review of the history, definitions and
methods of continuous cover forestry with special attention to afforestation
and restocking. Forestry 77, 27–44.

Post, W., Kwon, K., 2000. Soil carbon sequestration and land-use change:
processes and potential. Global Change Biology 6, 317–328.

Powlson, D., 2005. Will soil amplify climate change? Nature 433, 204–205.
Prescott, C., Vesterdal, L., Pratt, J., Venner, K., de Montigny, L., Trofymow, J.,

2000. Nutrient concentrations and nitrogen mineralization in forest floors of
single species conifer plantations in coastal British Columbia. Canadian
Journal of Forest Research 30, 1341–1352.

Pretzsch, H., 2005. Diversity and productivity in forests: evidence from long-
term experimental plots. In: Scherer-Lorenzen, M., Körner, C., Schulze, E.
(Eds.), Forest Diversity and Function: Temperate and Boreal Systems.
Springer Verlag, Berlin, pp. 41–64. chap. 3.

Pussinen, A., Karjalainen,, T., Mäkipää, R., Valsta, L., Kellomäki, S., 2002.
Forest carbon sequestration and harvests in Scots pine stand under different
climate and nitrogen deposition scenarios. Forest Ecology and Management
158, 103–115.

Resh, S.C., Binkley, D., Parrotta, J.A., 2002. Greater soil carbon sequestration
under nitrogen-fixing trees compared with eucalyptus species. Ecosystems
5, 217–231.

Richter, D.D., Markewitz, D., Trumbore, S.E., Wells, C.G., 1999. Rapid
accumulation and turnover of soil carbon in a re-establishing forest. Nature
400, 56–58.

Romanyá, J., Cortina, J., Falloon, P., Coleman, K., Smith, P., 2000. Modelling
changes in soil organic matter after planting fast-growing Pinus radiata on
mediterranean agricultural soils. European Journal of Soil Science 51,
627–641.

Römkens, P., van der Pflicht, J., Hassink, J., 1999. Soil organic matter dynamics
after the conversion of arable land to pasture. Biology and Fertility of Soils
28, 277–284.

Rothe, A., Kreutzer, K., Küchenhoff, H., 2002. Influence of tree species
composition on soil and soil solution properties in two mixed spruce-beech
standswith contrasting history in southernGermany. Plant and Soil 240, 47–56.

Rustad, L., Campbell, J., Marion, G., Norby, R., Mitchell, M., Hartley, A.,
Cornelissen, J., Gurevitch, J., 2001. A meta-analysis of the response of soil
respiration, net nitrogen mineralization, and aboveground plant growth to
experimental ecosystem warming. Oecologia 126, 543–562.

266 R. Jandl et al. / Geoderma 137 (2007) 253–268



Ryan, M.G., Binkley, D., Fownes, J.H., Giardina, C.P., Senock, R.S., 2004. An
experimental test of the causes of forest growth decline with stand age.
Ecological Monographs 74, 393–414.

Sakovets, V., Germanova, N., 1992. Changes in the carbon balance of forested
mires in Karelia due to drainage. Suo 43, 249–252.

Sallantaus, T., 1994. Response of leaching from mire ecosystems to changing
climate. In: Kanninen, M., Heikinheimo, P. (Eds.), The Finnish Research
Programme on Climate Change, pp. 291–296. The Academy of Finland,
Helsinki, second progress report ed.

Schimel, D.S., 1995. Terrestrial ecosystems and the carbon cycle. Global
Change Biology 1, 77–91.

Schlamadinger, B., Marland, G., 1996. The role of forest and bioenergy
strategies in the global carbon cycle. Biomass and Bioenergy 10, 275–300.

Schlesinger, W.H., Lichter, J., 2001. Limited carbon storage in soil and litter of
experimental forest plots under increased atmospheric CO2. Nature 411,
466–469.

Schlesinger, W.H., Palmer Winkler, J., Megonigal, J.P., 2000. Soils and the
global carbon cycle. In: Wigley, T., Schimel, D. (Eds.), The Carbon Cycle.
Ecological Studies, vol. 142. Cambridge University Press, Cambridge,
pp. 93–101. chap. 6.

Schmidt, M., Macdonald, S., Rothwell, R., 1996. Impacts of harvesting and
mechanical site preparation on soil chemical properties of mixed-wood
boreal forest sites in Alberta. Canadian Journal of Soil Science 76, 531–540.

Schöne, D., Schulte, A., 1999. Forstwirtschaft nach Kyoto: Ansätze zur
Quantifizierung und betrieblichen Nutzung von Kohlenstoffsenken. For-
starchiv 70, 167–176.

Schulze, E.D., Lloyd, J., Kelliher, F.M., Wirth, C., Rebmann, C., Lühker, B.,
Mund,M., Knohl, A., Milyukova, I.M., Schulze, W., Ziegler, W., Varlagin, A.,
Sogachev, A.F., Valentini, R., Dore, S., Grigoriev, S., Kolle, O.,
Panfyorov, M.I., Tchebakova, N., Vygodskaya, N., 1999. Productivity
of forests in the Eurosiberian boreal region and their potential to act as a
carbon sink — a synthesis. Global Change Biology 5, 703–722.

Schulze, E.-D., Wirth, C., Heimann, M., 2000. Managing forests after Kyoto.
Science 289, 2058–2059.

Silvola, J., Alm, J., Ahlholm, U., Nykänen, H., Martikainen, P., 1996. CO2

fluxes from peat in boreal mires under varying temperature and moisture
conditions. Journal of Ecology 84, 219–228.

Six, J., Callewaert, P., Lenders, S., Gryze, S.D., Morris, S.J., Gregorich, E.G.,
Paul, E.A., Paustian, K., 2002a. Measuring and understanding carbon
storage in afforested soils by physical fractionation. Soil Science Society
America Journal 66, 1981–1987.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002b. Stabilization mechanisms
of soil organic matter: implications for C-saturation of soils. Plant and Soil
241, 155–176.

Sobachkin, R., Sobachkin, D., Buzkykin, A., 2005. The influence of stand
density on growth of three conifer species. In: Binkley, D., Menyailo, O.
(Eds.), Tree Species Effects on Soils: Implications for Global Change.
Springer, New York, pp. 247–255. NATO Science Series.

Sogn, T.A., Stuanes, A., Abrahamsen, G., 1999. The capacity of forest soils to
adsorb anthropogenic N. Ambio 28, 346–349.

Sollins, P., Homann, P., Caldwell, B., 1996. Stabilization and destabilization of
soil organic matter: mechanisms and controls. Geoderma 74, 65–105.

Son, Y., Jun, Y., Lee, Y., Kim, R., Yang, S., 2004. Soil carbon dioxide evolution,
litter decomposition, and nitrogen availability four years after thinning in a
Japanese larch plantation. Communications in Soil Science and Plant
Analysis 35, 1111–1122.

Spiecker, H., Mielikäinen, K., Köhl, M., Skovsgaard, J., 1996. Growth Trends in
Europe Studies from 12 Countries. EFI Research Reports, vol. 5. Springer,
Heidelberg.

Spiecker, H., Hansen, J., Klimo, E., Skovsgaard, J., Sterba, H., von Teuffel, K.,
2004. Norway Spruce Conversion — Options and Consequences. Research
Report, vol. 18. EFI, Brill, Leiden, Boston, Köln.

Staaf, H., 1987. Foliage litter turnover and earthworm populations in three beech
forests of contrasting soil and vegetation types. Oecologia 72, 58–64.

Stone, E.L., 1975. Effects of species on nutrient cycles and soil change.
Philosophical Transactions of the Royal Society of London. B 271, 149–162.

Suni, T., Vesala, T., Rannik, Ü., Keronen, P., Markkanen, T., Sevanto, S.,
Grönholm, T., Smolander, S., Kulmala, M., Ojansuu, R., Ilvesniemi, H.,

Uotila, A., Mäkelä, A., Pumpanen, J., Kolari, P., Berninger, F., Nikinmaa, E.,
Al, A., 2003. Trace gas fluxes in a boreal forest remain unaltered after
thinning. http://www.boku.ac.at/formod/Monday/T_Suni.ppt.

Thürig, E., Palosuo, T., Bucher, J., Kaufmann, E., 2005. The impact of
windthrow on carbon sequestration in Switzerland: a model-based assess-
ment. Forest Ecology and Management 210, 337–350.

Torn, M.S., Trumbore, S.E., Chadwick, O.A., Vitousek, P.M., Hendricks, D.M.,
1997. Mineral control of soil organic carbon storage and turnover. Nature
389, 170–173.

Torn, M.S., Lapenis, A.G., Timofeev, A., Fischer, M.L., Babikov, B.V., Harden,
J.W., 2002. Organic carbon and carbon isotopes in modern and 100-year-
old-soil archives of the Russian steppe. Global Change Biology 8, 941–953.

Trumbore, S., 2000. Age of soil organic matter and soil respiration: radiocarbon
constraints on belowground C dynamics. Ecological Applications 10,
399–410.

Trumbore, S.E., Chadwick, O.A., Amundson, R., 1996. Rapid exchange
between soil carbon and atmospheric carbon dioxide driven by temperature
change. Science 272.

United Nations Framework Convention on Climate Change, 2002. Report of the
Conference of the Parties on its Seventh Session, held at Marrakesh from 29
October to 10 November 2001. Addendum. Part Two: Action Taken by the
Conference of the Parties, p. 77. FCCC/CP/2001/13/Add.3, http://unfccc.int/
resource/docs/cop7/13a03.pdf, UNFCCC.

Valentini, R., Matteucci, G., Dolman, A., Schulze, E.-D., Rebmann, C., Moors, E.,
Granier, A., Gross, P., Jensen, N., Pilegaard, K., Lindroth, A., Grelle, A.,
Bernhofer, C., Grünwald, T., Aubinet, M., Ceulemans, R., Kowalski, A.,
Vesala, T., Rannik, Ü., Berbigier, P., Loustau, D., Guõmundsson, J.,
Thorgeirsson, H., Ibrom, A., Morgenstern, K., Clement, R., Moncrieff, J.,
Montagnani, L., Minerbi, S., Jarvis, P., 2000. Respiration as the main
determinant of carbon balance in European forests. Nature 404, 861–865.

van Veen, J., Kuikman, P., 1990. Soil structural aspects of decomposition of
organic matter by micro-organisms. Biogeochemistry 11, 213–233.

Vejre, H., Callesen, I., Vesterdal, L., Raulund-Rasmussen, K., 2003. Carbon and
nitrogen in Danish forest soils — contents and distribution determined by
soil order. Soil Science Society America Journal 67, 335–343.

Vesterdal, L., Raulund-Rasmussen, K., 1998. Forest floor chemistry under seven
tree species along a soil fertility gradient. Canadian Journal of Forest
Research 28, 1636–1647.

Vesterdal, L., Dalsgaard, M., Felby, C., Raulund-Rasmussen, K., Jørgensen, B.,
1995. Effects of thinning and soil properties on accumulation of carbon,
nitrogen and phosphorus in the forest floor of Norway spruce stands. Forest
Ecology and Management 77, 1–10.

Vesterdal, L., Ritter, E., Gundersen, P., 2002a. Change in soil organic carbon
following afforestation of former arable land. Forest Ecology and
Management 169, 137–147.

Vesterdal, L., Rosenqvist, L., Johansson, M.-B., 2002b. Effect of afforestation
on carbon sequestration in soil and biomass. In: Hansen, K. (Ed.), Planning
Afforestation on Previously Managed Arable Land — Influence on
Deposition, Nitrate Leaching, and Carbon Sequestration, pp. 63–88.
http://www.fsl.dk/afforest.

Vesterdal, L., Rosenqvist, L., van der Salm,C.,Groenenberg,B.-J., Johansson,M.-B.,
Hansen, K., 2006. Carbon sequestration in soil and biomass following
afforestation: experiences from oak and Norway spruce chronosequences in
Denmark, Sweden, and the Netherlands. In: Heil, G., Muys, B., Hansen, K.
(Eds.), Environmental Effects of Afforestation. Field Observations, Modelling
and Spatial Decision Support. Springer, Berlin, p. 999–999.

Vogt, K., Vogt, D., Brown, S., Tilley, J., Edmonds, R., Silver, W., Siccama, T.,
1995. Dynamics of forest floor and soil organic matter accumulation in
boreal, temperate, and tropical forests. In: Lal, R., Kimble, J., Levine, E.,
Stewart, B. (Eds.), Soil Management and Greenhouse Effect, Advances in
Soil Science. CRC Press, Boca Raton, Florida, pp. 159–178.

von Lüpke, B., 2004. Risikominderung durch mischwälder und naturnaher
waldbau: ein spannungsfeld. Forstarchiv 75, 43–50.

von Wilpert, K., Schäffer, J., 2000. Bodenschutzkalkung im Wald. Tech. Rep.
50, FVA Baden-Württemberg, Freiburg/Br.

Wattel-Koekkoek, E., Buurman, P., van der Plicht, J., Wattel, E., van Breemen, N.,
2003. Mean residence time of soil organic matter associated with kaolinite and
smectite. European Journal of Soil Science 54, 269–278.

267R. Jandl et al. / Geoderma 137 (2007) 253–268

http:////www.boku.ac.at/formod/Monday/T_Suni.ppt
http://FCCC/CP/2001/13/Add.3%2C%20http%3A//unfccc.int/resource/docs/cop7/13a03.pdf
http://FCCC/CP/2001/13/Add.3%2C%20http%3A//unfccc.int/resource/docs/cop7/13a03.pdf
http:////www.fsl.dk/afforest


Weiss, P., Schieler, K., Schadauer, K., Radunsky, K., Englisch, M., 2000. Die
Kohlenstoffbilanz des österreichischen Waldes und Betrachtungen zum
Kyoto-Protokoll. Monographien, vol. 106. FBVA Umweltbundesamt.

Wirth, C., Schulze, E.-D., Lühker, B., Grigoriev, S., Siry, M., Hardes, G.,
Ziegler, W., Backor, M., Bauer, G., Vygodskaya, N., 2002. Fire and site type
effects on the long-term carbon and nitrogen balance in pristine Siberian
Scots pine forests. Plant and Soil 242, 41–63.

Wollum, A., Schubert, G., 1975. Effect of thinning on the foliage and forest floor
properties of ponderosa pine stands. Soil Science Society America Journal
39, 968–972.

Yanai, R.D., Currie, W.S., Goodale, C.L., 2003. Soil carbon dynamics after
forest harvest: an ecosystem paradigm reconsidered. Ecosystems 6,
197–212.

Zerva, A., Ball, T., Smith, K.A., Mencuccini, M., 2005. Soil carbon dynamics in
a Sitka spruce (Picea sitchensis (Bong.) Carr.) chronosequence on a peaty
gley. Forest Ecology and Management 205, 227–240.

268 R. Jandl et al. / Geoderma 137 (2007) 253–268



Tree Physiology 22,77-89 
O 2002 Heron Publishing-Kctoria, Canada 

Successional changes in live and dead wood carbon stores: implications 
for net ecosystem productivity 

J. E. JAN IS CHI-^ and M. E. HARMON' 
' Department of Forest Science, Richardson Hall, Oregon State University, Corvallis, OR 97331, USA 

Present address: Environmental Assessment Program, Washington Department of Ecology, 300 Desmond Drive, Lacey, WA 98503, USA 

Author to whom correspondence should be &dressed (jack.janisch@orst.edu) 

Received April 17,2001; accepted September 1,2001; published online January 2,2002 

Summary If forests are to be used in C 0 2  mitigation pro- 
jects, it is essential to understand and quantify the impacts 
of disturbance on net ecosystem productivity (NEP; i.e., the 
change in ecosystem carbon (C) storage with time). We exam- 
ined the influence of live tree and coarse woody debris (CWD) 
on NEP during secondary succession based on data collected 
along a 500-year chronosequence on the Wind River Ranger 
District, Washington. We developed a simple statistical model 
of live and dead wood accumulation and decomposition to pre- 
dict changes in the woody component of NEP, which we call 
NEP,. The transition from negative to positive NEP,, for a se- 
ries of scenarios in which none to all wood was left after distur- 
bance, occurred between 0 and 57 years after disturbance. The 
timing of this transition decreased as live-tree growth rates in- 
creased, and increased as CWD left after disturbance in- 
creased. Maximum and minimum NEP, for all scenarios were 
3.9 and -14.1 Mg C ha-' respectively. Maximum live 
and total wood C stores of 3 19 and 393 Mg c ha-', respectively, 
were reached approximately 200 years after disturbance. De- 
composition rates (k) of CWD ranged between 0.013 and 0.043 
yea r '  for individual stands. Regenerating stands took 41 years 
to attain a mean live wood mass equivalent to the mean mass of 
CWD left behind after logging, 40 years to equal the mean 
CWD mass in 500-year-old forest, and more than 150 years to 
equal the mean total live and dead wood in an old-growth stand. 
At a rotation age of 80 years, regenerating stands stored ap- 
proximately half the wood C of the remaining nearby 
old-growth forests (predominant age 500 years), indicating 
that conversion of old-growth forests to younger managed for- 
ests results in a significant net release of C to the atmosphere. 

Keywords: biomass accumulation, carbon sequestration, 
coarse woody debris, CWD, disturbance, negative to positive, 
NEP, succession. 

Introduction 

As atmospheric C 0 2  concentrations increase and concern over 
greenhouse-gas-related climate change deepens, forests are 
being considered as a means to remove and store accumulating 

atmospheric carbon (C) (Iverson et al. 1993, Marland 2000). 
Opinion on this strategy (Schlamadinger and Marland 1998, 
Schulze et al. 2000) and the role of C 0 2  in current global tem- 
perature trends (e.g., Hensen et al. 2000) has varied. Climate- 
related forest migration and response lags (Davis 1986), as 
well as potential direct and indirect climate effects on forest 
growth and decomposition (Rogers et al. 1993, Korner 1996), 
further point toward uncertainties in the future C storage ca- 
pacity of forests. 

If forests are to be used to manipulate atmospheric C 0 2  con- 
centration, there is a need to consider these systems in terms of 
net ecosystem productivity (NEP) in addition to net primary 
productivity (NPP). This is because forests simultaneously se- 
quester C through growth and lose C through decomposition 
and heterotrophic respiration. Net ecosystem productivity, 
which accounts for these competing processes, can thus be de- 
fined as the rate of change in ecosystem C storage over time 
(Aber and Melillo 1991), or: 

NEP = dCldt. (1) 

When NEP is negative, the ecosystem is a C 0 2  source rela- 
tive to the atmosphere. When NEP is positive, the system is a 
C 0 2  sink. The NEP status of a stand thus varies over time de- 
pending on which process dominates. 

Stand NEP status also depends on mass and decomposition 
rate of coarse woody debris (CWD) and mass and net C uptake 
rate of live trees. Many stand development models have fo- 
cused on simple logistic growth and decomposition functions 
because interpretations are biologically meaningful. Models 
of this type include smooth logistic growth (Odum 1969), 
shifting mosaic (Bormann and Likens 1979), dampened oscil- 
lation (Peet 1981) and related patterns of live tree biomass ac- 
cumulation. In general, these models predict that live biomass 
increases rapidly following stand initiation, peaks or plateaus 
during stand maturation, and finally stabilizes or declines in 
late-successional phases. For the CWD component, chrono- 
sequence studies in wave-regenerated Abies balsamea (L.) 
Mill. (Lang 1985), Pinus contorta Dougl. ex Loud (Romme 
1982) and Pseudotsuga menziesii (Mirb.) Franco forests 
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(Spies et al. 1988) have reported U-shaped temporal patterns 
in the mass of the CWD pool. These patterns result from grad- 
ual decomposition of high CWD loads usually generated by 
disturbance (Howard 1981, Harmon et al. 1996a) and gradual 
regeneration of these stores as the replacement stand matures. 
Interaction of these U-shaped dynamics of CWD stores and 
the pattern of live-tree biomass accumulation (e.g., Whittaker 
and Woodwell 1969, Pare and Bergeron 1995, Johnson et al. 
2000, Wirth et al. 2002) imply four phases of NEP during sec- 
ondary succession: (1) a period of disturbance, such as fire or 
logging, that reduces living woody biomass and adds detritus 
from harvested or burned trees to the pre-harvest detrital load 
of the stand; (2) a period dominated by C loss (negative NEP) 
associated with decomposition of dead wood existing prior to 
disturbance and added by the disturbance; (3) a period domi- 
nated by C uptake as stand regeneration sequesters C as live 
wood (NEP switches from negative to positive); and (4) a 
gradual decrease of uptake to balance between C gain and C 
loss as the stand ages (NEP approaches zero). Based on pub- 
lished parameters (Grier and Logan 1977, Harmon et al. 1986) 
and simple exponential models of these dynamics, a negative 
NEP phase of approximately 20-30 years is predicted follow- 
ing conversion of Pacific Northwest, old-growth conifer forest 
to secondary forest by clear-cutting. 

Although Pacific Northwest forest soils store an estimated 
35% of the total system C (Smithwick et al. 2002), this C is re- 
leased slowly relative to the time scale of forest disturbance 
and succession (Johnson and Curtis 2001). Thus, because a 
large fraction of non-soil forest C is stored in live boles and 
CWD (Smithwick et al. 2002), these components may largely 
govern forest C fluxes even though other C pools relevant to 
NEP exist in forest ecosystems. This paper thus examined C 
gains and losses from tree boles and CWD, referred to here as 
NEP,. These C stores, together with the successional dynam- 
ics, suggest four questions: (1) How do live wood C stores 
change during succession? (2) How do CWD C stores change 
during succession? (3) Does interaction of biomass accumula- 
tion and CWD decomposition result in negative NEP, follow- 
ing clear-cutting, and if so, for how long? (4) Can these dy- 
namics be used to place extreme positive and negative limits 
on NEP,? To answer these questions, we developed a simple 
statistical model pairing functions of live wood accumulation 
and CWD decomposition dynamics. We parameterized the 
model by measuring live tree boles and CWD along a chrono- 
sequence of 36 forest stands. Chronosequences suffer from 
substitution of space for time (e.g., Grier 1978, Harmon and 
Sexton 1996), sensitivity to the fate of CWD pools during har- 
vest, and other liabilities. When mass-based, however, these 
methods may offer advantages over the currently favored 
method of eddy covariance for investigating NEP (e.g., 
Moncrieff et al. 1997, Constantin et al. 1999). This is because 
eddy covariance stand choice criteria are not required, actual 
masses of live and CWD C pools can be compared, CWD 
stores taken off-site can be estimated, and estimation of C pool 
mass before, during, and after harvest allows prediction of 
NEP and C accumulation throughout succession. 

Study region 

Data were collected from forest stands within the USDA For- 
est Service Wind River Ranger District, about 20 km from the 
Columbia River Gorge in southwest Washington State. Be- 
cause this study was part of an integrated project already in 
progress at the T.T. Munger Research Natural Area, stand se- 
lection was confined to a region approximately 10 x 10 km, 
centered on the Research Natural Area (45"49'N, 121°58' W). 
Elevation ranges between about 335 and 1200 m. Soils are 
classified as well-drained Stabler series Andic Haplumbrept 
(Franklin et al. 1972) derived from recent volcanic tephra 
(Franklin and DeBell 1988). The district lies in the Cascade 
Mountains rain-on-snow zone. Winters are temperate and wet; 
summers are warm and dry. Mean precipitation recorded at the 
Wind River Ranger Station (1936-1972) is 250 cm 
(Franklin and DeBell 1988), with less than 10% falling be- 
tween June and September (Franklin and DeBell1988). Mean 
annual temperature at the Research Natural Area is 8.7 "C 
(Wind River Canopy Crane data). Based on ring counts from 
stumps and tree cores collected inside or adjacent to the Re- 
search Natural Area, these forests originated about 500 years 
ago (DeBell and Franklin 1987). This age class is common 
over large regions of the Central Cascades in Oregon and 
Washington and is attributed to vast stand-destroying fires that 
swept across the Central Cascades during a climatically dry 
period around 1490 (Franklin and Waring 1979). Vegetation of 
the study region is dominated by f? menziesii-Tsuga hetero- 
phylla (Raf.) Sarg. forest. The Research Natural Area vegeta- 
tion is transitional between 7: heterophylla and Abies amabilis 
Dougl. ex Forbes zones (Franklin and Dyrness 1973). Other 
evergreen tree species include A. amabilis, Abies grandis 
(Dougl. ex D. Don) Lindl., Abiesprocera Rehd., Thujaplicata 
Donn ex D. Don, Taxus brevifolia Nutt. and Pinus monticola 
Dougl. ex D. Don. Deciduous tree species are present in many 
stands as minor components and include Cornus nuttallii Au- 
dubon, Acer macrophyllum Pursh and Alnus rubra Bong. 
Shrub species include Berberis newosa Pursh, Gaultheria 
shallon Pursh, Acer circinatum Pursh, Ceanothus sp., 
Vaccinium pawifolium Smith and Vaccinium membranaceum 
Dougl. ex Hook. 

Methods 

Stand selection 

This study is observational with no true replication. Stands are 
defined as forested sites used as harvest units by the U.S. For- 
est Service (USFS). Stands ranged in age from 5 to 400- 
600 years and formed three general groups: (1) clear-cut, re- 
generating stands aged 5-50 years post-harvest; (2) 75- 
150-year-old stands regenerating from commercial harvest or 
stand-destroying wildfire; and (3) 400-600-year-old old- 
growth stands. Groupings are artifacts of available stand ages 
or methodological needs (described below) and are used only 
for ease of discussion. 

Candidate stands were derived from district maps compiled 
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from harvest date GIs layers (Gifford Pinchot Vegetation Da- 
tabase, Rev. 1.1). The second phase of stand selection was 
based on six selection criteria. (1) Age: Candidate stands were 
grouped into decadal age classes (1940-1949, 1950-1959, 
etc.) with stand age based on harvest date. At least three stands 
were selected from each decade to produce the chrono- 
sequence. (2) Aspect: To represent the range of site productiv- 
ity, one stand each of northerly, southerly and flat (valley 
floor) aspect were selected in each decade. (3) Elevation: Se- 
lected stands lie roughly between 760 and 360 m (the valley 
floor). The upper elevation limit was selected to avoid the tran- 
sition zone from Pseudotsuga-dominated forest to Abies s ~ . - -  
dominated forest. (4) Size: Preference was given to stands 
large enough to contain a 200-m transect and 100-m edge buff- 
ers (at least 400 m per side). Stand dimensions were estimated 
from scaled USFS orthophotos. (5) Stand canopy homogene- 
ity: USFS orthophotos of candidate stands were examined for 
interior swamps, experimental plantings and other features in- 
terfering with plot placement. (6) Old-growth/second-growth 
stand pairing: An effort was made to select second-growth 
stands adjacent to or near old-growth stands. This was done 
because minimum merchantable-log diameter (Hanzlik et al. 
1917, Hodgson 1930, Conway 1982), stump height (Gibbons 
1918, Pool 1950, Conway 1982) and total non-merchantable 
mass of CWD (slash) have changed over time (Harmon et al. 
1996a, 1996b). Old-growth stands may thus provide an esti- 
mate of pre-clear-cut CWD mass in adjacent regenerating 
stands. 

After initial selection, other Group 1 stands were added to 
produce a final chronosequence with age gaps no larger than 
5 years for the first 50 years of stand development (1945- 
1993). Three more stands were then added between harvest 
dates 1960 and 1970 because an initial analysis predicted that 
NEP, switched from negative to positive in this age range. The 
upper age limit (1945 harvest) for Group 1 stands was chosen 
because full-scale clear-cutting began in the district around 
1940. The lower age limit (1993 harvest) was determined by 
available stand ages. Age classes at 70, 110 and 150 years 
post-disturbance (Group 2) were added to examine whether 
live biomass curves of developing stands followed growth tra- 
jectories implied by old-growth biomass and to partially fill 
the +400-year gap between Group 1 and old-growth (Group 3) 
stands. Final totals were 18, nine and nine stands in Groups 1, 
2 and 3, respectively. Old-growth stands represented remain- 
ing tracts of 400-600-year-old forest in the district. 

Transect design 

All stands were sampled for live trees and CWD based on plots 
along a transect. Transect bearings generally followed the long 
axis of each stand but varied with stand shape and area. With 
the exception of one two-plot transect, each transect consisted 
of three concentric circular plots with 50- 100 m between plot 
centers. To reduce edge effects (Chen and Franklin 1992, 
Mesquita et al. 1999), outer plot radii were located at least 
50-100 m from stand boundaries. Plot number, plot-to-plot 
distances and buffer widths varied with stand area, shape or 
composition. Locations of Plots 2 and 3 were determined by 

bearing and distance from Plot 1. Plots straddling old roads, 
seasonal drainages and thinning boundaries were moved. Two 
concentric sample zones of radii 12.6 and 17.8 m surrounded 
each point, providing sample areas equal to 0.05 ha for live 
trees and 0.1 ha for CWD biomass. Plot radii were measured 
by calibrated soninn and meter tape. 

Live trees 

At each plot, all live trees with DBH (diameter breast height) 
2 5 cm were tagged at breast height with pre-numbered alumi- 
num tags. Breast height was defined as 1.4 m above the soil 
surface on the upslope side of the trunk. Trees near plot perim- 
eters were tagged if more than half of the tree bole was inside 
the plot. The DBH was measured to the nearest 0.1 cm just 
above the aluminum tag with commercial metric D-tapes. The 
DBH was then converted directly to bole wood mass and bark 
mass using species-specific BIOPAK allometric regression 
equations (Means et al. 1994) based on both regional (Central 
Cascades) and specific forests. 

For all species, C of live tree bole and bark was assumed to 
be 50% of bole and bark mass (Swift et al. 1979). Calculated 
masses were slope adjusted at the plot level by a correction 
factor (cf): 

where slope is in degrees. Corrected live tree mass is reported 
as the product of uncorrected mass and the correction factor. 
For this study, vine maple (Acer circinatum) was defined as a 
shrub. 

Coarse woody detritus 

Three principle forms of aboveground CWD were sampled: 
logs, stumps and snags. Logs were defined as downed tree 
boles at least 1 m in length and 10 cm in diameter at the largest 
end. Only sections of logs inside plots were measured. Stumps 
were defined as standing cut tree boles at least 10 cm in diame- 
ter. Snags were defined as standing, uncut, dead trees at least 
10 cm in DBH. Stumps and snags near plot perimeters were 
counted if more than half of the bole was inside the plot. Each 
log, stump and snag was assigned a decay class rank from 1 
(least decayed) to 5 (most decayed) (Sollins 1982). When bark 
and growth character permitted identification, each log, stump 
and snag was identified to species. The CWD mass of an un- 
known species or genus was calculated based on f? menziesii 
densities. Logs, stumps and snags entering the CWD pool 
from the regenerating stand through mortality and thinning 
(hereafter referred to as de novo CWD) were separated from 
pre- and post-clear-cutting material inherited from old-growth 
stands. Inherited material measured in 1998 is hereafter re- 
ferred to as legacy CWD. 

Log center and end diameters were measured by caliper to 
the nearest 1 cm. Log lengths were measured to the nearest 
0.1 m by tape measure or calibrated soninn. Stump diameter 
was measured just below the cut by caliper to the nearest 1 cm. 
Stump height was measured to the nearest 0.1 m with a meter 
stick. Snag basal diameter and accessible top diameters were 
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directly measured to the nearest 1 cm by caliper. Snag heights 
2 3 m were measured directly to the nearest 0.1 m. For snags 
> 3 m in height, top diameters and heights were estimated vi- 
sually by calibrating against a known height or diameter at the 
base of the snag (Harmon and Sexton 1996). Logs and stumps 
were assumed to have bark. Log volumes were calculated by 
Newton's method. Stump volume was calculated by estimat- 
ing DBH from measured stump height and diameter, estimat- 
ing basal diameter from DBH, and then calculating volume 
from DBH and basal diameter (Harmon and Sexton 1996). 
Stump hollow volumes were calculated as above and sub- 
tracted from the total. Snag volumes were calculated as 
frustums of cones based on height and diameters. Legacy 
CWD C mass was calculated as the product of volume and 
density, adjusted by decomposition class (Graham and Cro- 
mack 1982, Sollins et al. 1987, Harmon and Sexton 1996) and 
assuming 50% C content. Legacy CWD volume was then used 
to calculate the initial CWD mass, defined as: 

Initial CWD mass = legacy CWD volume 
(3) 

x 0.45 Mg m-3, 

where density (0.45 Mg m-3) is green wood density of each 
species (e.g., Anonymous 1999). This approximates the mass 
of CWD loads left immediately after clear-cutting because di- 
mensions of CWD are largely preserved until decay Class 4 
(Means et al. 1985). Regression lines were fit through the set 
of initial CWD masses to test for a time bias in amounts of re- 
sidual slash left by changing harvest practices (Harmon et al. 
1996b). Slope correction of CWD mass was as for live trees. 

Model 

A Chapman-Richards function (Equation 3) was fit to data de- 
scribing biomass accumulation in tree boles following stand 
initiation (Richards 1959) as: 

where L, is live tree biomass at time t, L,, is maximum 
(asymptotic) live tree biomass, kL is an empirically derived 
growth constant and rL is a shaping parameter. Mean live tree 
parameters (L,,, kL, rL) were estimated by nonlinear regres- 
sion (PROC NLIN, SAS statistical software package, Version 
7, SAS Institute, Cary, NC) to the set of 36 mean stand-level 
live tree mass (Mg ha-') estimates calculated with Equation 4. 
Confidence limits were calculated as & 2 SEs from the mean. 
For model fitting, old-growth stands were assigned an age of 
500 years. 

Mass loss from legacy CWD was modeled by a negative ex- 
ponential function (Kira and Shidei 1967): 

where D, is legacy CWD mass at time t after clear-cutting, Do 
is mean legacy CWD mass on site, and kD is an empirically 
derived decomposition constant. Legacy CWD parameters 

(Do, kD) were estimated by nonlinear regression to Equation 5 
based on the set of mean legacy CWD masses (Mg ha-') from 
Group 1 stands. To examine variation in CWD decomposition 
rates among individual Group 1 stands, k-values for each stand 
were calculated as: 

-ln(legacy CWD mass /initial CWD mass) 
k = 

time 
> (6) 

where legacy and initial CWD are as defined above and time is 
number of years since clear-cutting. 

Accumulating de novo CWD mass was also modeled by a 
Chapman-Richards function. De novo parameters (N,,, kN, 
rN) were estimated by nonlinear regression to Equation 4 
based on de novo CWD masses from Groups 1 and 2 and cur- 
rent CWD loads from Group 3. All parameters for live trees, 
mortality and CWD were allowed to vary without bound under 
the Marquadt algorithm in the SAS statistical software pack- 
age, Version 7. Total CWD mass was calculated as: 

TD, = D, + N,, (7) 

where N, is de novo CWD, D, is legacy CWD and TD, is total 
CWD stores. 

Woody component of NEP 

The NEP, was calculated as the sum of live and CWD stores: 

and is presented as mean, upper extreme and lower extreme for 
four scenarios. In Scenario 1, all on-site CWD is assumed to 
be removed by clear-cutting (CWD mass = 0) and off-site de- 
composition is ignored. Although this scenario is unrealistic, it 
sets an extreme upper limit on positive NEP,. Scenario 2 com- 
bines the range of initial CWD loads in Group 1 stands with 
live bole mass accumulation. It reflects the pattern of NEP, 
following clear-cutting of old-growth forest but neglects 
off-site stores. Scenario 3 is a variation on Scenario 2, pairing 
live bole mass accumulation with CWD loads measured in 
old-growth stands. This scenario was included because the 
range of CWD loads in old-growth stands, although relatively 
unaffected by logging, may differ from the range of CWD 
loads in second-growth stands. Finally, in Scenario 4, all trees 
in an old-growth stand were assumed to be killed by fire and 
allowed to undergo in situ decomposition. Paired with C accu- 
mulation during stand regeneration, this scenario sets an ex- 
treme negative limit on NEP,. Mean NEP, curves were 
generated by inserting growth and decomposition parameters 
(L,,, Do, No, k-values) generated by nonlinear regression (Ta- 
ble 1) into Equation 8. Upper and lower boundaries around 
each mean curve represent extremes of live and CWD 
data-e.g., maximum CWD mass + maximum old-growth live 
biomass, and minimum CWD mass + minimum old-growth 
live biomass, where the range of CWD mass varies by sce- 
nario. Decomposition rate (kD), growth rate (kL), and live tree 
shaping parameter (rL) were held constant for all curves. De 
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Table 1. Parameters used to fit NEP, curves. In each case, curves are calculated as mean live C stores + mean legacy CWD C stores + mean de 
novo C stores, upper live C stores +upper CWD C stores +mean de novo C stores, and lower live C stores +lower legacy CWD C stores +mean de 
novo C stores. Data, collected from the Wind River Ranger District, Washington, were fit with a Chapman-Richards function and simple exponen- 
tial decomposition model (y = ~ e - ~ ~ ) ,  where D is initial CWD mass, k is an empirically derived decomposition constant (Equation 6) and t is time 
since disturbance, and all parameters were allowed to vary. 

Parameter Growth 

Scenario 1-4' 

Mean 
Lmax 319 
k~ -0.017 
TL 2.09 
Do 
kd  

Nmax 
k N  

'"N 

Upper limit 

Lmax 451.5 
k~ -0.017 
TL 2.09 
Do 
kd  

Lower limit 

Lmax 184.5 
k~ -0.017 
TL 2.09 
Do 
kd  
- 

Decomposition De novo 

Scenario 1' Scenario 23 Scenario 34 Scenario 4' Scenario 1-4' 

The range of current old-growth live tree C stores. The same in all cases. 
All legacy CWD removed by logging. Live tree and de novo C stores accumulate. 
The range of calculated initial CWD C stores. 
The range of current old-growth CWD C stores. 
All live trees killed by catastrophic fire and moved into on-site CWD stores. Limits are high killed live + high CWD and low killed live + low 
CWD C stores. 

novo CWD parameters were the same in all scenarios because 
CWD accumulations was modeled as converging on mean 
old-growth CWD stores. 

Results 

Live tree stores ranged from 184.5 to 45 1.5 Mg C ha-' (mean & 

SE: 315.4 & 30.8 Mg C ha-') across the nine old-growth 
stands. Live tree mass was low in stands for the first 10 years 
of succession then increased rapidly until age 75-85 years 
(Figure 1). Beyond this age, growth declined slowly and con- 
verged on an asymptotic maximum mass (319 & 16.40 Mg C 
ha-', F = 183.68, P < 0.0001). The fitted growth parameter 
(kL) was 0.017 & 0.005 indicating that maximum live 
tree stores were reached in approximately 200 years. The fitted 
shaping parameter (rL) was 2.09 & 0.72. 

Mean initial CWD mass in Group 1 stands was 76 & 7.4 Mg 
C ha-' (range: 42-1 19 Mg C ha-', n = 19) and not significantly 
different from mean CWD mass in old-growth stands in 1998 
(mean: 74 & 12.7 Mg C ha-', range: 32-160 Mg C ha-', n = 9) 

(t = -0.13, P = 0.89). A small negative trend (i.e., time bias 
from harvest practices) among reconstructed initial CWD 
loads of Group 1 stands (Figure 2) was not significant either by 
linear (time = -1.03 & 0.88, t = -1.16, P = 0.26) or quadratic 
(time = -0.02 & 0.02, t = -1.04, P = 0.312) regression of mass 
against time. The fitted Group 1 legacy CWD C storage (Do) 
was 55 & 9.58 Mg C ha-' (F  = 81.11, P < 0.000) (Figure 2). 

Legacy CWD C stores declined with increasing stand age 
across Group 1 with a fitted mean decomposition rate (kd) of 
0.010 & 0.006 (n = 18) (see Figure 3 for distribution of 
mean CWD across all stands). This was lower than the calcu- 
lated mean decomposition rate of individual stands of 
0.025 (range: 0.013-0.043 and other reported 
values for f? menziesii in the region of about 0.03 
(Sollins 1982, J.E. Janisch et al., unpublished data). Because 
of this, the NEP, was based on mean decomposition rate of in- 
dividual stands. Mean fitted asymptotic de novo mass (No), ac- 
cumulation rate (kN) and shaping parameter (rN) were 74 & 

6.65 Mg C ha-' ( F  = 50.73, P < 0.001), 0.025 & 0.013 
and 11.13 & 14.31, respectively (Figure 4). Regression of 
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t Figure 1. Live tree bole C stores along 
a 500-year chronosequence of 36 
Pseudotsuga-Tsuga dominated forest 
stands. The x-axis is years since distur- 
bance, or age of the stand. The y-axis 
is live bole C stores in each stand. Data 
were fit using a Chapman-Richards 
function where all parameters were al- 
lowed to vary. Data were collected 

400 450 500 from the Wind River Ranger District, 
Washington. 
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old-growth live tree mass against old-growth CWD mass sug- 
gests a weak but not significant positive correlation between 
increasing live tree mass and increasing CWD mass (+0.19 & 

0.14 Mg C ha-' CWD per 1 Mg C ha-' live tree mass, n = 9, t = 

1.41, P = 0.200). 
Given these results, at a rotation age of 80 years, a regener- 

ating stand would store 172 Mg C ha-' live wood (mean) and 
28 Mg C ha-' CWD (mean, including de novo CWD). This is 
193 Mg C ha-' below old-growth rates (Lo + mean old-growth 
CWD). Given a rotation age of 60 years, a regenerating stand 
would store a mean of 125 Mg C ha-' in live wood and 21 Mg 
C ha-' CWD. This amounts to a reduction of 247 Mg C ha-' 
relative to old-growth stands, consistent with past modeled 
conversions of old-growth forests to regenerating forests (Har- 
mon et al. 1990). Maximum C stores (live + dead) of 393 Mg C 
ha-' were reached about 200 years after disturbance. 

Figure 2. Change in estimated initial 
CWD C stores (stands < 60 years old; 
Group 1) using a simple exponential 

weak time bias indicated in mass of 
decomposition model (y = ~ e - ~ ~ ) .  The 

20 

legacy =z 10 ...... * P SES 

The transition from negative to positive NEP, depended 
strongly on growth rate and decomposition rate as well as the 
fate of CWD and harvested wood. In Scenario 1, where all 
CWD was assumed to be removed, stands functioned as net 
sinks of atmopheric C 0 2  from Year 0 (Figure 5). In Scenario 2 
(Figure 6), where CWD loads are reorganized by clear-cutting, 
stands functioned as C 0 2  sources for 12-14 years. Given the 
range of CWD masses in old-growth stands (Scenario 3, Fig- 
ure 7), it took 10-20 years for stands to become C 0 2  sinks. 
When an old-growth stand was assumed to be killed by fire 
and decomposed in situ (Scenario 4), the transition took 50- 
56 years (Figure 8). The NEP, ranged from a negative extreme 
of -14.1 Mg C ha-' in Scenario 4 to a positive extreme 
of 3.9 Mg C ha-' in Scenario 1. 

CWD C left on-site after clear-cutting 
was not statistically significant. The 
x-axis is years since disturbance, or 
age of the stand. The y-axis is esti- 
mated initial CWD C stores in each 
stand. Data were obtained from 
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Regional live wood and CWD 

Mean live bole C stores in old-growth stands (319 Mg C ha-') 
were consistent with estimates from the Wind River Research 
Natural Area (302 Mg C ha-', M.E. Harmon, unpublished 
data), the H.J. Andrews Experimental Forest (295- 585 Mg C 
ha-', Grier and Logan 1977), and the regional mean of 296 Mg 
C ha-' (Smithwick et al. 2001), but higher than values for 
other regional coniferous forests (158 Mg C ha-' (Tsuga mert- 
ensiana, 225 years, Boone et al. 1988), 222.5 Mg C ha-' 
(A. amabilis, 180 years, Grier et al. 1981) and 234 Mg C ha-' 
(A. amabilis-7: mertensiana, 417 years, Krumlik and Kim- 
mins 1976)). Our estimates of CWD C stores are generally at 

Figure 3. Total CWD C stores along a 
500-year chronosequence of 36 
Pseudotsuga-Tsuga dominated forest 
stands. Curve represents the sum of 
two separate functions: decline in leg- 
acy CWD C stores after clearcutting 
due to decomposition (y = ~ e - ~ ~ )  and 
accumulation of de novo CWD follow- 
ing stand regeneration (Chapman- 
Richards function). The x-axis is years 
since disturbance (t), or age of the 
stand. The v-axis is CWD C stores in 

Figure 4. Change in de novo CWD C 
stores along a 500-year chrono- 
sequence of Pseudotsuga-Tsuga domi- 
nated stands in the Wind River Ranger 
District, Washington. Data was fit us- 
ing a Chapman-Richards function. 
Mean old-growth CWD C mass was 

1 used as an;symptotic mass in the 
400 450 500 model. The x-axis is years since distur- 

bance, or age of the stand. The y-axis 
is mean CWD C stores in each stand. 

the lower end of the range reported for Oregon f? menziesii- 
dominated forests (127 Mg C ha-', Means et al. 1992; 29.5- 
325.8 Mg c ha-', Grier and Logan 1977; 95.5 Mg C ha-', M.E. 
Harmon, unpublished data) and coastal British Columbia 
7: plicata-dominated old-growth forests (182 Mg C ha-', Kee- 
nan et al. 1993). Compared with second-growth stands, old- 
growth live and CWD stores were more variable, consistent 
with the idea that, as stand age increases, there is more time for 
stochastic variation to be expressed (Eberhart and Woodard 
1987, Sturtevant et al. 1997). Alternatively, variable regenera- 
tion times relative to the initiating disturbance could push 
old-growth stands apart in time (Tappeiner et al. 1997), lead- 
ing to increased variation between such stands when treated as 
the same age class. Some of the increased variation with forest 
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Figure 5. Predicted NEP, dynamics 

2. over time (on site) during secondary - 
2.5 succession. This scenario (Scenario 1) 

c shows live tree biomass accumulation 
0 
0-l 

(stand regeneration), assuming that all 
Zi - CWD C stores are removed by logging 
a 1.5 and/or burning. Curves represent 
W 
z changes in NEP, based on mean 

1 growth rate derived from a Chapman- 
Richards function and mean asymp- 

0.5 totic live tree mass ? 2 SE. Predicted 
NEP, values are based on data from a 

0 chronosequence of Pseudotsuga- 
0 50 100 150 Tsuga dominated stands in the Wind 

Time, years since disturbance River Ranger District, Washington. 

-3 

Time, years since disturbance 

age may have been related to the small plot areaused to sample 
old-growth stands. 

Initial CWD mass 

Lack of significant time bias in initial CWD was unexpected 
given changes in utilization and residual slash management re- 
ported elsewhere (Harmon et al. 1996b). This suggests that 
differences in initial CWD masses may be a function of old- 
growth CWD masses and site variables controlling production 
and decomposition. The weak positive correlation between in- 
creasing live tree mass and increasing CWD mass may reflect 
this pattern, suggesting that more studies are warranted. 

Lack of a significant difference between initial Group 1 
CWD loads and old-growth CWD mass does not, however, 
mean that CWD was unaffected by disturbance. Initial CWD 
mass in harvested stands, for example, included stumps, and 
by excluding them, mean Group 1 CWD stores declined to 
57 Mg C ha-' relative to old-growth CWD stores of 74.4 Mg C 

secondary 
growth 

+high + high 
*low + low 

Figure 6. Predicted NEP, dynamics 
over time (on site) during secondary 
succession when legacy CWD C stores 
were paired with live bole regeneration 
(Scenario 2). The solid curve describes 
NEP, over succession based on mean 
legacy CWD C mass and mean asymp- 
totic live bole mass. Dashed curves de- 
scribe pairings of extremes of the 
ranges of live and CWD C stores. To- 
tals include de novo CWD, but not 
stores removed from the site by clear- 
cutting. Predicted NEP, values are 
based on data from a chronosequence 
of Pseudotsuga-Tsuga dominated 
stands in the Wind River Ranger Dis- 
trict, Washington. 

ha-'. This indicates a rapid period of loss of CWD from the 
site. A second effect of harvest is indicated by the narrower 
range of initial CWD mass in Group 1 stands relative to the 
range of 1998 old-growth CWD (37-99 Mg C ha-' for 
Group 1 versus 67-281 Mg C ha-' for old growth). This sug- 
gests that clear-cutting both reduces initial CWD loads relative 
to old-growth stands and reduces variability in CWD loads be- 
tween harvested stands. 

Live biomass accumulation 

Although studies of aggrading live tree biomass appear to sup- 
port some models of stand development (Siren 1955, Zack- 
risson et al. 1996), because we did not sample 200-400-year 
and +400-year age classes, it is unclear which hypothesis (e.g., 
smooth logistic growth, shifting mosaic, etc.) applies to this 
region. Other chronosequence data in the Pacific Northwest 
suggests a decline in live tree biomass beyond Age 400 years 
(T.A. Spies, U.S. Forest Service, personal communication), 
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Figure 7. Predicted NEP, dynamics 
over time (on site) during secondary 

- 
the curves, which show pairings of 
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live and CWD old-growth C stores, 
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succession for scenario when decom- 
position of old-growth CWD C stores 
is paired with live bole regeneration 
(Scenario 3). As with Scenario 2 (Fig- 
ure 6), the transition from negative to 
positive NEP, occurred approximately 
14 years after clear-cutting. However, 

whereas time series data in old-growth forests suggest that 
biomass remains relatively constant (Franklin and DeBell 
1988). Our data indicate that regrowth biomass approximates 
that found in old-growth forests by about 200 years after dis- 
turbance. Actual time series data showing biomass saturation 
by 150 years (Acker et al. 2000) and little change in old- 
growth live tree mass (Bible 2001) suggest that an asymptotic 
mass limit characteristic of the Chapman-Richards function is 
reasonable. Addition of other age stands and remeasurement 
of all stands over the next 10-20 years may help clarify the 
biomass accumulation dynamics of Pacific Northwest conifer 
forests. 

NEP and initial conditions 

The influence of initial conditions on NEP, was investigated 

show a wider range than Scenario 2, 
indicating that CWD stores are homog- 
enized by clear-cutting. Carbon stores 
removed from the site by clear-cutting 
are not included. Predicted NEP, val- 
ues are based on data from a chrono- 
sequence of Pseudotsuga-Tsuga 
dominated stands in the Wind River 
Ranger District, Washington. 

-high + high 
*low + low 

Figure 8. Predicted NEP, dynamics 
over time (on site) during secondary 
succession for Scenario 4, in which all 
live trees in an old-growth stand are 
assumed to be killed by fire and al- 
lowed to decompose in situ. When 
these stores remained on-site, the tran- 
sition from negative to positive NEP, 
took approximately 50 years. Curves 
were generated by combining simple 
exponential decomposition models, 
Chapman-Richards functions, and em- 
pirically derived parameters. Predicted 
NEP, values are based on data from a 
500-year chronosequence of Pseudo- 
tsuga-Tsuga dominated stands in the 
Wind River Ranger District, Washing- 
ton. 

through a hierarchical set of four scenarios. In general, NEP, 

followed the pattern suggested by Odum (1969)-a negative 
phase followed by a positive phase followed by convergence 
on zero. When all legacy CWD was assumed to be oxidized or 
moved off-site during clear-cutting, there was no negative pe- 
riod of NEP, because on-site CWD stores were zero (Sce- 
nario 1, Figure 5). In addition to setting an absolute positive 
limit on NEP,, this scenario shows how short-term estimates 
of NEP, and C accumulation are misleading if stand history is 
neglected. For example, given pre-harvest C stores of 300 Mg 
ha-' in live tree boles, approximately 95% is removed by har- 
vest and 50% (142 Mg C ha-') of this is lost to the atmosphere 
during the first year (Harmon et al. 1996~) .  These initial losses 
would not be reflected in NEP, were such a stand measured 
later in succession. The C 0 2  debt might be further deepened in 
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this scenario by complete oxidation of CWD stores inherited 
from the harvested old-growth stand, implying a negative 
NEP, pulse in excess of 200 Mg C ha-' within the first year af- 
ter harvest. Scenario 2 (Figure 6) predicts NEP, during regen- 
eration of a clear-cut stand using the range of initial CWD 
observed. This scenario had a short negative lag period but is 
also unrealistic because wood moved off-site during harvest 
and CWD oxidized as burned slash is not counted. Unless this 
C is preserved in decomposition-free, long-term storage (and 
some was already lost to burning), C 0 2  flux to the atmosphere 
and the negative NEP, phase are underestimated. Scenario 3 
(Figure 7), like Scenario 2, predicts NEP, during regeneration 
of a clear-cut. Unlike Scenario 2, however, the range of CWD 
stores in intact old-growth forest, rather than the range of 
CWD stores left by clear-cutting, are used to model NEP,. Be- 
cause clear-cutting both reduces (burning, removal of CWD 
stores inherited from the harvested stand) and increases (addi- 
tion of stumps, unmerchantable boles, and other components 
from harvested live trees) stand CWD stores, Scenario 3 
avoids some of the changes in this pool confounded by log- 
ging. Compared with Scenario 2, the source-to-sink transition 
is delayed longer following disturbance, the source-to-sink in- 
terval is wider, and the negative NEP, phase is deeper. How- 
ever, as with Scenario 2, the negative phase of NEP, is still 
underestimated because harvested wood lost during manufac- 
turing is not accounted for. Finally, off-site pools are not an is- 
sue in Scenario 4 because all stores remained on site. When an 
old-growth stand is completely killed by fire, all live wood 
stores move immediately into the CWD pool. If these CWD 
stores then decompose in situ, the mass and life span of this 
CWD load is so great that the negative NEP, phase during sec- 
ondary succession is protracted (50-56 years) and deepened 
(-14.1 Mg C ha-' and the positive NEP, phase is 
dampened (peaking at 1.79 Mg C ha-' relative to other 
scenarios. Although the role of Scenario 4 as an extreme nega- 
tive limit on NEP, is obvious, Scenario 4 also clarifies the un- 
derlying C flux signal of harvested stands, which has often 
been confused by the multiple fates and decomposition rates 
of material taken off site. Thus, if off-site C stores decompose 
and old-growth forests with high C storage are converted to 
short-rotation forests that do not attain C stores equivalent to 
those of the forest they replace, there is a net loss of terrestrial 
C to the atmosphere (Harmon et al. 1996a, 1996b). Overall, 
these results are consistent with modeled predictions of 
changes in C storage and 15-30 year negative NEP, phases 
following conversion of old forest to younger forest (Harmon 
et al. 1990). To avoid the problem of how to treat disturbance 
and the fate of C removed from the site, net biome production 
(NBP) has been proposed as an extension of NEP (Schulze et 
al. 2000). We believe that NEP could also be used in this con- 
text, provided that conservation of mass is observed so that ar- 
tificial C sinks are not created (e.g., NEP measured in stands is 
adjusted for C stores moved off-site). 

NEP and carbon storage 

The number of years NEP, is negative is largely irrelevant, 

however, because there is little relationship between the length 
of time that NEP, is negative and the total mass loss from de- 
caying CWD. If, for example, slash burning oxidized all CWD 
left by logging, NEP, of the regenerating stand would register 
as positive immediately after replanting even though > 50 Mg 
C ha-' was released and the mass of the replanted stand was 
trivial. Second, because CWD is ultimately oxidized unless it 
enters some form of permanent storage, stands should be 
treated as C 0 2  sources at least until regenerating live tree mass 
balances the C 0 2  debt generated by clear-cutting. This point is 
critical because if the C fixation rate exceeds the C loss rate, 
stands with absolute C 0 2  debts relative to pre-harvest C stor- 
age will register as C 0 2  sinks during "instantaneous" or 
short-term monitoring of NEP,. When NEP, accounting in- 
cludes decomposition of all CWD, the source-to-sink transi- 
tion changes to 27-57 years (Scenario 2), 38- 165 years 
(Scenario 3) and 105-200+ years (Scenario 4) (based on mean 
live tree growth versus range of CWD). Further, Scenario 4 up- 
per C storage limits are approachable only by accumulating 
both de novo CWD C and live bole C. Thus, C flux resulting 
from harvest disturbance, as well as C stores in second-growth 
stands relative to C stores in old-growth stands that they re- 
place, must be included in assessing how forest management 
can mitigate increasing atmospheric C 0 2  concentration. Given 
this outlook, conclusions about what constitutes a C sink, such 
as forest regrowth in the north temperate zone counterbalanc- 
ing C released by tropical deforestation (Jarvis and Dewar 
1993, Trans 1993, Gifford 1994), may need to be reassessed 
relative to old-growth forest baseline stores. 

Improving NEP estimates 

Considering whole-tree storage rather than just boles and bark 
would improve our NEP, estimates, increasing the maximum 
NEP, calculated by approximately one-third. Inclusion of her- 
baceous and shrub understory would also increase NEP, but to 
a smaller degree given their low maximum biomass. Including 
fine woody debris, forest floor litter and subsurface CWD pools 
would have reduced NEP during the negative phase by as 
much as 4-8 Mg C ha-' for all scenarios. Accumula- 
tions in forest floor litter might also add to the positive phase 
of NEP, whereas the fine subsurface woody detritus pools prob- 
ably would not because the mass added by disturbance is much 
greater than the old-growth mass of these pools. Neglecting 
only soil C would thus provide an estimate at the ecosystem 
level, assuming that soil C is as unresponsive to disturbance as 
noted by Johnson and Curtis (2001). To reduce potential posi- 
tive bias, NEP calculations could also reflect live-tree bole 
hollows and heart rot, which can be 8-14% of old-growth 
T heterophylla "live" volume (Foster and Foster 1951). A fur- 
ther refinement would be the inclusion of lag-time parameters 
in the decomposition model, which could affect how negative 
NEP becomes, but not the magnitude of the C 0 2  debt. 

Because growth and decomposition rates strongly influence 
the NEP, transition, better confidence intervals and upper and 
lower NEP, limits could be estimated by Monte Carlo meth- 
ods in which all parameters are allowed to co-vary. A true mor- 
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tality function describing mass of trees entering the CWD pool 
throughout succession could also be used. However, modeling 
mortality as logistic de novo mass accumulation may be a rea- 
sonable simplification because high seedling mortality con- 
tributes little CWD mass relative to mature tree mortality. 

Management implications and conclusions 

Publications considering forests as a means of atmospheric 
C 0 2  mitigation have reached contradictory conclusions (Har- 
mon et al. 1990, Marland and Marland 1992) depending on 
whether calculations consider CWD loads (Harmon et al. 
1990, Fischlin 1996), substitution of wood for fossil fuels 
(Matthews 1992, 1994), afforestation, or conversion of old- 
growth forest to secondary forest (Schlamadinger and Mar- 
land 1996). There is also evidence that longer rotations, under- 
planting and other silvicultural manipulations of existing 
stands do little to improve C 0 2  mitigation and are less effec- 
tive than afforestation (Kuersten and Burschel 1993). The lat- 
ter conclusions are supported by the low storage and high 
fluxes associated with conversion to short-rotation forests rel- 
ative to intact old-growth forest indicated here. Conversely, af- 
forestation on a scale to achieve appreciable C 0 2  mitigation is 
limited by available land area (Shroeder and Ladd 1991). 
Given these limits, optimizing forest C storage appears to 
mean preserving old-growth forests and stopping deforesta- 
tion or moving forest products into decomposition-free per- 
manent storage. 

Mass-based methods of estimating NEP also deserve more 
attention, particularly if the results of these methods run con- 
trary to flux-based estimates. Although the legitimacy of flux 
tower and chamber-based measurement of NEP (e.g., Arneth 
et al. 1998, Schmid et al. 2000) are not disputed here, key 
events in a stand's history, such as stand-destroying wildfire, 
may rapidly release high percentages of stored stand C. Be- 
cause these events may span only days or weeks, a short period 
of time relative to potential stand life spans of several centuries 
or longer, there is a high probability that short-duration moni- 
toring, regardless of method, will miss these rapid changes in 
C stores. Thus, estimates of NEP,, and consequently conclu- 
sions about C sources, C sinks and C accumulation drawn 
from short-term flux measurements, should be interpreted 
cautiously. 

Finally, descriptions of forest CWD C stores across a range 
of forest types have improved (Grier and Logan 1977, Harmon 
et al. 1995), but assessment of the sources and fates of these 
stores is still needed. Our results indicate that the more CWD 
is left on site, the more negative NEP, becomes, the longer be- 
fore NEP, switches from negative to positive, and the lower 
the maximum NEP,. When off-site and burned CWD stores 
are accounted for and C accumulation is summed over time, 
logging old-growth Pseudotsuga-Tsuga forests creates a C 0 2  
debt that may persist for more than 150 years, even when old- 
growth forests are replaced with vigorously growing second- 
ary forest. If stand history is not considered, NEP-based deter- 
minations of whether stands function as C 0 2  sources or sinks 
can be misleading. This is because C stores in old-growth 

stands may differ vastly from C stores in second-growth stands 
that replace them, because woody biomass exported from a 
site may not be reflected in NEP, and because substantial frac- 
tions of stand C stores may be lost in rapid pulses easily 
missed by short-term monitoring. 
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ABSTRACT. The l i terature on soil C change with forest harvesting, 
cultivation, site preparat ion,  burning,  fertilization, N fixation, and 
species change  is reviewed. No general  t rend toward lower soil C with 
forest harvest ing was apparent ,  unless  harvest ing is followed by 
in tense  burn ing  or cultivation. Most s tudies show no significant change 
(_+_ 10%) with harvest ing only, a few studies show large net  losses, and 
a few s tudies  show a net  gain following harvesting. Cultivation, on the 
other  hand,  resul ts  in a large (up to 50%) loss in soil C in most  (but 
not  all) cases. Low-intensity rescribed fire usual ly  resul ts  in little 
change in soil C, but  intense presribed fire or wildfire can resul t  in a 
large loss of soil C. Species change can have ei ther no effect or large 
effects on soil C, depending primarily upon  rooting pat terns .  
Fertilization and (especially) ni trogen fixation cause  increases  in soil C 
in the majori ty of cases, and represent  an opportuni ty  for sequester ing 
soil C and  causing long-term improvements  in site fertility. 

1. Introduction 

Forest  soil scientists  have,unti l  very recently, paid little a t tent ion to 
soil C relative to other nutr ients ,  even though the role of soil organic 
ma t t e r  in soil fertility (cation exchange capacity, s t ructure ,  bulk  
density,  N, P, S, and water  status) is well recognized ( Jurgensen  et al 
1989). Evaluat ions of the effects of harvesting, burning,  and site 
prepara t ion  on forest productivity have concent ra ted  upon  nu t r i en t  
losses and gains with m u c h  less a t tent ion given to soil organic mat te r  
(e.g., Marion, 1979; Boyle et al 1973; J o h n s o n  et al 1982, 1988b). 

Water, Air, and Soil Pollution 64: 83-120, 1992. 
0 1992 Kluwer Academic Publishers. Printed in the Netherlands. 
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With the recent  concerns  over increases  in a tmospher ic  C02 levels 
and global warming, forest soil scientists  have an addit ional reason  to 
consider  changes  in soil C as affected by managemen t  practices.  

Even a cursory  review of publ ished global C budge t s  reveals tha t  
soils could be ei ther a major  source or s ink for C. For example, the 
global C budge t  in Figure 1 indicates tha t  net  annua l  release of C as C02 
from fossil fuel combus t ion  is 5.3 x 1015 g yr-1, whereas  detrital 
inputs  to the soil are es t imated at  abou t  60 x 1015 g yr -1 and 
decomposi t ion  at 50 to 60 x 1015 g yr -1 (Harrington, 1977; Post  et al 
1990). Clearly, a slight imbalance  (10%) be tween  detrital p roduct ion  
and decomposi t ion  could either equal  (if negative) or offset (if 
positive) the fossil fuel contr ibution.  There is no a priori reason  to 
su spec t  tha t  litter and soil organic mat ter  are in a s teady-s ta te  
condit ion or even within 10% of such  a condition at present ,  
especially in view of the large changes in land use  pa t t e rns  tha t  
cont inue to occur  at  a global scale. 

A recent  analysis  by Tans et al (1990) sugges ts  tha t  the terrestrial  
ecosys tems  of the Northern Hemisphere  are absorb ing  2 to 3.4 x 1015 
g yr-1 of C. This a m o u n t  of C is not  otherwise accounted  for, and could 
easily be seques te red  within either vegetat ion or soils. Thus,  it is 
impor tan t  to gain a bet ter  unders t and ing  as to whether  soils are a net  
source  or a net  s ink of C, and, if possible make  some est imate  as to the 
magni tude  of the imbalance  between inputs  and ou tpu t s  of C to the 
soil. While calculat ions of the latter have been made  (e.g., Mann, 1986; 
Schlesinger  1990), little is known abou t  the error b o u n d s  su r round ing  
such  est imates;  uncer ta in t ies  may  well be so large as to make  even the 
overall direction of change quest ionable.  

There have been  several papers  suggest ing tha t  aboveground 
b iomass  in forest ecosys tems  has  been  either a significant s ink 
(Delcourt and Harris,  1980) or source  (Houghton et al 1983; Harmon  
et al 1990) of C. Much less information is available on changes  in C 
conten t  of forest  soils, and the existing l i terature is contradictory.  
Delcourt  and Harris  (1980) a s s u m e d  that  clearing and cultivation 
caused  a 40% reduct ion in soil C in the sou theas t e rn  U.S. In their 
global C model, Houghton  et al (1983) a s s u m e  35, 50, and 15% losses 
of litter and soil C after forest  clearing in tropical, temperate ,  and 
boreal  forests,  respectively, and a fur ther  delayed loss to 50% of 
original C content  with cultivation. In a later paper  on the C balance of 
Latin American forests, Houghton  et al (1991) a s s u m e d  tha t  cultivation 
resul ted  in a 25% loss of soil C, whereas  "Logging was  a s s u m e d  not  to 
change the storage of organic carbon in soil." (p. 183). Based upon  a 
review of the l i terature  on tropical forest  clearing, Detwiler (1986) 
concluded that  clearing and burning alone do not  cause  a loss of soil C, 
and in some cases,  may  cause  a gain. He notes  tha t  while clearing 
followed by  cultivation or pas tur ing  cause  losses of soil C, "... the 
decrease  in soil carbon is a resul t  of the soil's use,  not  its clearing" (p. 
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75). In the absence of hard  information on changes  in soil C following 
harvest ing,  Harmon  et al (1990) apparent ly  took a conservative 
approach  by assuming  no change; however, they indicate tha t  this 
a s sumpt ion  is likely false and that,  "soil organic mat te r  ... will most  
likely decrease  unde r  intensive management" .  Schlesinger  (1990) 
analyzed chronosequence  s tudies  for soil C accumula t ion  rate, and  
concluded that,  on a worldwide basis, only approximately 0.4 x 1015 g 
C yr -1, or 2.4 g m-2yr -1 is stored. Musse lman  and Fox (1991) quote 
es t imates  of 52.5 x 1015 g of C stored in U.S. forests, with 59% of this 
(31 x 1015 g) stored in the soil. After account ing  for long-term storage 
of harves ted  wood, they  est imate C lost to the a tmosphere  from trees 
to be 6.7 x 1015 g of C. For soils, they a s sume  a 25 to 50% loss of C 
after harvest ,  which converts to 8 to 15 x 1015 g of soil C. 

The objective of this paper  is to review the l i terature on forest 
m a n a g e m e n t  with special a t tent ion to effects on soil C. It was a s sumed  
that ,  in addition to those few papers  which actual ly highlight soil C 
changes,  a great  deal of information on soil C change with 
m a n a g e m e n t  was contained within publications and reports  tha t  
focused on other  nutr ients .  With the ass is tance of the Internat ional  
Energy  Agency's lEA T6/A6 project ("Impacts of Forest  Harvest ing on 
Long-term Site Productivity", W.J. Dyck, Project Leader) let ters were 
sent  to foresters,  soil scientists  and ecologists t h roughou t  the world 
asking for such  information. Over 100 reprints  were received, most  of 
which  are summar ized  in this document .  The repr ints  were divided 
into seven categories for the purpose  of this report: 1) Harvesting, 2) 
Cultivation 3) Site Preparation, 4) Burning, 5) 
Species Conversion, 6) Reforestation and Succession,  and  7) 
Fertil ization (including N-fixation). 

2. M e t h o d s  and Materials  

Several significant difficulties and uncer ta in t ies  were encoun te red  
while trying to synthesize the l i terature on forest m a n a g e m e n t  and soil 
C. The quest ion of how to report  the data  arose immediately: the use of 
absolute  values of soil C would tend to minimize the impor tance  of 
changes  in soils with inherent ly  low C whereas  the changes  in soils 
with large soil C would be emphasized.  Changes in soils with low C may  
be of less importance to global C budgets  t han  changes  in soils with 
high C, bu t  low C soils are of equal if not  greater  interest  in te rms of 
changes  in site fertility. Converting the resul ts  to percentages  resul ts  
in the opposite effect, i.e., emphasizing the resul ts  in low C soils, 
perhaps  unduly ,  in view of their significance to global C budgets .  
However, the advantages  of convert ing percentages  were deemed to 
outweigh the disadvantages;  also, m u c h  of the l i terature on global C 
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deals with changes  in soil C on a percentage basis (e.g., Houghton et al 
1983; Mann 1986; Musse lman  and Fox 1991). 

One of the most  serious problems encoun te red  in summar iz ing  
the l i terature  was  the differences in sampling protocols, both  in space 
and  time. For example, how does one legitimately compare  percent  
changes  in C in the top 2 to 5 cm of soil reported by some au thors  
(e.g., Ellis and  Graley 1983) with percent  changes  in the top mete r  of 
soil reported by other  au thors  (e.g., J o h n s o n  et al 1991)? In order  to 
t ry  to s tandardize  the depth  effect somewhat ,  the percentage  changes  
for the entire soil profile sampled were calculated w h e n  not  reported.  

I Atmosphere 748 
/ " I (Annual Increase =3" 9) 

/ Respiration ~ J 
Fossil / 40-60 ~ Photosynthesis 
Fuels / _ _ _  ~ ~  i00-120 

5.3/ ~ s  and Terrestrial 
/ Biota 500-800 IUncerta: 

J I 

Uncertainty in the 
net terrestrial 
balance +30 to -20? Detrit~/L____________ - 

~6~ Dec~176 
Soil and ~ 

100-115 

100-115 

Oceans 

i000 

Figure 1. The global C balance. Units are in 1015 g y-1. Adapted from 
Harr ington 1987 and Post et al 1991. 

Where available, da ta  on bulk densi ty  and percent  gravel were used for 
these  calculations,  bu t  if these data  were not  available, a total profile 
soil C concentra t ion value was calculated by depth weighting, i.e., total 
profile C = E(%C x depth) /  Ydepth. This procedure  biases the values 
toward surface horizons, which generally have lower bulk  densit ies 
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and  would therefore be given a lower weighting if bulk  densi ty  da ta  
were available for the calculations.  Additional sources  of bias and error 
include differences in total soil sampling depth  and unrecorded  
changes  in bulk  densi ty  (Detwiler 1986). 

The intensi ty  of sampling varied considerably among  these  
studies;  the intensi ty of sampling in the Hubbard  Brook s tudies  
reported by J o h n s o n  et al (1991) was sufficient to detect  statist ical  
significance in a mere  8% change in soil C, whereas  in o ther  cases, 
differences of 20 to 50% were not  statistically significant (e.g., 
Edmonds  and McColl 1989; Mattson and Swank 1989). All changes  
tha t  could be calculated are reported here, along with statist ical  
significance or lack of it, in an  a t tempt  to detect  overall pa t te rns  
across sites. The alternative - to a s sume  tha t  no changes  in soil C 
occurred  - was  deemed to be potentially more misleading than  
report ing actual  changes,  in tha t  differences which were significant at 
any  level up to 89% (or more, depending upon  the level of significance 
selected) would be ignored. While the absence of statistical analyses  
normal ly  negates the value of any part icular  study, it was reasoned that  
a collection of data  points showing an overall t rend would provide 
useful  information, even though each data  point in itself may  not be 
part icular ly significant. An appropriate statistical analogy would be a 
regression equation,  where no statistics are normally available for each 
point, bu t  the collection of several points may  show a meaningful  
t rend .  

Finally, m a n y  comparisons are confounded by temporal  
differences. Sampling intervals varied from as short  as 1 mo to as long 
as 83 yr  after t rea tment ,  and several of the long-term and 
ch ronosequence  s tudies  indicated significant temporal  t r ends  in soil C 
(e.g., J e n k i n s o n  1970; Durgin 1980; Gholz and Fisher 1982). At this 
stage, no a t tempt  has  been made to stratify the resul ts  temporally, 
given the pauci ty  of data, bu t  potential and documented  temporal  
variat ions add a significant caveat to the following summar ies .  

3. Resul t s  and Discuss ion  

3.1 HARVESTING 

Several s tudies  reported soil C changes  with harvesting,  ei ther alone 
or in combinat ion with other  t rea tments .  For our purposes  here,  
harves t ing  alone will be considered separate ly  from harvest ing with 
other  t r ea tmen t s  in order to avoid confusion as to wha t  the actual  
effects of harvest ing versus  other t r ea tmen t s  are. This is an  especially 
impor tan t  considerat ion when  harvest ing is followed by cultivation, as 
will be shown later. 
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The resul ts  of th i r teen s tudies  which considered harvest ing alone 
are summar ized  in Table 1. As one would expect, harvest ing alone had  
a significant effect upon  forest floor mass,  causing ei ther increases  or 
decreases ,  depending upon  how m u c h  s lash was left behind.  The 
effects of harvest ing on mineral  soil C varied from site to site, with 
reports  of increases,  decreases ,  or no effects. However, the majori ty of 
the s tudies  reported ei ther  no effects or very small  changes  (<10%; 
Table 1). The two exceptions occurred in the s tudies  of a tropical rain 
forest in Ghana  (Cunningham 1963) and those in a Eucalypt  forest in 
Tasman ia  (Ellis and Graley 1983). Cunn ingham reported soil C 
reduct ions  tha t  related to the degree of shading and, presumably,  soil 
t empera ture ,  after harvest ing a tropical rain forest in Ghana.  Three yr  
after harvesting,  he noted 57, 49, and 25% decreases  in soil C in the 0 
to 5 cm depth  with full exposure,  half-exposure,  and full shading,  
respectively. The same basic pa t te rn  held in the 5 to 15 cm depth,  also 
(30, 25, and  17% decreases  in full exposure,  half-exposure,  and full 
shading,  respectively). Ellis and Graley (1983) report  da ta  indicating a 
statist ically significant (i.e., non overlapping 95% confidence intervals) 
23% difference in 0 to 2 cm layer soil C between harves ted and 
unha rves t ed  Eucalyptus  sites in Tasmania.  However, no significant 
differences were noted in deeper  horizons, and the au thor s  did not  
regard the surface soil differences to be of any  real consequence.  Thus,  
the overall effects of harvest ing on soil C in this case, also, were 
actual ly quite small. 

3.2 CULTIVATION 

Mann  (1985, 1986), Detwiler (1986), and Schles inger  (1986) have 
provided excellent reviews of the effects of cultivation on soil C. In one 
of her  two papers,  Mann (1985) utilized data  from 303 loess-derived 
soil profiles, most ly  Alfisols and Mollisols, in the central  U.S., and  in 
ano the r  paper  (Mann 1986) she reviewed the resul ts  of 50 s tudies  in 
the l i tera ture  involving compar isons  of 625 profiles. These 
compar isons  involved both forested and prairie ecosystems,  and 
resul ts  were not  separa ted by these two categories. In both cases, she 
noted tha t  cultivation resul ted in a substant ia l  ne t  loss (at least 20%, 
most ly  in the plough layer) in soils tha t  were initially relatively high in 
C, bu t  a slight net  gain (e.g., 11% in Udolls of the central  U.S.) in soils 
tha t  were initially low in C. Using a computer  model of land use  
changes  in the  tropics, Detwiler (1986) es t imated  tha t  clearing 
followed by cultivation results  in an  average 40% loss of soil C, and  
clearing followed by pas tur ing resul ts  in an average 20% loss of soil C, 
each within 5 yr. Schlesinger summar ized  the effects of clearing and 
cultivation on soil C from several s tudies in the literature, and obtained 
an  average loss of 21%, with a range of +1 to -69%. 

Table 2 summar izes  the reviews by Mann (1985, 1986), Detwiler 
(1986), and  Schlesinger  (1986), as well as several other  s tudies  tha t  
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were not  included in these  reviews. The addit ional  papers  general ly 
confirm earlier conclusions as to the effects of cultivation: soil C 
changes  ranged from a slight gain to over 50% loss. One s tudy  wor thy  
of par t icular  ment ion  is tha t  of Richter et al (1990) who point  out  the 
impor tance  of account ing  for root biomass  when  evaluating soil C 
change.  They found a 24% overall decrease in soil after 7 yr  of annua l  
tillage of a Udalf in Michigan, and tha t  76% of this decrease  was due to 
a reduct ion  in root biomass associated with a t ransi t ion from grasses  
to annua l  herbs. 

3.3 SITE PREPARATION 

The effects of site prepara t ion  prior to es tab l i shment  of a new forest 
p lantat ion on soil C can be quite considerable, as seen in Table 3. 
However, the implications for global C budgets  are often unclear ,  in 
tha t  it is f requently not possible to separate  soil C lost by d isplacement  
(e.g., bulldozed into s lash piles and therefore not  necessar i ly  lost to 
the  a tmosphere  as CO2) and tha t  which is lost due to decompositon.  In 
general, there  is a net  loss of soil C with site preparat ion,  the 
magni tude  of which is dependen t  upon the severity of the dis turbance.  
In tha t  site preparat ion occurs  only once dur ing a forest rotation, one 
would expect tha t  its overall effects on soil C loss would be less t han  
tha t  of cont inuous  cultivation, however. In cases where site 
prepara t ion  involved incorporat ing logging res idues  into the soil, soil 
C values can obviously be expected to increase (e.g., S m e t h u r s t  and 
Nambiar,  1990a). Thus,  the effects of site preparat ion on soil C varied 
not  only with site bu t  with t rea tment .  For instance,  Morris and  
Pri tchet t  (1983) found tha t  only slight changes  in mineral  soil C due 
to site prepara t ion (chopping, burning,  KG-blade, disking, and 
bedding) in one Florida s lash pine site, whereas  Burger  and Pri tchett  
(1984) found significant (20-40%) reduct ions  in soil C following site 
prepara t ion  (burning followed by chopping and burn ing  followed by 
windrowing, disking, and bedding) in ano ther  Florida s lash  pine site 
(Table 3). 

Finally, in a more u n u s u a l  study, Laine and Vasander  (1991) 
evaluated the effects of drainage and forest es tab l i shment  upon  the C 
balance  of a peat  bog in Finland. They found an overall ecosystem C 
increase  of 9% due to increases  in tree, litter, and peat  C. They 
concluded tha t  the effects of the increased productivi ty due to forest 
es tab l i shment  more than  compensa ted  for any  loss of peat  C due to 
inc reased  decomposi t ion rate. 

3.4 BURNING 

The l i terature  on burn ing  included both prescr ibed burn ing  and 
wildfire. The effects of burn ing  upon  both forest floor and soil C were 
very dependen t  upon  fire intensity, as is to be expected. Prescribed 
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fire usua l ly  caused  a reduct ion in 0 horizon weight (Table 4), bu t  
ei ther no change or an  increase in mineral  soil C. Often, the invasion 
of N-fixing species after burn ing  caused  an  increase in soil C over the 
long-term. Kraemer  and H e r m a n n  (1979) found no significant 
differences in soil organic mat te r  25 yr after b roadcas t  burn ing  in 34 
plot pairs in wes te rn  Washington and Oregon. They did, however, find 
a significant increase in soil C in sites occupied by N-fixing Ceanothus .  
Wells (1971) reported the resul ts  of a 20-yr s tudy  of prescr ibed 
burn ing  at the Santee  forest in South  Carolina. Trea tments  included 
annua l  s u m m e r  burn ing  (AS), annua l  winter  burn ing  (AW), periodic (4 
times) s u m m e r  burn ing  (PS) and periodic winter  bu rn ing  (PW). He 
found forest floor reduct ions  to be as follows: AS>AW>PS>PW. 
However, there  was a t endency  for the forest floor to regain this 
organic ma t t e r  over time and approach  the control condit ion in the 
periodical ly-burned plots. He also found tha t  during the first 10 yr of 
the s tudy  organic mat te r  and N increased in the top 5 cm of soil in 
approximately  the same order as forest floor was lost. Thus,  "the 
principal  effect of burn ing  was the redis tr ibut ion of the organic mat te r  
in the profile and not in any  reduction" (p. 88). One t r ea tmen t  
(annual ly-burned  plots) showed especially large increases  in soil N 
(550 to 990 kg /ha)  during the second 10 yr of the study,  which were 
a t t r ibuted  to increased activity of N-fixers. 

McKee (1982) summar ized  the resul ts  of several prescr ibed 
burn ing  s tudies  th roughout  the sou theas t  (including Wells' study) and 
concluded tha t  bu rn ing  generally resul ted in a decrease  in forest floor 
bu t  an increase in soil C in the top 5 to 10 cm within the first 10 yr, 
the resul t  being a small net  overall sys tem C loss. The causes  of the 
increase  in surface soil following prescribed burn ing  likely include 
incorporat ion of charcoal  and partially burned  organic mat te r  into the 
mineral  soil and, in some cases, the increase in the presence  of N- 
fixing species following burning.  

In cont ras t  to these s tudies  of low-intensity prescr ibed burning,  
o ther  s tudies  of the effects of h igh- intensi ty  burn ing  (either 
prescr ibed or wildfire) show significant soil C loss. Sands  (1983) 
reported tha t  24 yr after an intense broadcas t  bu rn  in a Radiata pine 
site in Australia, soil C was approximately 40 to 50% lower th roughou t  
the  profile (to a 60 cm depth) t han  in an u n b u r n e d  plot. Grier (1975) 
noted a 40% loss of litter and soil N after an intense fire on the 
eas te rn  slope of the Cascade Mountains  of Washington. Neither organic 
ma t t e r  nor  C changes  were reported by Grier, bu t  were p re sumab ly  
quite high, also. 

Not all wildfires resul t  in a reduct ion in soil C, however. 
Fernandez  et al reported large losses of 0 horizon but  no significant 
change in mineral  soil C 1 yr after a wildfire in Maine. Dyrness  et al 
(1989) sampled soils within one week of a wildfire in interior Alaska 
and  found tha t  organic mat te r  losses from the forest floor (assessed by 
compar ing to u n b u r n e d  areas) varied from 5 to 80% depending upon 
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fire intensity.  Changes  in the top 5 cm of mineral  soil ranged from +16 
to -18% depending  upon  fire intensity.  

3.5 SPECIES CHANGE OR COMPARISONS 

Many of the s tudies  dealing with species changes  or compar isons  
involved N-fixers. These resul ts  have been lumped together  with 
fertilization for the purposes  of this review and are d iscussed below. 
Species change studies involving non-N fixers are summar ized  in 
Table 5. 

The effects of tree species on soil C was often significant bu t  
inconsis tent .  For instance,  Turner  and Kelly (1985) and Turne r  and 
Lamber t  (1988) compared  soil propert ies benea th  planted rad ia ta  pine 
(Pinus radiata) and native Euca lyp tus  forest at various sites in New 
South  Wales (NSW), Australia. In some cases, they noted greater  
(average of 35 to 57%) soil C in pine plantat ion than  in the native 
Euca lyp tus  forest, in some cases they noted the reverse, and  in other  
cases  they  found no differences (Table 5). The au thors  noted tha t  
organic mat te r  was the main  soil property tha t  was affected by 
plantat ion es tab l i shment  in their  s tudy  and other related studies.  

Gilmore and Rolfe (1980) reported the resul ts  of a very careful, 
statistically sound  comparison of loblolly and short leaf  pine plantat ions 
at various spacings on soil properties over a period of 25 yr. Results  
showed no effect of spacing, bu t  significant differences be tween 
species: minera l  soil organic mat te r  was higher  bu t  0 horizon weight 
was  lower in the shorf leaf  pine than  in the loblolly pine s tand  after 25 
yr. Lane (1989) reported no differences in soil C after conversion of 
native hardwoods  to loblolly pine in South  Carolina. Alban (1982) 
compared  soil properties in adjacent  s tands  of t rembling aspen  
(Populus t remuloides) ,  white spruce  (Picea glauca), j ack  pine (Pinus 
banks iana) ,  and red pine (P. resinosa) at two sites in no r the rn  
Minnesota.  There were no differences in total forest floor weight 
among the s t ands  at  either site, bu t  the aspen  soil had  significantly 
lower surface soil organic mat te r  (10 to 40%) t h a n  the other  species 
at  both  sites. One s tudy  of peripheral  interest  was tha t  of Amendinger  
(1990) which  indicated a large (>50%) loss of soil C with the invasion 
of j ack  pine in prairie dur ing the Holocene inferred from a 
chronosequence  study. 

Feger et al (1990) reported the nu t r i en t  budgets  of two 
contras t ing wa te r sheds  in Germany  which are relevent to the subject  
of species effects on soil C change. No soil C or N data  were presented  
to documen t  the actual  decline in soil C, N, and S contents ,  and  thus  
the s tudy  is not  summar ized  in Table 5; however, some of the resul ts  
are wor th  summar iz ing  here. The sites were: Schluchsee ,  which has  
granitic bedrock  and within which Norway spruce  (Picea abies) are 
experiencing Mg deficiency, and Villingen, which has  sands tone  
bedrock  and  within which Scots pine (Pinus sylvestris) and silver fir 
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(Abies alba) are experiencing K deficiency. Of in teres t  to this review 
are high rates  of N and S leaching from the Schlucsee watershed,  an 
effect a t t r ibutable  to the mineral izat ion of organic mat te r  left in 
subsoils from a deeper-rooted beech s tand (Fagus sylvatica) which 
occupied the site 150 yr previously. 

3.6 REFORESTATION AND SUCCESSION 

Examining the changes  in soil C during reforestat ion and  success ion is 
one way of gaining some insight into the long-term effects of 
harvesting,  cultivation, etc., on soil C reserves (Table 6). In cases 
where  former agricul tural  land is reverted to forest or where  newly 
developing soil undergoes  afforestation, soil C usual ly  increases  
substantially. 

In a s tudy  involving resampling of soils over time, J o h n s o n  et al 
(1988) noted ei ther  increases  (30 to 100%) or no significant change 
in surface soil (0 to 15 cm) C over an l l - y r  period in aggrading forests 
growing on former agricultural  land on Walker Branch  Watershed,  
Tennessee .  J e n k i n s o n  (1970, 1991) reported the  resul ts  of the 
Rothamsted  s tudies  of organic mat te r  and nu t r ien t  changes  in soils 
left uncul t iva ted  since the early 1880's. One site (Broadbalk) was on a 
ca lcareous  soil tha t  had  been limed sometime during the 18th or early 
19th century ,  the effects of which were still evident in the pH of 
samples  t aken  in 1964 to 1965. The other  site (Geescroft) received N 
and  P fertilizers bu t  no lime and consequent ly  experienced significant 
acidification (pH 7.1 to 4.5) from 1883 to 1965. Differences in 
acidification were thought  to have resul ted in subs tant ia l  differences in 
soil organic C, N, S, and P, all of which were greater  at Broadbalk.  Soil 
organic C in Broadbalk increased by 80% over the 83-yr period, 
whereas  Geescroft increased by only half  as m u c h  (Jenkinson 1970). 
Rates of N, S, and P accumula t ion  were also considerably greater  at 
Broadbalk t h a n  Geescroft. Of special interest  was the finding tha t  the 
ra tes  of organic N accumula t ion  (65 and 23 kg N ha  -1 yr  -1) were 
greater  t h a n  could be accounted  for by either a tmospher ic  deposition 
or N fixation by legumes. 

Chronosequence  studies have also shown significant soil C 
accumula t ion  when  former agricul tural  land is reforested or afforested. 
Wilde (1964) examined soil organic ma t t e r  in 100 red pine (Pinus 
resinosa)  plots of varying age (from 10 50 yr) planted on former 
agricul tural  land in Wisconsin. He found a linear increase in soil 
organic mat te r  in the top 15 cm of soil with s tand  age, with the overall 
increase  being 300 to 400% over 40 yr. Lugo et al (1986) assessed  the 
affects of conversion of former agricul tural  land to ei ther forest or 
pas tu re  in Puerto Rico. They were motivated to test  some of the 
a s sumpt ions  used in global climate models that  the top 1 m of soil 
loses 65% of its C after deforestation, and tha t  it can re tu rn  to within 
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75% of its original value within 50 yr  of a b a n d o n m e n t  of agriculture.  
They evaluated the effects of a b a n d o n m e n t  of agricul ture  in several life 
zones (subtropical wet, dry, and moist  forest) th rough  resampling of 
specific sites th rough  time and chronosequence  studies.  They found 
tha t  recovery of soil C was m u c h  more rapid than  generally a s sumed  in 
models:  for instance,  chronosequence  s tudies  indicated tha t  
abandoned  agricul tural  soils in the wet and moist  forest life zones 
regained 90% of the soil C in ma tu re  forests within 50 yr, and in the 
dry zone, recovery of soil C to levels in ma tu re  forests occurred within 
30 yr. 

Schiffman and  J o h n s o n  (1990) compared C contents  of two 
loblolly pine chronosequences ,  one growing on a former agricul tural  
field, and  one on a site converted from natura l ly- regenera ted  Virginia 
pine (Pinus virginiana). There was a large increase in ecosystem C 
conten t  (235%), most ly  due to phy tomass  in the old field 
chronosequence  but  only a 24% gain in the na tura l  forest conversion 
chronosequence .  Similarly, there was a large increase  in soil C (57%) 
in the old field chronosequence  and no significant change in the forest 
conversion chronosequence .  The au thors  drew two impor tan t  
conclusions as to the effects of reforestation in the sou theas te rn  U.S.: 
1) there  were "negligible oxidative losses of carbon from soils after 
harves t  and  site preparation" of na tura l  forests (p. 69), and  2) "the 
conversion of na tura l  forests to plantat ions is no subst i tu te  for the farm 
to forest  conversion" in terms of C storage. The lat ter  is of 
significance, in view of the marked  reduct ions  in the rate  of old field 
reforestat ion in this region. 

An exception to the general  pa t te rn  of increased soil C after 
reforestat ion of formerly cultivated soils is the s tudy  by Hamburg  
(1984) at  Hubbard  Brook, NH. In this case, Ap horizon soil C 
decreased  over the 75-yr chronosequence .  Even in this case, however, 
increases  in 0 horizon C more than  offset the decreases  in Ap horizon 
C. 

In cases  where  reforestat ion and success ion follow previous 
forests, there  is no clear pat tern.  As noted above, Schiffman and 
J o h n s o n  (1990) found negligible effects of forest conversion from 
native Virginia pine to loblolly pine. Boone et al (1988) found no 
change  in soil C bu t  a decrease in 0 horizon C in regrowth following 
hemlock waves in Oregon. Durgin (1980) found no changes  in fir 
forests 25 yr  after c learcut t ing and slight decreases  followed by 
increases  in redwood forests following clearcut t ing in California. In a 
ch ronosequence  s tudy  in s lash pine (Pinus elliottii), Gholz and Fisher  
(1982) found tha t  the A horizon of a 2-yr-old s tand  contained 
approximately twice as m u c h  soil C as the other  s tands  (up to age 34) 
in the chronosequence) ,  which was a t t r ibuted to bedded slash. 
Assuming  tha t  the chronsequence  t ruly represented  t rends  with time, 
the  effect of s lash bedding was very short-lived: soil C decreased by 
50% to approximately  pre-harvest  levels by age 5. 
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3.7 NITROGEN FIXATION AND FERTILIZATION 

For the pu rposes  of this review, the effects of N-fixing species  and 
fertilization on soil C were combined into one category (Table 7). For 
the  mos t  part,  the presence  of N-fixers caused  subs tan t i a l  (20 to 
100%) increases  in soil C and N (Table 7). The one exception to this 
general rule was  the s tudy  by  Paschke  et al (1989) in Illinois, which 
evaluated the effects of black alder (Alnus glutinosa) and a u t u m n  olive 
(Elaegnus umbellata)  interplantings with black wa lnu t  (Juglans nigra). 
In this  case, interplanting with both  alder and a u t u m n  olive resul ted in 
significantly greater mineral  N levels and N mineralization rates  than  
in wa lnu t  alone, b u t  there were no increases  in either soil total C or N 
with interplant ing after 18 yr. Indeed, there was  a clear and 
significant t rend toward lower soil C and N in the a u t u m n  olive 
interplanted plantat ions  than  in walnut  only plantat ions.  Reasons  for 
this were not  known. 

Another  seeming exception to this general rule was  the Cascade  
Head site in Oregon, where there was only an 11% difference in soil C 
be tween  red alder (Alnus rubra)  and Douglas-fir (Pseudotsuga  
menziesii) soils. In this case, however, the Douglas-fir soil was  quite 
high in bo th  C and N, and the 11% difference was  actual ly abou t  equal 
in magni tude  to larger percentage increases  at other  sites (Binkley 
and Sollins 1990). 

Fertilization generally caused  an increase in soil C, as one would 
expect  given its expected effect upon  pr imary  productivity.  However,  
the increases  in soil C with fertilization were generally not  as  large as 
those  due  to the presence  of N fixers. Nohrs tedt  et al (1989) evaluated 
soil C and microbial activity in two sites in Sweden: Kroksbo, which 
was  t reated with a m m o n i u m  nitrate and urea  at 150 and 600 kg N ha-1 
11 yr previously, and Nissafors, which was t reated with 150 kg N ha -1 
as a m m o n i u m  nitrate at bo th  8-yr and 1 yr previously (for a total of 
300 kg N ha-l).  They found an increase of 16 to 25% in litter p lus  soil 
C in the  Kroksbo site, and an increase of 10% overall in the Nissafors 
site. The effect was  more p ronounced  at higher fertilization levels and 
more p ronounced  with a m m o n i u m  nitrate than  with urea.  
Interestingly, they could not  accoun t  for the increased C with 
increased  litterfall, and a t t r ibute  the effect to reduced  microbial  
activity per uni t  organic C. 

Van Cleve and Moore (1978) noted increases  in soil C of 13 to 
17% with N (ammonium nitrate) and P (triple supe r  P) fertilization of 
a spen  si tes in central  Alaska. Turner  and Lambert  (1986) noted up to 
22% increase  in soil C 30 yr  after a single s u p e r p h o s p h a t e  fertilization 
in a P-deficient Radiata  pine plantat ion in New South  Wales, Australia. 
In contrast ,  McCarthy (1983) found only a slight (5%) increase in soil 
C in s lash  pine planta t ions  in Florida 20 yr after P fertilization. Gilmore 
and Boggess (1963) and Gilmore (1977, 1980) repor ted  on s tud ies  
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where  var ious  tree species  (both p ines  and  hardwoods)  were p l an ted  
on agr icul tura l  soils previously  t rea ted  with m a n u r e ,  crop res idue,  P 
(rock phospha te )  and  l imestone,  bo th  singly and  in combina t ion .  In 
the  h a r d w o o d  p lan ta t ions ,  previosus ly  l imed plots had  significantly 
grea ter  (20 to 30%) soil organic  ma t t e r  at  the  s ta r t  of the  s tudy,  and  
the  effect carr ied t h r o u g h  the  18th yr. In the  p ine  p l an t a t ions  (_p_. 
taeda ,  P. ech ina ta ,  P. res inosa ,  and  P. s t robus) ,  previously  l imed soils 
had  twice as m u c h  organic ma t t e r  (OM) initially (in 1955). Soil OM 
increased  in bo th  l imed and  un l imed  plots,  b u t  at  a greater  rate  in the  
u n l i m e d  plots,  so t ha t  at  age 24, the  l imed plots  were only 20 to 25% 
h igher  in soil OM. 

Bake r  et  al (1986) c o m p a r e d  the  effects of mixed  fertilizer (960, 
410, 410, 140, 200, and  290 kg ha  -1 of N, P, K, S, Ca, and  Mg, 
respectively), lup ine  (Lupinus  arboreus) ,  and  lup ine  p lus  fertilizer on 
p lan ted  rad ia ta  pine on s a n d  d u n e  sites in New Zealand.  They  
d o c u m e n t e d  a s tat is t ical ly s ignif icant  effect of fertilization on soil C 
(115% in the  top 5 cm). Lupine  and  lup ine  p lus  fertilizer also caused  
inc reases  (47 a nd  89%, respectively), b u t  these  were no t  s ta t is t ical ly  
signif icant .  To a 1 m soil dep th ,  the  effects of t r e a t m e n t s  were 
s o m e w h a t  different,  however:  only the  lup ine  t r e a t m e n t  was  
s ignif icant ly  different  f rom control  (9% greater),  a l t h o u g h  fertilizer 
and  lup ine  p lus  fertilizer t r e a t m e n t s  alone also resu l ted  in increases  (6 
a n d  17% greater ,  respectively).  

4. Conclusions 

Despite  the  n u m e r o u s  uncer ta in t i e s  and caveats  no ted  in Sect ion 2, 
the  resu l t s  of th is  l i tera ture  review reveal some reasonab ly  cons i s t en t  
resu l t s  a nd  t r ends  in soil C u n d e r  var ious  forest m a n a g e m e n t  
scenar ios .  It h a s  long been  es tabl i shed  and  r ema ins  clear t ha t  
cul t ivat ion leads to subs tan t i a l  decreases  in soil C in all b u t  the  m o s t  C- 
poor  soils (Figure 2; Mann  1985, 1986; Schles inger  1986; Detwiler 
1986). However, the  a s s u m p t i o n  tha t  soil C decreases  on the  order  of 
30 to 40% following forest  ha rves t ing  (e.g., H o u g h t o n  et al 1983; 
M u s s e l m a n  and  Fox 1991) is no t  s u p p o r t e d  by the  l i te ra ture  reviewed 
here.  Rather ,  it appears  as if losses of soil C after harves t ing  and  
re fores ta t ion  are negligible in mos t  cases.  The effects of harves t ing ,  
site p repara t ion ,  and  b u r n i n g  on soil C (not inc lud ing  litter) are 
s u m m a r i z e d  in Figure 3a  and  b. In Figure 3a, only stat ist ically 
s ignif icant  resu l t s  are repor ted  whereas  in Figure 3b, all resu l t s  are 
r e p o r t e d .  
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Effect of Cultivation on Soil Carbon 
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Q; 
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0 
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>50% 40-50% 30~10% 20-3070 10-20% _+10% 10-20% 20-30% 30-40% 40-50% >50% 

Decrease Percent Change Increase 

Figure 2. F requency  d is t r ibut ion  of the  percen tage  change  in soil C 
wi th  cul t ivat ion (see Table 2 for da ta  sources).  

Regardless  of w h e t h e r  only stat is t ical ly s ignif icant  differences or 
overall t r e n d s  are cons idered ,  the  major i ty  of s t ud i e s  reviewed here  
indicate  little or no  change  in soil C (i.e., + 10%) following ha rves t ing  
and  reforesta t ion.  The except ions  to this  are pr imar i ly  in the  tropics,  
where  recovery to original levels after refores ta t ion is appa ren t ly  qui te  
rapid,  and  in cases  where  harves t ing  is followed by in tense  b r o a d c a s t  
b u r n i n g  (e.g., S a n d s  1983). However, there  are also in s t ances  where  
soil C increased  after harvest ing,  probably  due  to the  addi t ions  of 
s lash,  inc reased  decompos i t ion  rates,  and  incorpora t ion  of organic  
m a t t e r  into the  minera l  soil (e.g., Gholz and  F isher  1982; Henr i cksen  
et  al 1989). 

It is i m p o r t a n t  to recognize t ha t  cul t ivat ion for crops  differs 
subs t an t i a l ly  from harves t ing  and  site p repara t ion  in new forest  
p lan ta t ions .  Crop cult ivat ion typically involves m u c h  more  severe and  
pro longed  d i s t u rbance  t h a n  harvest ing,  even wi th  in tensive  site 
p repara t ion .  Crop cul t ivat ion also very likely leads to long- te rm 
i n c r e a s e s  in soil t empera tu re ,  whereas  soil t e m p e r a t u r e s  are likely 
r e t u r n  to nea r  p re -ha rves t  levels rapidly after the  deve lopmen t  of a 
n e w  forest  canopy.  Thus ,  it is no t  at all su rpr i s ing  t ha t  soil C losses 
following harves t ing  and  reforestat ion are subs tan t i a l ly  less t h a n  wi th  
ha rves t ing  followed by cult ivation,  and  these  differences m u s t  be t a k e n  
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Figure 3. Frequency  distr ibution of the percentage change  in soil C 
with forest harvesting,  site preparat ion,  and burning.  A. Statistically 
signif icant  differences only shown (non-significant differences 
inc luded in the + 10% category), B. All differences shown.  (See Tables 
1,3, and  4 for da ta  sources). 
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into accoun t  when  evaluating the effects of forest harvest ing in general  
on global C balances.  It is likely t rue tha t  harvest ing and cultivation 
resul t  in large changes  in soil C on the order  of 30 to 50% over a 
period of several decades.  However, there  is nothing in the l i terature  
to suggest  tha t  such  changes  occur  when  harvest ing is followed by 
forest  replanting.  

It is clear tha t  the effect of fire upon  soil C is a funct ion of fire 
intensity. A light or moderate  bu rn  causes  a mobilization of nutr ients ,  
and may  be beneficial to the growth of the subsequen t  forest. Figure 4 
shows tha t  the effects of regular  prescribed fire on soil C is heavily 

Regular Prescribed Fire 
12 

' i ~176 0 .~i~i 

0 . 

Statistically Sig nificant I 
All Data 

>50% 40-50% 3040% 20-30% I0-20% _+10% 10-20% 20-30% 3040% 40-50% >50% 
Decrease Percent Change Increase 

Figure 4. F requency  distr ibution of the percentage change in soil C 
with regular  prescr ibed fire. S=Statistically significant differences only 
shown (non-significant differences included in the + 10% category), 
A=All differences shown. (See Table 6 for data  sources). 

weighted toward the center  (negligible effect) bu t  somewha t  skewed 
right, indicat ing a positive effect. An intense burn,  on the other  hand,  
m a y  deplete the soil of volatile nut r ien ts  (including N, S and P; Raison 
et al 1985), causing a long-term decrease in forest productivity and  C 
sequest ra t ion.  

There  are clearly opportunit ies  for increasing soil fertility and  the 
fixation of C in forest ecosystems th rough  the m a n a g e m e n t  of forest  
nutri t ion:  there  is a marked,  clear t rend toward greater  soil C with the 
in t roduct ion  of N-fixers as well as with fertilization (Figure 5). The 
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benef i ts  of this  m u s t  be weighed aga ins t  the  cost  of fertilization or the  
cost  of al lowing N-fixing species  of low economic  value  to inhab i t  the  
si tes in ques t ion .  

Fertilization and N-fixers 

6 ~ Fertilization (s) 
Fertilization (all) ~ N-fixers (s) 
N-fixers (all) 

4 

2 

0 

0 

0 

. 0  

E 
,-I 

>50% 40-50% 30-40% 20-30% 10-20% +10% 10-20% 20-30% 30-40% 40-50% >50% 

Decrease Percent Change Increase 

Figure 5. F requency  d is t r ibu t ion  of the  percen tage  change  in soil C 
wi th  N fixers and  fertilization S=Stat is t ical ly s ignif icant  differences 
only s h o w n  (non-s ignif icant  differences inc luded  in the  + 10% 
category), A=All differences shown.  (See Table 7 for da ta  sources) .  

There  are two possible  r easons  for the  increase  in soil C following 
N fixation a nd  fertilization: 1) increased  product iv i ty  and,  therefore,  
inc reased  organic  m a t t e r  i n p u t  to soils, and  2) s tabi l izat ion of soil 
organic  mat te r .  In the  case of N, non-biological  c o n d e n s a t i o n  reac t ions  
of pheno l s  wi th  a m m o n i u m  are im por t an t  in the  p roduc t ion  of h u m u s  
(Mortland a nd  Wolcott, 1965; Paul  and  Clark 1989). These  reac t ions  
are e n h a n c e d  by high pH (because NH 3 is the  reactive form of N) and  
h igh  NH 3 a n d / o r  NH4+ concent ra t ions .  Both  of these  condi t ions  occur  
following u rea  fertilization, which  is known  to cause  non-biological  
NH4 + fixation (Foster et al 1985). In the case of Ca and  o ther  
polyvalent  cat ions,  cat ion br idging of organic colloids causes  
c o n d e n s a t i o n  and  stabil ization of organic ma t t e r  (Oades 1988). Oades  
(1988) sugges t s  t h a t  the  we l l -documen ted  posit ive re la t ionsh ip  
be tween  soil clay and  organic ma t t e r  con ten t  m a y  actual ly  be the  resul t  
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of greater  polyvalent cation availability (either Ca or AI) in clay rich 
soils. Because  Ca is rarely limiting to tree growth, the positive effects 
of liming on soil C noted by Gilmore (1977, 1980) and J e n k i n s o n  
(1970, 1991) are likely due to these  react ions ra the r  t h a n  a direct  
effect upon  plant  pr imary  productivity. 

5. Research Needs 

As noted in the Objectives and Methods section, there  are n u m e r o u s  
inconsis tencies  in the way data  was collected and summar ized  in the 
s tudies  reviewed here. This is certainly not  mean t  as a criticism of 
these  studies,  each of which was designed to test  a specific hypothesis  
or answer  a specific question. However, there is a clear need for a 
coordinated,  regional s tudy  on the effects of forest m a n a g e m e n t  on 
soil C dynamics  such  as has  been done for nu t r ien t  effects (e.g., Mann 
et al 1988) and  such  as tha t  proposed by Powers et al (1990). Such  a 
s tudy  should control for both m a n a g e m e n t  pract ices (e.g., degree of 
res idue  removed, burning,  bedding, etc.) and establish sampling 
protocols tha t  el iminate the cur ren t  uncer ta in t ies  arising from 
u n k n o w n  effects of spatial and temporal  variation among s tudy  sites. 

In addit ion to (or in conjunct ion with) a coordinated regional 
s tudy,  more research  is needed  on the processes  controlling soil C 
accumula t ion  and loss. What are the roles of t empera tu re  versus  
mois ture  on decomposit ion? What  are the effects of ext remes versus  
changes  in m e a n  values of t empera tu re  and moisture? What  role do 
nu t r i en t s  play in stabilization or loss of soil organic mat ter?  Such 
process  s tudies  should include not  only changes  in litter 
decomposit ion,  which has  been extensively studied, bu t  also the 
incorporat ion of litter into soil organic mat te r  and, ultimately, h u m u s .  
Investigations of soil C fractions, even on existing s tudy  sites, may  be a 
meaningful  first step in obtaining insight into impor tan t  processes.  
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Abstract

Unmanaged forests at a late stage of successional development are considered to be insignificant as carbon sinks, since
in theory, assimilation is thought to be balanced by respiration. However, little experimental evidence for this hypothesis
exists so far for forests at the ecosystem level. Therefore, we performed continuous eddy covariance measurements of
carbon dioxide over an unmanaged beech forest in the Hainich National Park in Central Germany as part of the EU project
CARBOEUROFLUX. This forest shows typical characteristics of an ‘advanced’ forest with large dead wood pools, a diverse
stand structure and a wide tree age class distribution, up to 250 years. This forest was a large carbon sink over 2 years,
with 494 g C m−2 per year in 2000 and 490 g C m−2 per year in 2001. Daytime summer fluxes were strongly controlled by
photosynthetic photon flux density (R2 = 0.7–0.9), with minor effects of the ratio of diffuse to total downward radiation or
the vapor pressure deficit. Nighttime CO2 fluxes were mainly controlled by soil temperature (R2 = 0.8) and soil moisture.
In addition, high nighttime CO2 fluxes (4–6�mol m−2 s−1) were found directly before and during bud break in spring as
well as just after leaf fall of both years (2000 and 2001), reflecting stand physiology corresponding to phenological changes,
independent of soil temperature. Additional wind profile measurements at five heights within the canopy revealed a decoupling
of above and below canopy air flow under conditions of low friction velocity (u∗ < 0.4 m s−1), probably indicating down
slope drainage. In conclusion, unmanaged forests at a comparatively late stage of successional development can still act as
significant carbon sinks with large implications for forest management practice and negotiations about biological sinks within
the Kyoto Protocol.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords:Net ecosystem exchange; Carbon dioxide; Eddy covariance; Old growth; Carbon sink; Management

1. Introduction

Understanding processes that control the potential
of terrestrial ecosystems to sequester carbon has been
of wide interest since the implementation of biologi-
cal carbon sinks in the Kyoto Protocol. In the negotia-
tions, the focus was set on afforestation, reforestation

∗ Corresponding author. Tel.:+49-3641-576130;
fax: +49-3641-5770.
E-mail address:aknohl@bgc-jena.mpg.de (A. Knohl).

and deforestation as well as on management, therefore
mainly considering plantations and highly productive
stages of forest development. Unmanaged forests at
an ‘advanced’ stage of development have been omit-
ted in the Bonn agreement since it is widely assumed
that they are insignificant as carbon sinks. In theory,
assimilation is thought to be balanced by respiration
as a forest stand reaches an ‘advanced’ stage of de-
velopment (Jarvis, 1989; Melillo et al., 1996). This
hypothesis is based on studies showing a decline in
net primary productivity with stand age (e.g.Yoder

0168-1923/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0168-1923(03)00115-1
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et al., 1994; Gower et al., 1996; Ryan et al., 1997).
Those experimental findings are mostly derived from
even-aged, single-species forests. However, little ev-
idence exists that this hypothesis holds true for net
ecosystem exchange of unmanaged forests that cover
a wide range of age classes due to natural regenera-
tion and that consist of a highly diverse canopy struc-
ture. In contrast, in a recent biomass inventory, net
primary production larger than expected was found in
multi-species subalpine forest stands, ranging in age
from 67 to 458 years (Carey et al., 2001).

Since the mid-1990s, continuous measurements
of carbon dioxide exchange have been performed at
an increasing number of sites throughout the world,
covering a wide range of different ecosystems (e.g.
Wofsy et al., 1993; Valentini et al., 1996). Regional
flux networks such as CARBOEUROFLUX, AMER-
IFLUX or ASIAFLUX have created the global net-
work FLUXNET (Baldocchi et al., 2001). However,
site selection in the temperate zone has been focused
on managed deciduous and coniferous forests at ages
between 40 and 150 years (Buchmann and Schulze,
1999). Little emphasis has been put on the early stages
of forest development or on natural disturbances
of forest ecosystems, although large alterations of
ecosystem carbon exchange have been demonstrated
(Valentini et al., 2000a; Amiro, 2001; Knohl et al.,
2002). In addition, only little information exists about
the carbon dioxide exchange of forests at a later stage
of forest development (Buchmann and Schulze, 1999).
However, data for coniferous forests show, that even
when old, some forests can retain their capability to
sequester carbon as shown for a 450-year-old Douglas
fir/western hemlock site in Washington, USA (Falk
et al., 2002), a 250-year-old ponderosa pine site in
Oregon, USA (Law et al., 2001) and a 300-year-old
Nothofagussite in New Zealand (Hollinger et al.,
1994).

With our site in the Hainich National Park (Cen-
tral Germany), an unmanaged, uneven-aged mixed
deciduous beech forest is added to the European flux
network in the framework of the EU project CAR-
BOEUROFLUX. Among all European flux sites, the
forest at the Hainich tower site is the oldest and the
stand, least impacted by forest management, showing
typical characteristics of a forest at a comparatively
late stage of successional development, i.e. occurrence
of natural regeneration, a wide tree age distribution, a

diverse canopy structure, and large dead wood pools
(Cotrufo, personal communication). Since this forest
is not pristine as it was selectively managed in the past
by the local village population, we use the expression
‘advanced’ forest as the most appropriate classifi-
cation term. It is important to note, that it remains
unknown how a “true” old growth, pristine deciduous
forest in Central Europe would look like, as there are
hardly any pristine deciduous forests existing at lower
altitudes in Central Europe due to historical land use.
Therefore, the Hainich site supplements well measure-
ments at other, managed beech forests within Europe
at Hesse (36 years, France:Granier et al., 2000, 2002),
Sorø (80 years, Denmark:Pilegaard et al., 2001),
Vielsam (94 years, Belgium:Aubinet et al., 2001) and
Collelongo (96 years, Italy:Valentini et al., 1996).

For all eddy covariance flux sites, the reliability of
nighttime flux measurements is of special interest. Un-
der stable atmospheric conditions, typically at night,
turbulence can be suppressed. Therefore, no net flux
is measured above the canopy although the biologi-
cal processes that contribute to respiration still take
place. In this case, CO2 enriched air is accumulated
within the canopy. By using profile measurements of
CO2 concentrations within the canopy, this CO2 stor-
age can be calculated and, in theory, the sum of both
fluxes, the turbulent flux plus the storage, should re-
flect the “true” total flux. However, this only holds
true if there is no local advection of air with a dif-
ferent CO2 concentration, a major problem at mea-
suring sites in complex terrain with a non-horizontal
surface. Especially at night, cooling of the air at the
surface leads to a higher density and therefore a down
slope drainage of cold air. If this CO2 enriched air is
replaced with air from outside the canopy (due to a
surface change, from aloft or due to a ridge), the CO2
storage measured at the site will be lower, leading to
an underestimation of the biological flux and therefore
an erroneous annual carbon flux.

The objectives of this study were to test the hy-
pothesis that forests at an comparatively late stage of
development are insignificant as carbon sinks, and to
investigate the driving variables for the carbon dioxide
exchange of an unmanaged beech forest. Additionally,
we assessed the reliability of our net flux estimates by
using within canopy wind profile measurements to de-
tect periods of cold air drainage at the Hainich tower
site.
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2. Materials and methods

2.1. Site description

The experimental site is located within the “Hainich
National Park”, near the city of Eisenach in Central
Germany (51◦04′46′′N, 10◦27′08′′E), 440 m a.s.l.).
The Hainich National Park was established in 1997
to protect one of the largest beech forests in Central
Europe and covers an area of about 7600 ha. Due to
a unique history as a military base for more than 60
years prior to 1997, a large part of the forest has been
taken out of management and developed basically
undisturbed. In the centuries before, the forest at the
Hainich tower site was used by the local village popu-
lation as a coppice with standard-systems (in German
Mittelwald) and therefore has not been exposed to
clearcut. As a consequence, the trees cover a wide
range of age classes with a maximum up to 250 years.
The forest is dominated by beech (Fagus sylvatica,
65%), ash (Fraxinus excelsior, 25%) and maple (Acer
pseudoplantanusand Acer plantanoides, 7%), with
some European hornbean (Carpinus betulus), elm (Ul-
mus glabra) and other deciduous species interspersed.
In the surroundings of the tower, the tree density is
about 330 trees ha−1 (stem diameter >7 cm), result-
ing in an above-ground stem carbon pool of about
130 t C ha−1 (Mund, personal communication). Max-
imum tree height varies between 30 and 35 m with a
maximum leaf area index (LAI) of 5.0 m2 m−2 and a
diverse structured canopy (3.5% gaps, Schmaltschin-

Table 1
Site characteristics of the unmanaged ‘advanced’ beech forest in the Hainich National Park

Measurement height (zg) (m) 43.5
Canopy height (hc) (m) 33
Displacement height (d = 0.66 hc) (m) 22
Aerodynamic height (zaero = zg − d) (m) 21.5

Roughness length (z0) (measured from turbulence data under neutral conditions) (m) 2.5± 0.9 (during growing season)
3.3 ± 1.0 (outside growing season)

Prevailing wind direction (◦) 200–240
Slope of wind field (prior 2D rotation) (◦) 2–3
Average vertical wind speed (prior 2D rotation) (m s−1) 0.01 ± 0.11
Average horizontal wind velocity (m s−1) 3.6 ± 1.6

Energy balance closure
For daily sums of net radiation (Rn), soil, latent and sensible heat flux (G, λE, H) (%) 96 (R2 = 0.94)
For 30 min daytime values without storage terms (%) 87 (R2 = 0.93)

ski, personal communication). Litter production was
2.8 ± 0.2 t C ha−1 in 2000 and 2.0 ± 0.2 t C ha−1 in
2001 (Cotrufo et al., 2002). Large amounts of dead
wood pools, mainly standing dead wood and coarse
woody debris (13.5 t C ha−1, Cotrufo et al., 2002),
reflect the unmanaged character of this forest.

The Hainich tower site is located in subo-
ceanic/subcontinental climate (long-term annual
means: 7.5–8◦C for air temperature, 750–800 mm
precipitation) on a gentle north facing slope (2–3◦
inclination). The forest surrounding the tower site has
an extension of more than 3 km in the prevailing wind
direction. The closest change in surface land use is
a small clearing located about 800 m perpendicular
to the prevailing wind, with only 5% contribution
to the overall wind distribution. A micrometeoro-
logical description of the measuring site is given in
Table 1. The typical forest phenology during the year
is characterised by a dormant season from Novem-
ber to March, a forest floor covered completely with
understory vegetation (Allium ursinum, Mercurialis
perennis, Anemone nemorosa) from April to October,
and leafed trees from May to October. Bud break of
the leaves based on field observations started 2 weeks
earlier in 2000 (∼25 April) than in 2001 (∼8 May).
Soils are fertile cambisols on limestone bed rock with
a depth of 50–60 cm. The soil is characterised by a
large clay content (40%, sand 4%) and a thin litter
layer. Soil carbon pools were 5.3 t C ha−1 in the or-
ganic layer and 124 t C ha−1 in the mineral horizons
(Rowland and Mund, personal communication).
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2.2. Instrumentation

Carbon dioxide, water vapor, heat and momen-
tum fluxes were continuously measured at a height
of 43.5 m during the years 2000 and 2001 using the
eddy covariance technique (Aubinet et al., 2000). The
flux system consisted of a triaxial sonic anemomenter
(Gill Solent R3, Gill Instruments, Lymington, UK)
and a fast response CO2/H2O infrared gas analyser in
absolute mode (LiCor 6262–3, LiCor Inc., Lincoln,
NE, USA). The sonic anemometer was placed at the
top of a 30 cm× 30 cm triangular meteorological
tower, while the infrared gas analyser was located at
the base of the tower. Air was drawn through Dek-
abon tubing (50 m length and 3.9 mm inner diameter,
Serto Jacob GmbH, Fuldabrück, Germany) and two
aerosol filters (one at the tower top, the second in
front of the IRGA, ACRO 50 PTFE 1�m pore-size,
Gelman, Ann Arbor, MI, USA) and pumped into
the gas analyser through a membrane pump (KNF
Neuberger, Freiburg, Germany). The flow rate was
controlled at 7 l min−1, providing turbulent flow in the
tubing. Sampling frequency was 20 Hz for the sonic
anemometer. For the infrared gas analyser, we used
the linear analyser output (analogue, digitised at the
sonic input unit) with an internal resolution of 5 Hz
for carbon dioxide and 3 Hz for water vapor. In addi-
tion, carbon dioxide and (after April 2001) also water
vapor concentrations were measured along a vertical
profile at nine heights (0.1, 0.3, 1, 2, 5, 10, 20, 30,
and 40 m) using an infrared gas analyser (LiCor 6251,
September 1999 to March 2001; LiCor 6262, April to
December 2001, LiCor Inc., Lincoln, NE, USA). Both
gas analysers were calibrated weekly. From April
to October 2001, intensive turbulence measurements
inside the canopy were performed. At additional
four heights (2, 10, 20, and 33 m), sonic anemome-
ters (Gill Solent R3, Gill Instruments, Lymington,
UK) measured the three-dimensional wind field and
sonic temperatures at 20 Hz. All data were stored
on a laptop using our own acquisition software Ed-
dyMeas (O. Kolle) and were regularly stored on
CD-ROM.

In addition, the tower was equipped with instru-
ments to measure photosynthetic photon flux density
(QP) (LI-190SA, LiCor Inc., Lincoln, NE, USA),
air humidity and air temperature (HMP35D, Vaisala,
Helsinki, Finland), air pressure (PTB101B, Vaisala,

Helsinki, Finland), wind velocity (A100R, Vector
Instruments, Denbighshire, UK) and wind direction
(W200P, Vector Instruments, Denbighshire, UK).
Precipitation (RainGauge, Young, Traverse City, MI,
USA) was collected inside and outside the forest:
at 1 m height about 4 m away from the tower and
about 800 m away on a forest clearing at about 3 m
height. Net radiation (Rn, Schulze-Däke LXG055,
Dr. Bruno Lange GmbH, Berlin, Germany) and
short-wave down and upward radiation (CM14, Kipp
& Zonen, Delft, The Netherlands) were measured
at the top of the tower. Additionally, diffuse solar
radiation was measured on the forest clearing using
a pyranometer in combination with a shadow ring
(CM11, Kipp & Zonen, Delft, The Netherlands).
Five soil heat flux plates (Rimco HFP-CN3, Mc-
Van Instruments, Mulgrave, Australia) at 2–3 cm soil
depth were used to measure the average soil heat flux
(G) in the neighborhood of the tower. Since March
2000, soil moisture was measured in one vertical soil
profile (5, 15, and 30 cm) and a horizontal pattern
with three sensors at 5 cm depth using Theta-probes
(ML-2x, DeltaT, Cambridge, UK). Since May 2001,
canopy air temperature was measured along a ver-
tical profile at 2, 10, 20, 30, and 40 m height using
ventilated thermometers (Frankenberger, Theodor
Friedrichs & Co., Schenefeld, Germany). Since June
2001, stem temperature was measured in three differ-
ent trees (Fagus, FraxinusandAcer) in three depths
within each stem, using PT-100-temperature sen-
sors. All data were collected every 10 s and stored
as 10 min average values with a data logger (CR23x
and CR10x, Campbell Scientific, Logan, UT, USA).
Power was supplied by a solar hybrid system (ASE
50-PWX, ASE GmbH, Alzenau, Germany), consist-
ing of 21 m2 solar panels, a 800 Ah battery pack
(24 V) and a generator (Honda EX 4000S, Honda,
Tokyo, Japan), which was located in a forest clear-
ing at a distance of 800 m perpendicular to the mean
wind direction. The generator started automatically
when sunlight was not sufficient to recharge the
batteries of the solar panel system. Matching gen-
erator running time and wind direction distribution
revealed that exhaust gases did not affect the flux
measurements.

Plant area index (PAI) was measured using a Plant
Canopy Analyser (Li 2000, LiCor Inc., Lincoln, NE,
USA) along a 300 m transect in southwest direction
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from the tower during April and November 2001.
Three repeated measurements were made every 10 m
using a 180◦ view cap, with a 120◦ turn after each mea-
surement. Additional measurements were performed
along three 200 m transects in the directions northwest,
northeast and southeast every 50 m. Leaf area index
is calculated as the difference between the measured
PAI during summer and winter times.

2.3. Flux calculations and corrections

The fluxes were calculated online after each
30 min interval with our own calculation software
EddyFlux (O. Kolle) using covariances of detrended
high-frequency time series of vertical wind velocity
and temperature, carbon dioxide density and water
vapor density. Turbulent carbon dioxide and water
vapor fluxes (FC,t andFH,t) and sensible heat flux (H)
were determined as

Fx = ρw′x′ (1)

H = ρcPw′T ′
sonic (2)

whereρ is the density of dry air,w the vertical wind
speed,x the mixing ratio of either CO2 or H2O, cP the
specific heat capacity of dry air andTsonic the sonic
temperature. Latent heat flux (λE) was calculated
from water vapor flux. Overbars denote time averages
and primes denote departures therefrom. Air tempera-
ture (Ta) and sensible heat flux (H) were corrected for
cross-wind and humidity using the method described
by Schotanus et al. (1983). The time lag between
measurements of vertical wind velocity and scalar
densities due to transport in the tubing was estimated
by cross-correlation between both time series and was
equal to approximately 5.4 s for carbon dioxide and
6.4 s for water vapor. The time shift was calculated
online for each 30 min interval, and data were cor-
rected by shifting the time series by the appropriate
time lag.Finnigan et al. (2003)found increasing CO2
fluxes for averaging periods longer than 30 min. We
calculated CO2 fluxes for July 2001 for intervals of
30, 60, 90, 120, 150, and 180 min, and found only
a variation of less than 3% in the cumulative July
CO2 flux. Therefore, we used 30 min intervals for all
calculations.

Frequency losses due to damping in the tubing and
to slow analyser response were corrected using the

approach byEugster and Senn (1995). The correction
parameter was determined from cospectral analyses of
vertical wind speed, sonic temperature, carbon diox-
ide and water vapor concentration time series. On av-
erage, carbon dioxide fluxes were corrected by 5±3%
and water vapor fluxes by 14± 9%. Cospectral anal-
ysis showed that high-frequency dampening for CO2
occurred mainly at frequencies higher than 0.5 Hz. At
our site, the flux contribution in this frequency range
was fairly small (ca. 5% > 0.5 Hz and 0.5% > 2 Hz).
Water vapor dilution corrections were made with
the internal software of the LiCor 6262; corrections
for differences between air pressure in the sampling
cell and the atmosphere were calculated automati-
cally with a built-in pressure transducer. As a result,
further corrections for density effects (Webb et al.,
1980) were not necessary (Leuning and Judd, 1996).
A 2D coordinate rotation was applied according to
McMillen (1988) to force the average vertical wind
speed (̄w) to zero and to align the horizontal wind (u)
to mean wind direction. To investigate the influence of
various coordinate rotations we also applied a 3D ro-
tation and a planar-fit rotation (Wilczak et al., 2001).
However, differences in the annual carbon flux were
small (−0.5% for 3D and+2.5% for planar-fit). To
validate the CO2 measurements with the closed path
infrared gas analyser (LiCor 6262–3), we performed
a short-term comparison with an open-path infrared
gas analyser (LiCor 7500, LiCor Inc., Lincoln, NE,
USA) in July 2002. The open-path measurements
showed very similar CO2 fluxes at the half hourly
time scale (y = 1.018x − 0.25, R2 = 0.98). Over a
period of 4 weeks, the open-path sensor measured a
slightly higher carbon uptake (7%) than the closed-
path sensor.

The CO2 flux associated with storage of CO2 be-
low the measuring height of the eddy covariance sys-
tem (FC,s) was determined in two ways: (a) as the
time change of an integrated spline function through
the CO2 profile measurements; (b) as the time change
of the CO2 concentration at the top of the tower. As
both storage fluxes had similar values, we used (b) for
further calculations because it reflects better the same
source area as the turbulent flux. Final CO2 fluxes
were calculated as the sum of the turbulent flux and
the storage term:

FC = FC,t + FC,s (3)
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Fluxes into the ecosystem (e.g. assimilation) are
noted with a negative sign, while fluxes from the
ecosystem to the atmosphere (e.g. respiration) are
given with a positive sign.

Available data covered 88% of the measurement
time in 2000 and 2001. Small gaps (up to 2 h)
due to instrumental errors were filled using inter-
polation; larger gaps were filled with empirical re-
gressions for respiration and assimilation derived
for monthly intervals. Since these empirical regres-
sions should reflect ecosystem processes, only data
of high quality were accepted. Non-stationary data
(Foken and Wichura, 1996), data with high vari-
ance (variance [CO2] > 5 and variance [H2O] > 1)
and nighttime data under lowu∗ conditions (u∗ of
0.4 m s−1 in summer and 0.5 m s−1 in winter) were
excluded from regression analysis. Gaps in daytime
data (QP > 10�mol m−2 s−1) were filled by an
Michaelis–Menten equation

FC = a′QPFP,s

FP,s + a′QP
+ FR,d (4)

with FC representing the measured net ecosystem ex-
change,a′ the ecosystem quantum yield,FP,s reflect-
ing the gross primary productivity at light saturation,
and FR,d the ecosystem respiration during the day
(Falge et al., 2001). Gaps in nighttime fluxes (night-
time ecosystem respiration,R) were filled using an ex-
tended Arrhenius function (Lloyd and Taylor, 1994),
which expresses the dependency ofR on soil temper-
ature (Ts) as follows:

R = R10e
A(1/(B−C)−1/(Ts−C)) (5)

whereR10 denotes ecosystem respiration at 10◦C; A,
B andC are constants (A = 308.56 K, B = 283.15 K,
C = 227.13 K; Lloyd and Taylor, 1994).

An analytical footprint model bySchuepp et al.
(1990)was used to estimate source areas for the mea-
sured fluxes. Under neutral atmospheric conditions,
the source weight function peaked at approximately
80 m distance from the tower, 50% of the integrated
source weight function was reached at 200 m, and
80% at 700 m. Throughout the entire text, daytime is
defined withQP > 10�mol m−2 s−1, and nighttime
with QP < 10�mol m−2 s−1. Growing season is de-
fined as the period from the first to the last day with
a 24 h net carbon uptake.

3. Results

3.1. Local weather and meteorology

The average air temperature at the Hainich tower
site was 8.7◦C in 2000, with a absolute minimum
of −10.7◦C in December and maximum tempera-
tures of 30.6◦C in June, while the average tempera-
ture in 2001 was 8.1◦C, with a minimum of−13.2◦C
in December and a maximum of 30.8◦C in August.
However, both years differed mainly during the sum-
mer (Fig. 1). During the summer 2000, June was the
month with the highest temperatures and highest va-
por pressure deficits, followed by a fairly mild and
rainy July. During 2001, a mild June was followed by
a hot and dry summer (July and August) with very
low soil moisture values over a period of 4 weeks in
August. Maximum soil moisture values were reached
typically in early spring (45% in April 2000 and 48%
in April 2001) and minimum values in late summer
(20% in August/September 2001). In total, precipita-
tion was 15% lower in 2001 (770 mm) than in 2000
(911 mm).

Air and soil temperatures in 2 cm depth were
closely related with a maximum correlation at a time
lag of 2.5 h (R = 0.93). However, both tempera-
tures showed profound differences in annual and
daily amplitudes (Fig. 2a). Soil temperature reached
its maximum in late August 2001 with 16.8◦C.
Soil frost was only observed for a few days during
winter, with a minimum soil temperature in De-
cember 2001 (−1.1◦C). Photosynthetic photon flux
density (QP) varied between 55 mol m−2 per day
in summer and 7 mol m−2 per day in winter. Mid-
day albedo values (Fig. 2c) showed a clear annual
pattern with low values in winter (5–10%), a sharp
transition phase during leaf development and high
values during summer (14–18%). During the grow-
ing season, there was a continuous decline from
about 18–14%, probably indicating increased leaf
darkness with senescence. During leaf fall, albedo
dropped abruptly to low winter values. Large scat-
ter was observed in winter as an effect of snow
reflectance. Plant area index was 1.4 m2 m−2 in
winter and 6.4 m2 m−2 in late summer, resulting
in a maximum LAI of 5.0 m2 m−2 in September
2001. The annual pattern of PAI matched that of
albedo.
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Fig. 1. Weekly averages of (a) air temperature (Ta), vapor pressure deficit (D); and (b) soil moisture as well as weekly precipitation are
shown for the years 2000 and 2001. Measurements of soil moisture started in March 2000 and are averaged for three sensors in 5 cm depth.

3.2. Wind profiles within the canopy

Wind direction within (33, 20, 10, and 2 m) and
above the canopy (43 m) showed striking relationships
(data from May to August 2001,Fig. 3). Wind direc-
tion at the canopy top (33 m) showed the expected 1:1
relationship with the wind direction above the canopy
(43 m), reflecting close coupling. The deeper is the
canopy (20, 10, and 2 m), the more scatter appeared,
and the 1:1 line was converted into a pattern with three
main axes: (1) the expected 1:1 line; (2) a horizontal
line along 180◦ for the wind within the canopy; and
(3) a vertical line along 225◦ for the wind above the
canopy.

We suspected that these three axes might reflect dif-
ferent atmospheric conditions and therefore separated
the data set of the wind measurements into nine dif-
ferent classes of friction velocity (u∗) measured with

the sonic anemometer above the canopy (2 m versus
43 m,Fig. 4). Now, the three axes can be clearly sepa-
rated: (a) for conditions withu∗ < 0.4 m s−1, when the
horizontal axis dominated, mainly during nighttime.
This indicated that independent of the wind above the
canopy, the wind within the canopy always came from
the south (180◦), following the inclination of the slope;
(b) for conditions with 0.4 m s−1 < u∗ < 0.6 m s−1,
when the diagonal 1:1 axis dominated the pattern, in-
dicating a tight coupling of above and within canopy
flow; and (c) for conditions with 0.6 m s−1 < u∗,
when the vertical axis along 225◦ dominated, which
occurred mainly during daytime. Under these highu∗
conditions, a clockwise turn of the wind field with in-
creasing depth in the canopy was observed, possibly
indicating the formation of a cavity with reverse sur-
face wind direction due to flow over a hilly landscape
(Stull, 1988, p. 601). The effect of friction velocity on
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Fig. 2. Daily averages of (a) air temperature (Ta), soil temperature
in 2 cm depth (Ts); (b) photosynthetic photon flux density (QP); and
(c) midday albedo (12:00–14:00 h) and plant area index (PAI) for
the Hainich tower site. Bars for PAI represent standard deviation
of measurements along a transect.

the wind pattern was also observed for the other mea-
surements heights within the canopy (20 and 10 m),
though to a smaller extent (data not shown).

3.3. Net CO2 fluxes

Diurnal courses of net CO2 fluxes showed pro-
found changes during both year (example given
for year 2000, similar fluxes in 2001,Fig. 5a).
In winter (e.g. January), CO2 was lost from the
ecosystem to the atmosphere at an average rate

of 1.1–1.3�mol m−2 s−1 and showed no fluctua-
tions over a 24 h period. In contrast, during April
to October, nighttime CO2 fluxes increased to
3.0–4.1�mol m−2 s−1, with highest nighttime fluxes
in May (4.1�mol m−2 s−1, daily average) followed
by a constant decline (Fig. 5b). On average, mid-
day fluxes were about−15.4�mol m−2 s−1 in May,
−19.6�mol m−2 s−1 in June, −16.1�mol m−2 s−1

in September and−4.8�mol m−2 s−1 in October
(Fig. 5a). Individual half hourly CO2 fluxes could
easily exceed−40�mol m−2 s−1 during midday in
July (average CO2 flux 21.1�mol m−2 s−1, data not
shown). Although midday fluxes were similar in May
and September 2000, differences existed in the num-
ber of hours per day with a net carbon uptake (13.5 h
per day in May versus 10 h per day in September).

The gross primary productivity at light saturation
(FP,s), calculated from a Michaelis–Menten regres-
sion (Table 2), was higher in May 2000 than in
May 2001, probably reflecting the delayed leaf de-
velopment in 2001.FP,s was highest in July 2000
(−47.6�mol m−2 s−1), clearly higher than in July
2001 (−39.8�mol m−2 s−1). In both years,FP,s was
higher in September than in May, although midday
fluxes were approximately the same. Quantum yield in
2000 was higher in the beginning of the summer than
later, whereas in 2001 higher quantum yields were
reached by the end of the summer. Daytime respira-
tion (FR,d) ranged between 1.5 and 5.0�mol m−2 s−1,
with highest values in June for both years.

From June to September,QP explained about
70–90% of the observed variation in daytime net
ecosystem CO2 fluxes. The residuals showed a weak,
but significant relationship with the ratio of dif-
fuse downward radiation to total downward radia-
tion (larger uptake with increased ratio,R2 = 0.3,
P ≤ 0.001) and with vapor pressure deficit (smaller
uptake with increasedD, R2 = 0.2, P ≤ 0.001).

Nighttime CO2 fluxes, which directly reflect ecosys-
tem respiration at night, were dependent mainly on
air (data not shown) and soil temperature (Fig. 6).
We used soil temperature as independent variable
as it showed a similar temperature range during day
and night, necessary to adequately model daytime
ecosystem respiration from nighttime flux data. For
2001, a strong relationship between soil tempera-
ture and nighttime CO2 fluxes was found, when data
from spring (1–15 May), a dry period in summer (28
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Fig. 3. Comparison of above (43 m) and within canopy (33, 20, 10, and 2 m) wind direction. Half hourly averaged data from May to
August 2001.

Table 2
Parameter for Michaelis–Menten equations (Eq. (4)) to fill daytime data gaps

Year Month Quantum yield (�mol m−2 s−1) FP,s (�mol m−2 s−1) FR,d (�mol m−2 s−1) R2
adj

2000 April −0.023 −6.3 3.3 0.25
May −0.085 −23.3 4.9 0.58
June −0.094 −30.8 5.0 0.68
July −0.073 −47.6 4.2 0.89
August −0.061 −38.1 4.1 0.78
September −0.085 −28.9 4.3 0.72
October −0.040 −19.8 2.4 0.66

2001 April −0.009 −3.2 1.5 0.29
May −0.052 −17.7 4.5 0.46
June −0.072 −36.4 4.4 0.83
July −0.059 −39.8 4.0 0.78
August −0.068 −37.9 4.4 0.75
September −0.071 −39.2 3.4 0.88
October −0.035a −30.0a 2.1a 0.57a

Regression parameters are fitted to daytime data for ecosystem quantum yield, gross primary productivity at light saturation (FP,s) and
ecosystem respiration during daytime (FR,d). No assimilation was measured from November to April. In October 2001, calculation of
representative parameters was not possible due to missing data (2 weeks).

a Gap filling parameters for October 2001 were derived from a mix of late September and late October data.
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Fig. 4. Comparison of wind direction in 2 m vs. 43 m for nine different classes of friction velocity,u∗. Half hourly averaged data from
May to August 2001.

July to 3 September), and just after leaf fall (10–16
November) were excluded (R10 = 3.17, R2 = 0.81,
P < 0.001). Including those periods into the overall
regression analysis created substantial scatter (R10 =
3.14,R2 = 0.64,P < 0.001), but changed the regres-
sion coefficientR10 by less than 0.1�mol m−2 s−1.
Soil moisture explained 13% of the residual vari-
ance. In spring, during bud break, nighttime CO2
fluxes were significantly higher than predicted by
the regression function (P < 0.001), possibly reflect-
ing the increased resource demand of trees for bud
break. A similar increase in the flux rates appeared
just after leaf fall in November (P = 0.003). With a
canopy camera, we observed a rapid decline in leaf
biomass in two windy nights (9 and 10 November,
horizontal wind speed >6 m s−1). In the three follow-
ing days, nighttime CO2 fluxes increased from an
average of 1.5�mol m−2 s−1 to 5.6�mol m−2 s−1,
decreased over the next 5 days to 2–3�mol m−2 s−1,
before returning to previous, low values. During

the same time, albedo dropped below 10% (Fig. 2),
most likely indicating that increased litter availabil-
ity for microbial decomposition caused this increase
in nighttime CO2 fluxes. On the other hand, during
a dry period in summer, nighttime CO2 fluxes was
significantly lower than predicted by the regression
line (P = 0.03, Fig. 6) probably reflecting drought
stress. If calculated on a monthly basis from 30 min
averages,R10, the respiration at 10◦C calculated from
Eq. (5), varied substantially over the course of the
year (Fig. 7a). Maximum R10 values were reached
in both years in spring and fall (4.5�mol m−2 s−1,
triangles) and minimumR10 values in late summer
(2.5�mol m−2 s−1) resulting in an averageR10 of
3.3�mol m−2 s−1 including the high values in spring
and fall or 3.1�mol m−2 s−1 excluding the high val-
ues in spring and fall. Soil moisture followed a similar
pattern with high values in winter and low values in
late summer, explaining 43% of the observed varia-
tion in R10 at the monthly scale (P ≤ 0.003, linear
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Fig. 5. (a) Average diurnal courses of CO2 fluxes for the months
January, May, June, September and October 2000; (b) annual
course of average nighttime and midday flux during the year 2000.
The rectangles in (a) indicate the data that were used to calculate
average nighttime and midday fluxes in (b).

Fig. 6. Dependency of daily averaged nighttime fluxes (friction velocity above threshold, quality checked) on soil temperature in 2001.
Data for bud break (27 April to 15 May 2001), for a dry period in summer (drought, 10 August to 5 September 2001) and from just after
leaf fall (1 November to 10 November 2001) are circled (open triangles). Regression analyses excluding (R2 = 0.8) and including circled
data (R2 = 0.6) resulted in significant relationships (P < 0.001).

regression), when the high nighttime CO2 fluxes in
spring and fall were excluded. Respiration during day-
time as calculated from nighttime fluxes and temper-
ature regression agreed well with daytime respiration
inferred from the Michaelis–Menten regression (FR,d)
giving confidence in the nighttime measurements.

Daily net ecosystem CO2 fluxes varied between 3
and−9 g C m−2 per day during the year (Fig. 8). In
both years, large carbon release to the atmosphere was
observed just before and during bud break of the domi-
nant beech trees as well as just after leaf fall. In winter,
daily carbon fluxes decreased from about3 g C m−2

per day (November/December) to 1–2 g C m−2 per day
(January to March). The seasonal course of net ecosys-
tem fluxes showed the delayed start of the growing
season in 2001 in comparison to that in 2000 (13
days later) due to lower air temperature in spring. The
length of the growing season, defined as the number of
days from the first day with 24 h net uptake to the last
day with 24 h net uptake, was 177 days in 2000 and
157 days in 2001. Using this definition, the growing
season length was much shorter than the time inter-
val with average air temperature higher than 5◦C as
typically used in forestry (208 days in 2000, 196 days
in 2001). However, in 2000 carbon uptake dropped
quite rapidly due to a cold period in early October,
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Fig. 7. (a) Temporal variation of nighttime flux temperature regression coefficientR10 and soil moisture in 5 cm depth during the years
2000 and 2001; (b) relationship between soil moisture andR10; high R10 values from April and May 2000 and 2001 (solid triangles) were
excluded from the regression.

whereas in 2001 a mild October led to a fairly long
period with low 24 h net carbon release due to small
ongoing uptake during daytime. As a result, cumula-
tive CO2 fluxes were quite similar in both years de-
spite the difference in the amount of days with 24 h
net uptake. Cumulative CO2 fluxes reflected a large
carbon uptake: 494 g C m−2 in 2000 and 490 g C m−2

in 2001, which was in good agreement with the fairly
large observed litter production. Ecosystem respira-
tion, as calculated from measured nighttime fluxes and
modelled daytime respiration, reached 1086 g C m−2

in 2000 and 1050 g C m−2 in 2001. Total gross assimi-
lation, as the difference of net ecosystem exchange and

ecosystem respiration, was−1580 g C m−2 in 2000
and−1540 g C m−2 in 2001.

Annual CO2 fluxes were corrected for suppressed
turbulence under low friction velocity conditions as
commonly done within the flux community (e.g.
Aubinet et al., 2000). Friction velocity threshold
values were calculated for summer (0.4 m s−1) and
winter (0.5 m s−1) from relationships of total CO2
flux (turbulent plus storage fluxes, 30 min values)
versus friction velocity (data not shown). Since these
threshold values control the fraction of nighttime and
winter data that have to be replaced by modelled
data (from nighttime flux temperature regression) and
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Fig. 8. Daily CO2 fluxes for the years 2000 (−494 g C m−1 per
year) and 2001 (−490 g C m−1 per year). The period of days with
net carbon uptake was 177 days in 2000 and 152 in 2001. Data
are friction velocity corrected.

hence have a tremendous influence on the total an-
nual CO2 flux, a sensitivity test for the year 2000 was
performed. With no data being replaced, the net CO2
flux for the Hainich site reached about−600 g C m
in 2000 (Fig. 9). With increasing friction velocity
threshold the annual carbon uptake decreases. For
realistic threshold values (0.35–0.45 m s−1, dashed
box), the total annual CO2 flux ranges between−510
and −480 g C m−2. For thresholds above 0.45 m s−1

Fig. 9. Sensitivity of annual CO2 flux in 2000 to different friction velocity thresholds (u∗) for nighttime data exclusion. The dashed area
indicates the range with realistic threshold values foru∗. We used 0.4 m s−1 during the growing season and 0.5 m s−1 for outside of the
growing season (marked by the arrow). Error bars indicate the change in the annual CO2 flux due to a 0.1�mol m−2 s−1 change in the
respiration coefficient (R10). The dotted line represents the fraction of data that were used for calculation.

total carbon uptake remains fairly constant giving
confidence in our annual estimate. Additionally, the
sensitivity of the total annual CO2 flux to changes
in the respiration coefficient (R10) is indicated by the
bi-directional error bars for each annual flux estimate.
The more data were replaced, the stronger was the
influence of a±0.1�mol m−2 s−1 uncertainty inR10
on the total carbon flux. If we conservatively estimate
an uncertainty of 0.3�mol m−2 s−1 in R10, we obtain
a combined uncertainty of less than±50 g C m−2 per
year for the annual carbon uptake due to nighttime gap
filling. These 50 g C m−2 per year represent about 10%
of the annual carbon uptake of the Hainich tower site.

4. Discussion

The eddy covariance technique has proved to be a
successful tool to study net ecosystem exchange of
carbon dioxide for forest ecosystems (Baldocchi et al.,
2001). Nevertheless, uncertainties in the annual car-
bon uptake arise from systematic underestimation of
nighttime flux measurements (Goulden et al., 1996).
Therefore, it is of critical importance to detect periods
when the eddy covariance technique cannot be applied.
At our site, the wind profile measurements within
the canopy revealed that under conditions of low
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turbulence (low friction velocity) the within canopy
air flow was independent from the above canopy flow,
accounting for 30% of the annual nighttime data cov-
erage. The within canopy air flow was always directed
from the south and therefore followed the inclination
of the slope, although it was only 2–3◦. Since these
conditions of decoupling can lead to an underestima-
tion of CO2 storage within the canopy, all data for
0 m s−1 < u∗ < 0.4 m s−1 were excluded and re-
placed by a soil temperature regression. For medium
u∗ values, above and within canopy flow were closely
coupled, indicating appropriate conditions for eddy
covariance measurements. Under conditions with high
friction velocity, above and within canopy flow were
also coupled, but wind direction shifted with decreas-
ing height within the canopy to the right, possibly as
a consequence of the formation of a cavity with re-
verse surface wind direction. This shifting possibly in-
fluenced the length of the footprint and its direction,
but had no detectable impact on the measured CO2
fluxes. Thus, the measurement of the within canopy
wind field helped to detect periods of potential cold
air drainage and showed that friction velocity is a rea-
sonable parameter to determine when to exclude data
for long-term carbon balance measurements.

This new approach to determine theu∗ threshold
supplements the usualu∗ correction method (Goulden
et al., 1996). Since at many flux stations within canopy
flux measurements are performed, the comparison of
above and within wind direction can be a suitable tool
for cold air drainage detection at other sites in com-
plex terrain as well. Using this new technique for the
measurements at the Hainich tower site, we could be
sure that data affected by cold air drainage were ex-
cluded from the annual carbon budget. In combination
with the sensitivity test for nighttime gap filling, we
estimated that the uncertainty in the annual carbon up-
take introduced by problems associated with nighttime
measurements was less than±50 g C m−2 per year,
only about 10% of the total cumulative C flux. These
test strengthen the results, that this unmanaged beech
forest was a strong carbon sink during the years 2000
and 2001.

QP and vapor pressure deficit were major driving
variables for ecosystem gross assimilation as typi-
cally observed for other deciduous forests as well
(e.g.Valentini et al., 1996; Goulden et al., 1996). Fur-
thermore, the ratio of diffuse to total downward radi-

ation affected photosynthesis (Hollinger et al., 1994;
Baldocchi, 1997; Gu et al., 1999). Under diffuse con-
ditions, radiation is scattered more strongly, increas-
ing the probability for radiation to penetrate deeply
into the canopy. As a consequence, a larger proportion
of leaf biomass can actively participate in photosyn-
thesis. Additionally,Gu et al. (1999)pointed out the
importance of the interdependencies of air temper-
ature, vapor pressure deficit and radiation, leading
to increased photosynthesis under cloudy conditions.
Absolute values of gross primary productivity at light
saturation (FP,s) and quantum yield values observed at
the Hainich tower site were slightly higher than those
from a beech site in Sorø, Denmark, whereFP,s ranged
between −20 and −35�mol m−2 s−1 and quan-
tum yield between−0.02 and−0.063�mol�mol−1

(Pilegaard et al., 2001), possibly reflecting the higher
LAI at the Hainich tower site. During the course of
both years, we observed higher values forFP,s in
September than in May, although maximum carbon
uptake rates were similar. This clearly indicates that
leaf growth and physiology controlled ecosystem
photosynthetic uptake.

The observed nighttime CO2 flux rates, i.e. night-
time ecosystem respiration, strongly depended on
soil temperature, but varied significantly during three
specific periods of the year: during a dry period
in summer, during bud break as well as leaf fall.
Decreased respiration rates under water stress with
high soil temperatures have been reported by sev-
eral groups, mostly from the Mediterranean region
(Matteucci et al., 2000; Reichstein et al., 2002).
Nevertheless, our measurements clearly showed that
even for a temperate deciduous forest with fairly
large annual precipitation sums (800–900 mm), wa-
ter limitation can occur at the ecosystem level. At
our site, soil water availability might be limited dur-
ing certain times due to a large clay content of the
soil. On the other hand, increased nighttime fluxes in
spring and fall clearly reflect phenological changes at
the ecosystem level. These changes in the flux rates
cannot be explained by simple abiotic factors (such
as temperature or moisture), but are related to plant
physiology during bud break and leaf fall (Schulze,
1970). All these intra-annual variations can lead to
a significant underestimation of annual ecosystem
respiration, particularly when a single exponential
function is applied to model ecosystem respiration at
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an annual time scale. In our case, not accounting for
the high respiration coefficients in spring would lead
to an underestimation of total ecosystem respiration
of about 85 g C m−2 per year and as a consequence,
an overestimation of the net annual carbon uptake of
about 15 g C m−2 per year. Thus, accounting for those
short-term phenological effects is critical for gap fill-
ing methods, which should be based on monthly or
bi-weekly data to adequately represent intra-annual
variation in net ecosystem exchange.

The annual carbon uptake of the Hainich tower
site compared well to other beech forests across
Europe, although those other forests are all man-
aged and much younger compared to our site. For
a 96-year-old beech stand in northern Italy (Colle-
longo), a net uptake of 470 g C m−2 was reported for
1994 and 660 g C m−2 for 1997 (Valentini et al., 1996,
2000b). A 94-year-old mixed beech/Douglas fir forest
in Belgium showed a total net uptake of 452 g C m−2

in 1996, 378 g C m−2 in 1997, and 519 g C m−2 in
1998 (Granier et al., 2003). Lower carbon uptake
was found for a 80-year-old beech forest for Sorø,
Denmark (169 g C m−2 in 1997 and 124 g C m−2

in 1998) which also had a shorter growing season
(Pilegaard et al., 2001); and for a young French beech
site (30 years, 218 g C m−2 in 1996, 257 g C m−2 in
1997, 79 g C m−2 in 1998, and 299 g C m−2 in 1999,
Granier et al., 2000, 2003). In a global comparison,
Baldocchi et al. (2001)showed that length of the
growing season explained 82% of the observed varia-
tion in net carbon uptake for a wide range of temper-
ate deciduous forests. Our data from the first 2 years
of measurements at the Hainich tower site fit well
into this pattern, although our site shows the typical
characteristics of an unmanaged ‘advanced’ forest.

So far, only few measurements of net ecosystem
CO2 exchange have been carried out in forests at a
late stage of development worldwide. A more than
300-year-oldNothofagusstand in New Zealand re-
vealed significant carbon uptake during a 15 day mea-
surement campaign (Hollinger et al., 1994). At an
annual basis, a 250-year-old ponderosa pine forest
showed a net carbon uptake of 324 g C m−2 in 1996
and 266 g C m−2 in 1997 (Law et al., 2000). Recent
measurements in a 450-year-old Douglas fir/western
hemlock site showed carbon uptake of 150 g C m−2 for
1998/1999 (Falk et al., 2002). Carbon release has also
been reported for other ‘advanced’ coniferous forests

on peaty soils in the boreal zone (Milyukova et al.,
2002; Goulden et al., 1998). However, all those car-
bon budget were much lower than our results from 2
years of continuous measurements of carbon dioxide
fluxes from a deciduous temperate forest.

5. Conclusions

We found unexpectedly high carbon uptake rates
during 2 years for an unmanaged ‘advanced’ beech
forest (490–494 g C m−2 per year), which is in con-
trast to the widely spread hypothesis that ‘advanced’
forests are insignificant as carbon sinks. Even if we
take methodological uncertainties into account and
conservatively estimate an overall error of 20%, a
large carbon uptake for the Hainich tower site remains,
which is significantly different from 0. Thus, for this
forest, assimilation is clearly not balanced by respira-
tion, although this site shows typical characteristics of
an ‘advanced’ forest at a comparatively late stage of
development, i.e. a wide tree age class distribution, a
diverse canopy structure and dead wood carbon pools.
More research is currently going on to understand the
carbon dynamics at the Hainich tower site, such as soil
respiration, changes in soil carbon stocks, biomass in-
crements and to clarify potential long-lasting effects
of historical land use. These aspects will gain further
importance because of the issue of biological carbon
sinks in the Kyoto Protocol. Although in the negoti-
ations, most attention was given to relatively young
and managed forests (Schulze et al., 2002), ‘advanced’
forests should not be neglected a priori. As a result of
our study, we clearly showed that unmanaged forests
at a comparatively late stage of stand development
have the potential to act as significant carbon sinks.
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BELOW IS THE COMMENT YOU SELECTED TO DISPLAY. 
COMMENT 22 FOR FORESTRY GREENHOUSE GAS ACCOUNTING PROTOCOLS (FORESTGHG07) - NON-REG.

First Name: Mark
Last Name: Harmon
Email Address: mark.harmon@oregonstate.edu
Affiliation: Oregon State University

Subject: comments on Forest Protocols
Comment:

Mary Nichols, Chair
California Air Resources Board
Sacramento, CA 95812
Fax: (916) 322 - 3928

Re:     CARB Consideration of the California Climate Action Registry
Forest Protocols

Dear Chair Nichols and other members of the Air Resources Board:

I am writing your board to clarify some of the scientific and
technical issues related to the proposed California Climate Action
Registry Forest Protocols that appear to have been raised in
discussions leading up to the California Air Resources Board’s
deliberations on endorsement of the Forest Protocols.  I do so as
a scientist that has been involved in studying the issue of carbon
stores in forests for over 20 years.  During this time I have
published scores of peer-reviewed papers on this subject,
developed models of the processes involved, taught undergraduate
and graduate level classes, presented findings in national and
international scientific conferences and symposia as well as
public and government briefings, and been involved in the
development of national level research plans to study carbon
dynamics.  I am considered to be an expert in this arena and my
advice has been sought out by fellow scientists, government
agencies (state and federal), private land owners, consultants,
NGO’s and many others. In fact I was asked to provide guidance on
the Forest Protocols when they were initially being developed.

Below I list some important points regarding specific issues that
appear to have been raised. 

Carbon Sequestration by Younger versus Older Forests

It is very disappointing to find that arguments are still being
made that younger forests are better for climate mitigation than
older ones.  The mistaken basis for this argument is that younger
forests store carbon at faster rates than older forests.  There is
a grain of truth to the assertion that forests at a relatively
young age do have the potential to take up more carbon than older
forests.  But it is also true that forests younger than this
optimum age also take up less carbon.  Indeed immediately after
disturbance very young forests are releasing carbon as the dead
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material caused by the disturbance (including timber harvests)
decomposes. Averaged over the entire period between disturbances,
the average flow into a forest equals the amount going out as long
as the same type of disturbance is repeated. This finding has been
repeatedly demonstrated in scientific examinations of this issue. 
The key is therefore not the rate of carbon uptake or 
release at any particular time, but the average amount stored over
time. I am not aware of a single scientific study in which the
average carbon store of a forest disturbed by clear cut harvesting
at a long interval is smaller than one disturbed at a shorter
interval.  Not a single study, and I just performed a literature
search on this very issue.  In addition to the interval between
disturbances, another important factor is the amount of carbon
removed by each disturbance.  Timber harvest, clear cutting in
particular, removes more carbon from the forest than any other
disturbance (including fire).  The result is that harvesting
forests generally reduces carbon stores and results in a net
release of carbon to the atmosphere.        
  
Another mistaken notion is that the Forest Protocols should focus
on rates of uptake and not changes in stores or stock changes. 
Scientists refer to these rates of carbon uptake and release as
fluxes. One must measure all the positive and negative fluxes to
understand the overall balance (much like in a bank balance in
which one must account for all the sources of income and expenses
for it to make sense). Simple mathematics tells us that as long as
all the relevant fluxes in and out of the forest are measured the
answer will be the same as if the changes in stocks are measured. 
The only difference is that measuring changes in stocks is far
easier and cheaper than accounting for all the fluxes. Scientists
measure fluxes to understand the mechanisms, but there is no need
to do this to determine the net change in carbon stores. A net
increase in stores is related to a positive flux into the forest,
a net decrease a negative flow out to the atmosphere, and no
change means the flows in and out are equal.  Both methods are
scientifically valid. 

Accounting for Wood Products 

In the Forest Protocols wood products are treated as an optional
carbon store.  I believe this is completely appropriate for
several reasons.  While it is true that some of the carbon
harvested from a forest is stored for a period of time it is not
the case that this material is stored forever.  Similar to other
forest-related pools, it is the balance of inputs versus outputs
that determines whether the wood products pool is increasing or
decreasing.  Not all harvested carbon results in storage into
longer term pools.  A considerable amount, estimated by the
guidelines to be 40%, is released to the atmosphere during
manufacturing and initial use. The remaining amount suffers losses
during use from fires, decomposition, and other factors.  We know
this because about half the wood products that are produced today
are used to replace the ones that have been in use.  I believe the
Forest Protocols addresses these issues adequately by providing
reasonable conversion factors, manufacturing losses, and product
life-spans that are based on previous peer-reviewed scientific
studies.  
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Setting aside the specifics of how forest products could be
tracked, there are several reasons to make forest products
optional at this time.  First, is that even when this store is
included it only comprises a small fraction of the total forest
system stock of carbon. Again, based on a recent literature
review, less than 20% of the total forest system carbon story is
held in forest products.  The average fraction is likely less than
10%.  Second, unlike carbon in the forest itself, it is 
impossible to specifically account for where forest products end
up. Therefore there is no way to confirm the carbon stores are
actually present.  At least with a forest one can visit the actual
site of storage. Third, it is difficult to demonstrate the new
forest products meet additionality requirements: some of the new
material replaces old material and hence there is no real
additionality.  Granted the new harvest may help to maintain
current stores in forest products and that is accounted for under
the proposed Forest Protocols.   Fourth, the project supplying the
raw material has a limited ability to control the various products
that are produced and how and where they are used, which means
that the exact contribution to forest products pools is highly
uncertain.  At best the average storage rates can be computed
until a better way (probably incurring a great deal of expense) to
track the actual uses and life-span of products is developed.  

Use of default biomass coefficients

While it would be ideal if one could directly measure all the
carbon in a forest this is not practical at this time.  Instead
one must relate the size of the trees and other items to the
amount of carbon they store.  By making very detailed measures of
dimensions of each object (e.g., each tree) one can compute
volumes and coupling that with measurements of carbon content per
unit volume of each object one can very precisely determine carbon
stores in many kinds of forest pools. Unfortunately that would be a
very expensive process.  A more economical approach is to develop
biomass equations from a subsampling of trees or other objects. 
However, this too is has considerable expense and requires
technical training.  For those unable to develop or afford project
specific biomass equations, the Forest Protocols provide default
biomass regression equations that are reasonable and sound.  These
default equations were developed by respected and leading
scientists in the field of forest inventory (Richard Birdsey,
Linda Heath, Jennifer Jenkins and David Chojnacky) and were based
on a nationwide literature search using many thousands of diameter
measurements from a wide selection of many North American tree
species.   The equations were peer-reviewed, published by the USDA
Forest Service, and have become a national standard for scientific
study.

I see benefits other than economic ones in using the standardized
default equations.  It places everyone on equal footing and allows
for standardized checking of results. While the absolute carbon
store may be systematically over- or underestimated by these
equations, these biases are greatly reduced when the net change in
stocks is considered.  I see nothing whatsoever preventing
landowners from developing site specific biomass equations that
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are more accurate than the default ones. The only restriction is
that the equations are approved by a third-party certifier, a step
that is essential to assure a credible program.   

Use of growth and yield models 

At the start of any project, it is logical to project the
potential increases in carbon stocks.  Projects unable to at least
predict a positive increase in carbon stores should not be
considered viable. Projections are ideally based on results from 
similar kinds of projects, but given the early stages of forest
carbon management, these data rarely exist.  A viable alternative
is use models to estimate potential project benefits. The Forest
Protocols specify a number of timber growth and yield models
including CACTOS (California Conifer Timber Output Simulator),
CRYPTOS (California Conifer Timber Output Simulator), FVS (Forest
Vegetation Simulator), SPS (Stand Projection System), VFP (Visual
Forester Professional), and FREIGHTS (Forest Resource Inventory
Growth, and Harvest Tracking System). I will not comment on the
merits of these specific models, however, I do note they were
pre-approved by the California Climate Action Registry and the
California Department of Forestry and Fire Protection which would
seem to be the appropriate institutions to conduct a model
evaluation and approval. If the models have a shortcoming it is
that they are largely focused on the live part of the forests and
do not include the other forest carbon pools. Still it is unlikely
that forests will increase overall carbon stores if the tree stores
are decreasing; therefore these models are a logical starting
point. 

As with other aspects of the Forest Protocols, projects are given
flexibility to develop their own projection models so long as they
have been reviewed by technically competent peers, are
parameterized for the specific conditions of the project, are used
within the scope for which they were developed and evaluated, and
are clearly documented.  Frankly I do not understand why anyone
would trust a model that was not reviewed, was parameterized for a
different set of conditions, and used for purposes it was not
developed for or was not documented. That would be completely
illogical. The Protocols also correctly point out that a
sensitivity analysis should be performed and that the models
should be periodically reviewed. Clearly it would be impossible to
understand any model unless one understands the various
uncertainties associated with it.  Periodic review is required
because models change as does the science they are based upon. 
The Forest Protocol requirements of annual reporting and direct
sampling of forest carbon (over ten year intervals) ensure that
the model projections are compared with ground-level data. By
coupling models and data one can more accurately forecast future
changes in carbon stores. Besides, the measured changes in carbon
stores are what actually happened, projections just what might
have happened. 

Requiring Confidence Level be Determined

While it is true carbon is carbon, not all carbon stores projects
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are equally credible. There are two facets to this issue.  The
first is whether the project plan itself is viable. The Forest
Protocols deal with this issue by requiring information on the
location, climate, likely disturbances, longevity, proposed
activity and other factors that might influence the storage of
carbon.  Projects failing to meet these requirements should not be
considered viable.  The second is that those potentially viable
projects demonstrating actual increases in carbon stocks should
have more value than ones that do not.  As projects are likely to
use a range of sampling methods, the Forest Protocols correctly
uses the degree of statistical confidence to modify the estimate
of carbon stocks. These are used as deductions to provide a
conservative estimate of the most likely carbon store in a
project.  
This is entirely appropriate given underestimating stores causes
less potential environmental damage than overestimating the
stores. While this approach emphasizes the effect of sampling
errors (there are other kinds that are not considered), it is a
completely rigorous and technically sound way to factor in the
quality of the carbon store estimate. Given the sliding scale of
deductions the managers of a project can decide if the gains in
carbon related to reducing uncertainty outweigh the costs of
increased sampling.  Therefore this sliding scale discount
approach provides flexibility to landowners while ensuring a high
level of confidence in forest carbon estimates.   

Thank you for taking the time to consider these comments
concerning several scientific and technical aspects of the
California Climate Action Registry Forest Protocols.  I hope my
input clarifies several potential misunderstanding and leads you
toward the logical decision of endorsing the Forest Protocols as a
voluntary early action measure.

Sincerely,

Mark E. Harmon
Richardson Chair and Professor 
Forest Science

Attachment: www.arb.ca.gov/lists/forestghg07/22-ca_air_quality_board-forest_prodicts_protocols-harmon-letterhead.doc
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ABSTRACT

Ground-based measurements of stores, growth,

mortality, litterfall, respiration, and decomposition

were conducted in an old-growth forest at Wind

River Experimental Forest, Washington, USA.

These measurements were used to estimate gross

primary production (GPP) and net primary pro-

duction (NPP); autotrophic respiration (Ra) and

heterotrophic (Rh) respiration; and net ecosystem

production (NEP). Monte Carlo methods were

used to calculate uncertainty (expressed as ± 2

standard deviations of 200–400 calculations). Live

carbon (C) stores were 39,800 g C m)2 (34,800–

44,800 g C m)2). The store of C in detritus and

mineral soil was 22,092 g C m)2 (20,600–23,600 g

C m)2), and the total C stores were 61,899 g C

m)2 (56,600–67,700 g C m)2). Total NPP was

597 g C m)2 y)1 (453 to 741 g C m)2 y)1). Ra was

1309 g C m)2 y)1 (845–1773 g C m)2 y)1), indi-

cating a GPP of 1906 g C m)2 y)1 (1444–2368 g C

m)2 y)1). Rh, including the respiration of heart

rots in tree boles, was 577 g C m)2 y)1 (479–675 g

C m)2 y)1). Long-term NEP was estimated to be

+20 g C m)2 y)1 ()116 to +156 g C m)2 y)1),

indicating this stand might be a small sink. These

estimates contrast with the larger sink estimated at

the same site using eddy-flux methods. Several

hypotheses to explain this discrepancy were ex-

plored, including (a) undetected biomass increas-

es, (b) underestimates of NPP, (c) unmeasured

losses, and (d) a temporal mismatch between the

two sets of measurements. The last hypothesis

appears the most likely.

Key words: autotrophic respiration; carbon flux;

carbon stores; decomposition; gross primary pro-

duction (GPP); heterotrophic respiration; net eco-

system production (NEP); net primary production

(NPP).

INTRODUCTION

Net ecosystem production (NEP) of terrestrial eco-

systems is a key process to understand when ac-

tively managing the carbon (C) cycle. Despite the

need to understand how and why this rate varies in

space and time, most ecosystem studies have fo-

cused on net primary productivity (NPP). While

knowledge of controls of NPP is important, several

other processes including heterotrophic respiration

(Rh) and disturbance also have to be understood

before NEP can be determined (Randerson and

others 2002).
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There are several approaches to estimating NEP

in forests. Long-term observations of growth,

mortality, litterfall, harvest, and decomposition,

coupled with detritus and soil stores, as well as

short-term measurements of respiration can be

used in the ‘‘aggregated’’ flux method (Grier and

Logan 1977; Law and others 2000). Alternatively,

NEP can be estimated by measuring the change in

total C stores over time by using the delta-stores

method (Turner and others 1999). Simulation

models have also been used to predict changes in

NEP, either in response to climate change, carbon

dioxide (CO2) increases, and increased nitrogen

deposition [for example, see Lloyd (1999)] or dis-

turbance, including timber harvest [for example,

see Harmon and others (1990)]. These models are

largely based on a synthesis of ground-based

measurements similar to the aggregated-flux

method. Most recently, estimates of NEP for entire

ecosystems (that is, not one part at a time) have

been derived from micrometerologic methods such

as eddy covariance (Wofsey and others 1993;

Goulden and others 1996). Given that each of these

methods has developed at different times and

places, there have been very few comparisons of all

methods at one place and time. Research currently

being conducted at the Wind River Experimental

Forest, Washington, USA, provides such an op-

portunity.

Our objectives in this report are (a) to use the

ground-based, aggregated-flux method to estimate

gross primary production (GPP) and net primary

production (NPP), respiration of autotrophs (Ra)

and heterotrophs (Rh) of an old-growth forest at

Wind River; (b) to use these numbers to estimate

the net ecosystem production (NEP) of this forest;

and (c) to compare our long-term, ground-based

estimates of NEP with those derived by eddy co-

variance (Paw U and others 2004) and simulation

models [that is, the Soil–Plant–Atmosphere model

(Winner and others 2004)]. We then evaluate al-

ternative hypotheses that might resolve the differ-

ences (if any) in the estimates derived from these

three independent methods.

STUDY AREA

This study was conducted at the Wind River

Canopy Crane Research Facility (WRCCRF). The

site is typical of old-growth forests west of the

Cascades (Shaw and others 2004). A detailed de-

scription of this old-growth stand is presented by

Parker and colleagues (2004). The forest is classified

as a western hemlock–salal cover type and is esti-

mated to be approximately 500 years old. Domi-

nant tree species are Douglas-fir (Pseudotsuga

menziesii) and western hemlock (Tsuga heterophylla).

Dominant understory shrub species are vine maple

(Acer circinatum), salal (Gaultheria shallon), and

dwarf Oregon grape (Berberis nervosa). The climate

is characteristic of a temperate winter-wet, sum-

mer-dry climate. Annual precipitation totals

2467 mm, with less than 10% occurring between

June and September. Mean annual temperature is

8.7�C. Soils are of the Stabler series, coarse textured

and developed on 2–3 m of volcanic ejecta over

basalt bedrock. Texture ranges from shotty loam to

clay with coarse particles in the top 1 m averaging

3% of the soil volume.

METHODS

Live Biomass

Tree Biomass. Tree biomass, mortality, and in-

growth were estimated around the Wind River

canopy crane in a 4-ha plot (hereafter, the crane

plot) that was established in 1994 and divided into

four 1-ha quadrants, each of which were further

divided into 16 numbered 25-m · 25-m subplots.

All trees larger than 5-cm DBH (diameter at breast

height) were measured for diameter and height as

well as tagged with aluminum tags at breast height

(1.3 m). Diameter was measured with a tape to the

nearest 0.1 cm. Annual surveys were conducted

between 1995 and 1999 to determine the trees that

died. All surviving trees and those that grew into

the minimum diameter class (that is, ingrowth)

were measured in summer 1999. Biomass of all

live tree parts and volume for the bole were cal-

culated using allometric equations (Gholz and

others 1979; Means and others 1994). Species-

specific allometric equations were used when

available, and substitutions for some minor species

(for example, Abies grandifolia and Taxus brevifolia)

were used. Coarse-root allometric equations were

used for roots larger than 5 mm in diameter. The

mass of roots 2–5 mm in diameter from fine-root

cores (see below) was added to the allometric

equation estimates to calculate the total mass of

coarse roots. Leaf mass was estimated using a sap-

wood area-based estimate using DBH-sapwood

thickness and leaf-area relationships developed for

the H. J. Andrews Experimental Forest in the

central Cascades of Oregon (Gholz and others 1976;

Waring and others 1982; Means and others 1999).

Sapwood volume was estimated from equations

developed by Harcombe and colleagues (1990) that

predict the proportion of the total bole in sapwood

from DBH.
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Fine Roots. In October 2000, 20 soil cores of 5-cm

diameter to a depth of 1 m were removed to esti-

mate biomass of fine roots less than 2 mm in di-

ameter. In each 1-ha quadrant of the crane plot, five

cores were sampled at random distances along

transects placed diagonally across the quadrant.

Organic horizons were sorted by hand to remove

live and dead fine roots. Mineral soil was subdivided

into 20-cm depths and then washed using a root

elutor to separate roots. Roots were sorted into size

classes and live versus dead, oven dried at 55�C, and

weighed. Subsamples of root material were placed

in an oven at 550�C for 4 h to determine ash-free

dry weights. Means and standard errors were cal-

culated using all 20 samples as a basis.

Understory Plants. The aboveground biomass of

understory shrubs and trees larger than 5-cm DBH

was estimated at 21 locations within the T. T. Mun-

ger Research Natural Area (RNA) by recording their

diameter at the base (except salal and Oregon grape,

which were treated as herbs) within a 25 · 1-m belt

transect at each location. This RNA surrounds the

crane plot (Shaw and others 2004). These sampling

locations were in existing plots systematically placed

throughout the RNA at 100-m spacing (Smithwick

and others 2002). The cover of mosses, herbs, salal,

and Oregon grape was determined in 25-, 20-, by 50-

cm microplots systematically placed along each of

the 25-m belt transects. The biomass of understory

plants was calculated using allometric equations

(Means and others 1994). In cases where equations

for a species (particularly herbaceous ones) did not

exist, equations from similar species were used.

Epiphytes. The biomass of epiphytes was based

on work by McCune (1993) and McCune and

colleagues (1997) from aerial and ground-based

surveys conducted at the Wind River site and other

old-growth Douglas-fir forests in the Pacific

Northwest region. The most precise estimates of

epiphyte biomass were for lichens. We therefore

multiplied the estimated biomass of lichens by 2,

given bryophytes and lichens are of approximately

equal abundance (McCune 1993).

Net Primary Production

NPP estimates of the woody parts of trees (that is,

sapwood, heartwood, bark, branches, and coarse

roots) were assumed equivalent to the change in

live stores, the losses from mortality (that is, entire

death of trees), and ingrowth gains from trees that

grew into the minimum size class:

NPPw¼Dstoreswþmortalitywþingrowthw

Where w represents a woody tree part (Clark and

others 2001). Note that Dstores for heartwood did

not account for the possible loss from heart-rot

decomposition. We accounted for those losses

under heterotrophic respiration (see below). For

nonwoody, aboveground components, NPP was

Table 1. Estimated Stores of Carbon and Rates of Production Associated with Live Biomass; Mean (Standard
Error)

Pool Store D Stores Mortality/Litterfall NPP

g C m)2 g C m)2 y)1

Stem sapwood 6567 (198) 2 (1) 30 (9) 32 (9)

Stem heartwood 15,351 (1151) 26 (2) 50 (13) 76 (13)d

Stem bark 3337 (263) 2 (4) 12 (2) 14 (3)

Live branches 4489 (112) 8 (10) 100 (34) 108 (34)

Dead branches 318 (20) 0 (0)a 3 (1) 3 (1)

Tree foliage 941 (322) 0 (0)a 135 (12) 150 (14)e

Coarse roots 8122 (639) 21 (7) 30 (5) 51 (7)

Fine roots 362 (26) 0 (0)a 91 (16)f 91 (16)

Understory shrubs 144 (37) 0 (0)a 26 (5)b 26 (5)

Understory herbs 76 (8) 0 (0)a 40 (8)c 40 (8)

Epiphytes 100 (25) 0 (0)a 6 (1) 6 (1)

Total 39,807 (2479) 59 (24) 523 (69) 597 (72)e

aThe net change in stores in these pools was assumed to be zero.
bAssumed that all leaves were from shrubs that died each year and that 0.5%–1.0% of the stems died. Litter traps indicate that the value of shrub litterfall may be as low as 1 g
C m)2 y)1.
cAssumed that litterfall from herbs was 40%–60% of live stores to account for the fact some small woody-stemmed, evergreen plants are included in the herb category.
dAssumes no heart rot is present.
eIncludes grazing of 15 g C m)2 y)1.
fAssumes 20%–30% of fine roots die annually.
C. carbon; and NPP, net primary production.
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estimated from litterfall and tree foliage grazing

estimates. A total of 20 litter traps, 40 · 40-cm

squares lined with fine mesh, were used to collect

fine litterfall between June 1997 and December

1999. The 0.5-m-tall traps were placed randomly at

five fixed locations in each of the 1-ha quadrants of

the 4-ha crane plot. Samples were collected

monthly (except when snow depth exceeded trap

depth) and then oven-dried and weighed to the

nearest 0.001 g, and sorted into nine categories:

green conifer needles; brown conifer needles;

nonconifer leaves; twigs (woody); cones, seeds,

other reproductive parts; cyanolichens; other li-

chens; moss; and miscellaneous materials. Woody

material larger than 1 cm in diameter was exclud-

ed, and accounted for under mortality. To estimate

spatial variance, the mean litterfall from each of the

20 traps was used for the 2.5-year period of ob-

servation. For understory herbs, we estimated

aboveground NPP assuming Dstores was 0 and that

40%–60% of the aboveground biomass died an-

nually. A portion less than unity was used because

approximately 50% of the herb layer was com-

prised of woody evergreen shrubs with a leaf life

span of 2 years. For shrubs, we assumed the lit-

terfall portion of NPP was captured in litter traps

and was represented by nonconifer leaves. The

mortality of woody shrubs was not measured, but

was estimated by assuming 1% of the stems died

annually. Fine-root production was estimated by

assuming fine-root biomass was not increasing and

that annual fine-root mortality was 20%–30%.

This preliminary mortality estimate was from 40

minirrhizotron tubes in the crane plot that were

visited monthly over 1999 and based on standard

methods (Fahey and others 1999).

We estimated aboveground grazing of trees from

visual surveys of foliage damage in the canopy

crane plot conducted in 1995, 1996, and 1999. We

did not account for belowground herbivory (other

than that associated with fine-root mortality) and

assumed the belowground herbivory flux to be

zero. In 1995 and 1996, the fraction of the current-

year foliage that was damaged by herbivory and

other unknown causes was noted in a systematic

survey of the lower, middle, and upper canopy by

using the canopy crane for access. We assumed that

all this damage was from herbivory. In 1999,

herbivory damage to all age classes of foliage was

visually estimated using a similar survey method as

earlier. To estimate the mass of herbivory, we

multiplied the fraction damaged by the appropriate

foliage mass (that is, current-year mass for 1995

and 1996 and total mass for 1999). We assumed

that all herbivory resulted in respiration, either

directly or in the death and decomposition of her-

bivores. Because the majority of aboveground

herbivory is probably from insects, this assumption

is quite reasonable.

Autotrophic Respiration

Autotrophic respiration was estimated as a rate

constant times the biomass times a temperature

Table 2. Estimated Rates of Production and Respiration Associated with Live Biomass; Mean (Standard
Error)

Pool Ra NPP GPP

g C m)2 y)1

Stem sapwood 153 (11) 32 (9) 185 (13)

Stem heartwood NAa 76 (13)a 76 (11)

Stem bark NAb 14 (3) 14 (3)

Live branches 7 (0.5) 108 (34) 115 (32)

Dead branches NAc 3 (1) 3 (1)

Tree foliage 577 (233) 150 (14)d 727 (218)

Coarse roots 167 (21) 51 (7) 218 (20)

Fine roots 274 (30) 91 (16) 365 (32)

Understory shrubs 10 (4) 26 (5) 36 (6)

Understory herbs 57 (15) 40 (8) 97 (16)

Epiphytes 64 (19) 6 (1) 70 (17)

Total 1309 (232) 597 (72) 1906 (231)

aDoes not account for possible losses from heart rot in range of 0–46 g C m)2 y)1.
bInner bark accounted for in sapwood calculation.
cAccounted for under detritus in Table 3.
dIncludes aboveground grazing of 15 g C m)2 y)1; the litterfall portion was 135 (12) g C m)2 y)1, mean (standard error).C, carbon; GPP, gross primary production; NPP, net
primary production; and Ra, autotrophic respiration.
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adjustment. Measurements of foliar respiration,

taken at daytime after shading, were the only

autotrophic respiration measurements made at the

WRCCRF. Therefore, our estimates of Ra are pre-

liminary and rely on measurements of the same

species at other locations. The effect of temperature

on diurnal and annual respiration totals was esti-

mated (Ågren and Axelsson 1980), with a mean

annual temperature of 8.7�C; diurnal temperature

amplitudes of 5�C for air and foliage temperature

and 1�C for soil temperature; and 15�C for annual

temperature amplitude. The measured response of

respiration to temperature was used when availa-

ble, but a Q10 of 2 was assumed otherwise (Amthor

1989). We estimated both maintenance (Rm) and

construction (Rc) respiration (Ryan 1991a). For

woody Rm, we used rates per unit sapwood C and

assumed that branches, coarse roots, and shrubs

were 100% sapwood. Large branches and coarse

roots likely have heartwood for these large trees, so

this assumption may overestimate sapwood bio-

mass. However, this is offset by the fact that res-

piration rates for branches and coarse roots are

likely to be greater than for stems (Sprugel 1990;

Ryan and others 1995, 1996). We used respiration

rates measured in the autumn after growth had

ceased, and we assumed such rates apply for the

entire year. We estimated foliage maintenance

respiration for night only, assuming night temper-

atures averaged 3.7�C (mean annual temperature

minus diurnal amplitude) and that yearly foliar

respiration rates were the average of rates meas-

ured in summer and autumn. We assumed that

respiration rates per mass of herbs and epiphytes

were the same as conifer foliage. We estimated

construction respiration as 25% of NPP for all live

components (Ryan 1991b). For all these terms, we

assumed that the respiration rates were accurate to

Table 3. Estimated Stores of Carbon, Rate Constants, and Fluxes Associated with Grazers, Heart Rot,
Detritus and Soil Pools; Mean (Standard Error)

Pool Store Rate Constantj Rh

g C m)2 y)1 g C m)2 y)1

Logs Pseudotsuga 1920 (170) 0.014 (0.006) 27 (11)

Thuja 50 (20) 0.007 (0.003)h 0.3 (0.2)

Other 2220 (210) 0.018 (0.003) 40 (7)

Subtotal 4190 (310) 0.016 67 (12)

Snags Pseudotsuga 2170 (390) 0.021 (0.009c) 46 (19)

Thuja 10 (1) 0.011 (0.005)h 0.1 (0.1)

Other 710 (140) 0.028 (0.004)c 20 (4)

Subtotal 2890 (430) 0.023 66 (19)

Fine woody debris Downed 450 (70) 0.064 (0.010) 29 (5)

Dead on snags 150 (40)a 0.050 (0.001)d 8 (2)

Dead attached 320 (20) 0.050 (0.001)d 16 (1)

Subtotal 920 (82) 0.058 53 (7)

Litter 1780 (40) 0.105 (0.020)e 187 (37)

Dead fine roots 476 (112) 0.191 (0.013)e 91 (21)

Decomposed wood 940 (120) 0.007 (0.003)f 7 (3)

Dead coarse roots Pseudotsuga 927 (80)b 0.011 (0.003) 10 (3)

Thuja 10 (0)b 0.019 (0.002)g 0.2 (0.1)

Other 659 (60)b 0.019 (0.002) 12 (1)

Subtotal 1596 (103) 0.014 22 (1)

Mineral soil C to 100 cm 9300 (530) 0.005 (0.0013) 46 (12)

Grazer respiration 15 (2)i

Stem heart rot 23 (13)

Total 22,092 (750) 0.026 577 (49)

aEstimated from a ratio of dead branches to dead boles. Only class 1 and 2 snags were considered to have dead branches.
bEstimated from the ratio of dead roots to snag and log mass.
cBased on rate constants for logs adjusted upward to match the mean difference measured by Graham (1982).
dBased on rate constants for downed fine woody debris and adjusted according to difference between downed and suspended branches in time series experiments.
eDetermined through extrapolation of long-term data on decomposition.
fBased on changes in density of class 5 logs over a 19-year period.
gAssumed to be the same as Tsuga.
hAssumed to be half the rate of Pseudotsuga.
iAll grazing consumption assumed to be respired.
jA rate constant is the proportion of each pool turning over each year.Rh, heterotrophic respiration.
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within ±10% of the actual number. This variation,

and that caused by variation in the pool sizes, were

used to determine a standard error for all Ra fluxes.

Gross Primary Production

GPP was estimated by adding the autotrophic res-

piration fluxes to the net primary production (NPP)

fluxes:

GPP ¼ NPPþ Ra

Respiration losses associated with heart rot

within living trees was assumed to be part of

heterotrophic respiration (see below).

Detritus and Mineral Soil: Stores and
Decomposition

Coarse Woody Detritus. Downed coarse woody

detritus (larger than 10 cm in diameter at the large

end) was measured using the line-intercept meth-

od (Harmon and Sexton 1996). The diameter,

species, and decay class of all downed wood cross-

ing the boundaries between all the 25 · 25-m

subplots was measured within the 4 ha that was

inventoried for live trees and in another 8 ha of

plots that had been established next to the crane

plot. All the plots are contiguous, forming a 12-ha

sample. All standing dead trees larger than 10-cm

DBH and more than 1 m tall (snags) were inven-

toried on the entire 12-ha set of plots by measuring

the basal and top diameters and height as well as

assigning them to decay classes. Volume was de-

termined for each species and decay class of logs

and snags, and these were converted to mass by

multiplying by species and decay class specific

density values (Harmon and Sexton 1996). To de-

termine variation at the scale of 1.0 ha, we com-

puted the mean mass of logs and snags separately

for each of the 12 ha that was sampled. Decom-

position rate constants of logs were based on re-

sampling 50 logs in 1998 originally sampled by

Sollins (1982). The location of the logs was in the T.

T. Munger RNA. At both times, a single cross sec-

tion was removed from each log by using a chain-

saw. The diameter and thickness of the cross

section were used to calculate the volume (in-

cluding any hollows). Dry mass was determined by

weighing entire cross sections in the field and de-

termining the moisture content from a subsample

oven dried at 55�C. Density was calculated as dry

mass divided by moist volume. The mean density of

Douglas-fir and all other species was calculated for

each sample time, and the ratio of the 1998 to 1979

values was used to calculate the decomposition rate

constant. We assumed that changes in density

equaled losses of C, although a very small fraction

(less than 1%) of the dissolved organic carbon

(DOC) leached from logs over this period may have

accumulated in soil underlying the logs (J. Spears

personal communication). Moreover, because

fragmentation was not estimated, we assumed that

the rate of C loss from fragments was the same as

from logs. This assumption likely underestimates

losses because smaller fragments probably decom-

pose faster than the logs. The upper bound of the

decomposition rate constant was estimated by

adding 1 standard error (SE) to the 1979 mean

density and then subtracting 1 SE from the 1998

mean density before recomputing the decomposi-

tion rate constant. The lower bound was estimated

by the inverse process. This range was then con-

verted to a standard error by dividing the range by

4. The decomposition rate constants of snags could

not be measured directly. We therefore used the

mean ratio of snag to log decomposition rate con-

stants determined by Graham (1982) to adjust snag

decomposition rate constants upward. The mean

ratio was 1.52, indicating snags at this site decom-

pose 1.5 times faster than logs. Based on the vari-

ation in this ratio, however, the value is expected

to range between 1.12 and 1.92. This source of

variation was included in our estimate of the

standard errors of respiration for snags.

Fine Woody Detritus. The mass of downed fine

wood (less than 10 cm in diameter) was measured

by harvesting all the wood in one hundred 1 · 1-m

quadrats placed systematically at 21 locations

throughout the T. T. Munger RNA (Remillard

1999) and randomly within the crane plot. Samples

were weighed in the field, and subsamples were

dried at 55�C to determine moisture content. Stores

in several other fine woody-detritus pools were

estimated using assumptions based on the ratios of

live parts, the relative decomposition rate of the

parts, and their retention on dead boles. Dead

coarse roots were estimated assuming they equaled

18%–26% of snag and log mass. This range was

calculated by assuming that belowground woody

tissues were the equivalent of 15%–20% of the

aboveground woody biomass and then simulating

the decomposition of the boles and roots at rates

indicated by the field data for a 100-year period.

The ratio for dead trees was then computed as the

ratio of dead coarse roots and dead boles for this

entire period. Suspended fine woody debris on

snags was estimated using a similar set of calcula-

tions. In this case, dead attached branches were

estimated to equal 10%–13% of the snag mass. As

branches fall off of snags, we assumed that they

were only attached to decay class 1 and 2 snags.
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The decomposition of fine woody debris on the

forest floor was measured by placing fresh branches

of Douglas-fir and western hemlock on the forest

floor and retrieving four branches of each species

after 1, 2, and 3 years. Initial dry mass was deter-

mined by weighing the fresh branches and taking

subsamples. Final dry mass was determined by re-

moving the entire branches and oven drying them

at 55�C. The decomposition rate constant of at-

tached dead branches was estimated from the de-

composition of four fresh branches each of

Douglas-fir and western hemlock that had been

suspended 1–2 m off the forest floor for 2 years in a

similar experiment. The decomposition rate con-

stant of dead coarse woody roots was estimated by

excavating roots attached to stumps from trees that

had been cut 4–50 years prior to excavation (Ja-

nisch 2001). A total of 21 Douglas-fir and 21

western hemlock stumps were sampled, with 8–24

roots excavated from each stump. The diameter

and length of each root were measured to deter-

mine volume, and the dry mass was then deter-

mined after drying at 55�C (Chen and others 2001).

The decomposition rate constant of each species

was calculated using linear regression with a nat-

ural logarithmic transformation of root density

against time since the tree was cut. The standard

error used in uncertainty calculations was that of

the regression model.

Forest Floor. The store of C in the forest floor

[that is, excluding highly decomposed, buried

coarse woody debris (CWD), but including partially

and highly decomposed leaves, cones, and wood

less than 1 cm in diameter] was determined by two

methods. The first used a 5-cm-diameter, stainless-

steel corer that was driven into the soil. The core

was then extracted, and decomposed wood was

separated from the other material. A total of 105

cores grouped in sets of five were taken throughout

the T. T. Munger RNA systematically along the 21

transects used for understory biomass sampling.

The second method sampled forest floor at the lo-

cations of the 10 soil pits by using five similar-sized

cores. The forest-floor cores were taken above the

sampling face of the soil pit and were pooled for

each soil pit. In both cases, the samples were oven

dried at 55�C and the ash content determined on a

subsample by using a muffle furnace. The decom-

position rate constant of the forest floor derived

from fine litter and fine roots was estimated from 6-

year-long litter decomposition experiments con-

ducted at the H. J. Andrews Experimental Forest.

Samples were removed after 1, 2, 4, and 6 years of

decomposition. Litterbags were 20 · 20 cm and

filled with 10 g of litter. At each sample time, four

litterbags of each four species [Douglas-fir, western

white pine (Pinus monticola), Pacific rhododendron

(Rhododendron macrophyllum), and vine maple]

were harvested and dried to constant mass at 55�C.

To estimate the average rate of litter decomposi-

tion, we used long-term data to give year-specific

decomposition rate constants. We extrapolated the

decomposition rate between years 4 and 6 to esti-

mate the long-term pattern of mass loss. We then

simulated the accumulation of forest floor that

would be expected if the inputs of fine litter were

constant for a period of 50 years, and the ratio of

input and this simulated store was used as an es-

timate of the average decomposition rate constant

of the forest floor, excluding highly decomposed

wood. We used the range of the four species to

estimate the range of this parameter

We also measured the amount of decomposed,

brown-rotted wood buried within the forest floor.

The methods used were as described above for the

nonwoody material. Brownish red and highly de-

composed wood was separated from the other types

of forest-floor material. The decomposition rate

constant of this extensively decomposed wood was

not measured directly but assumed to encompass

the range in decomposition rate constants observed

for class 5 logs (that is, the most decayed).

Dead Fine Roots. We measured dead fine roots at

the site by using the methods described for live fine

roots; however, the recovery of dead fine roots less

than 2 mm in diameter was very low (0.2 Mg C

ha)1 y)1). This may have been caused by a mis-

classification of dead roots as live or fragmentation

during the washing process. Regardless, if this was

the correct mass of dead roots, the decomposition

rate would have to be 20-fold higher than observed

in temperate forests (Chen and others 2002). Al-

though root bags probably underestimate decom-

position rates, it is unlikely they do so by this

amount. We therefore used the decomposition rate

constant for dead fine roots and the mortality of

fine roots to estimate the store in dead fine roots.

The average decomposition rate constant for dead

fine roots was estimated using results from a 4-

year-long study from the H. J. Andrews Experi-

mental Forest (Chen 1999). We used a procedure

similar to that used for litter, extrapolating the

decomposition rate constant for year 4 of the study.

The results of four species [Douglas-fir, western

hemlock, ponderosa pine (Pinus ponderosa), and red

alder (Alnus rubra)] were used to give a range of

possible values. It is highly likely that the rate

constants for the Wind River will be similar to that

found at the H. J. Andrews Experimental Forest,

given that Chen and colleagues (2002) found very
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little site-level variation within the forests of the

Pacific Northwest.

Mineral Soil. The estimates of C stores in mineral

soil are from Remillard (1999). Soil texture, the

faction of particles larger than 2 mm in diameter,

bulk density, and C content were determined in 10

soil pits that were at least 1 m deep. The latter three

variables were determined for three depths: (a) 0–

20 cm, (b) 20–40 cm, and (c) 40–100 cm. The

fraction of particles larger than 2 mm in diameter

was estimated for each sample depth. Bulk density

was determined from three 5-cm-diameter cores per

depth. C content was determined from a well-mixed

bulk sample of approximately 1000 mL taken from

the entire depth of each sample zone. Although the

lower depth of 100 cm is arbitrary, it represents the

zone where most roots occur at this site; sampling to

bedrock would have increased the total mineral soil

store less than 25% (based on the observed decrease

in C content with depth). Samples were air dried

and sieved to remove organic as well as mineral

particles larger than 2 mm in diameter. Aggregates

larger than 2 mm were crushed and also analyzed. C

content was determined by using a Leco 2000 C/N/S

analyzer (Leco, St. Joseph, MI, USA). Soil C was

then calculated based on the C content of all frac-

tions, the bulk density, fraction of coarse particles,

and depth. The integrated value to 100-cm depth for

each of the soil pits was used to calculate the mean

and standard error of soil C stores. We estimated the

decomposition rate constant of mineral soil C by two

methods. First, an upper bound was set by dividing

mineral soil respiration by the mineral soil stores of

C. Mineral soil respiration rates were calculated as

the difference between total soil respiration and the

sum of respiration associated with decomposing

dead fine and coarse roots as well as that of the litter

and rotten wood in the forest floor. Total soil respi-

ration was determined from the mean efflux of soil

CO2
. at eight locations near the canopy crane where

a PVC (polyvinyl chloride)-pipe (5 cm deep and

10 cm in diameter) was installed 2 cm deep into the

forest floor. CO2 -flux measurements were made in

April, June, August, and October 1997 and January

1998 using a Li-Cor 6250 infrared gas analyzer

(Li-Cor Biosciences, Lincoln, NE, USA) equipped

with a soil respirometer. Second, a lower bound was

set to 0.0025 y)1, based on the results of a long-term

laboratory incubation experiment [for example, see

Hart and others (1994)] that were adjusted for

temperature differences using a Q10 of 2.

Heart Rot. In addition to the traditional com-

ponents of heterotrophic respiration, we included

an estimate of losses from heart rot within living

trees. This respiration term was important to in-

clude, given 16.5% of the Douglas-fir trees at the

site had fruiting bodies on their upper boles and

many trees had dead tops, swellings at branch

nodes, and other indications of heart rot and butt

rot. Respiration associated with these rots was not

measured directly. We used literature values from

forests in the region to set an upper limit (25%) of

stem wood volume being attacked by heart rot

(Harmon and others 1996). The mass of heart rot

was calculated as this fraction of bole wood, ad-

justed for past decomposition losses (heart rot was

assumed to have half the density of sound wood).

The lower limit was set at zero even though there is

evidence to counter this assumption. We assumed

that the rate constant of heart-rot decomposition

was equal to the mean of logs.

Carbon Content

The C content of all pools except mineral soil was

assumed to be 50%. For mineral soil, the values

from the Leco 2000 C/N/S analyzer were used. For

the forest floor, the C content of the non-ash por-

tion of samples was assumed to be 50%. The ma-

jority of other tissues were woody, and a 50% C

content is consistent with values found by Sollins

and colleagues (1987) for sound and decayed wood.

Heterotrophic Respiration (Rh)

Heterotrophic respiration for each pool was calcu-

lated as the product of the store of detritus or

mineral soil (D) and the decomposition rate con-

stant (k):

Rh¼ kD

Net Ecosystem Production (NEP)

The net C flux at the site or NEP was calculated as

the difference between NPP and Rh:

NEP ¼ NPP� Rh

Because our method was based on multiple flux

terms (some of which involve changes in stores), it

should be considered an aggregated-flux approach.

This was necessary because we did not have multi-

ple measurements of the various C pools (aside from

the live trees) required for the delta-stores approach.

Uncertainty Analysis

Rather than present one estimate of rates, we de-

termined the uncertainty associated with these

estimates. Given that our estimates represent long-

term average rates and stores, we focused on un-

certainty associated with spatial variation at the
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approximate spatial scale measured by eddy-flux

methods. Hence, our estimates of pool sizes and

rate constants included an estimate of spatial vari-

ation at the level of multiple hectares, if possible.

We also included uncertainty associated with

measurements or estimates of pools or rate con-

stants.

A Monte Carlo method was used to calculate the

uncertainty of C stores, GPP, NPP, Ra, Rh, and NEP

estimates. Here, the values of each flux, store, and

each associated rate constant involved in calcula-

tions were varied from the mean ±2 SE. We as-

sumed a normal distribution (that is, standard

errors of the mean have a normal distribution). The

standard error of the mean was used because it

reflected the variation in the estimate of the mean

at the scale of a hectare. The standard deviation, in

contrast, would have represented the variation of

individual samples, many with spatial extents far

smaller than 1 ha. If the pools or the fluxes were

estimated independently, then the value used for a

pool or flux was selected independently for each

round of calculations. If sizes or rate constants of

one pool were used to derive the values of other

pools, then variation in the former pool was di-

rectly linked to that of the latter. In the case of NEP,

uncertainty calculations were done several ways.

First, we assumed variation in NPP was independ-

ent of Rh. Second, we assumed that part of the

variation in Rh was associated with variation in

NPP. This is because a major portion (more than

90%) of NPP for this stand was in the form of lit-

terfall and mortality. When these fluxes vary, the

store of detritus or soil C also varies and this in-

fluences Rh. We therefore linked a portion of the

variation in detritus stores (equal to the fraction of

NPP that was allocated to litterfall and mortality) to

the variation in NPP. The remaining variation in

detritus and soil stores varied randomly. Replicate

Monte Carlo calculations were conducted, and the

mean and standard deviation were computed using

an Excel spreadsheet. The standard deviation was

used in the final presentation of uncertainty, as

it reflected the variation more liberally than did

the standard error (which would have been 14–20

times lower, given the sample sizes used). In

addition, as the Monte Carlo estimates were for

the mean at the scale of a hectare, the standard

deviation of these estimates is equivalent to the

standard error at this scale (one can think of the

standard error as the standard deviation of esti-

mates of the mean). Uncertainty of each estimate

was expressed as ±2 SD of 200–400 calculations,

depending on the number required for the variance

to stabilize.

RESULTS

Biomass

The total store of C in living plants at the Wind

River site was 39,800 g C m)2 (34,800–44,800 g C

m)2) (Table 1). Trees form the majority of this

store, comprising 99.2% of the total. Within trees,

heartwood is the largest pool, and it comprises 39%

of the site store in live plants.

Net Primary Production

The total change in live plant stores (that is, D
stores) was 59 g C m)2 y)1 (11–107 g C m)2 y)1).

Therefore, live stores might have increased over the

period of observation as long as heart-rot losses

were zero. Given that heart rot is present in the

stand, this increase in live stores is likely to be

overestimated by up to 46 g C m)2 y)1. The dif-

ferences in change in C stores of live pools is sim-

ilar to the distribution of live C stores. This

observation must be tempered in that we assumed

that fine-root, herb, shrub, and epiphyte C was not

accumulating (that is, D stores was zero). If these

other pools increased by the amount observed for

trees (0.2% y)1), then live stores would have in-

creased an additional 0.5 g C m)2 y)1. Viewed an-

other way, a 10% underestimate in the total

change in D stores would occur only if nontree

pools increased at a rate 10 times that of the tree

pools (that is, 2% y)1).

Mortality of plant parts was a major flux (Ta-

ble 1), and at 523 g C m)2 y)1 (385–661 g C m)2

y)1) was approximately 10-fold larger than D stores

and 25–50 times larger than grazing. The largest

source of mortality was leaf fall, with 135, 26, and

40 g C m)2 y)1 for tree, shrubs, and herbs, re-

spectively. The contribution from live branches,

primarily in the form of twigs and cones, was 100 g

C m)2 y)1. This high contribution of fine woody

litter (32%) to total aboveground fine litterfall is

quite typical of coniferous forest ecosystems in this

region (Grier 1976; Grier and Logan 1977; Grier

and others 1981). Fine-root mortality was 91 g C

m)2 y)1, based on the observation that 25% of the

fine roots were dying annually.

Grazing of tree foliage was low in 1995–96,

amounting to 1%–8% of the current year’s foliage.

Assuming an average damage value of 5%, and

that all of this damage was due to herbivory, gives a

grazing loss of approximately 10 g C m)2 y)1. Data

from the visual survey of foliage damage at the site

in 1999 indicated that 2% of the conifer foliage and

10% of the understory Acer circinatum leaves had

damage. Assuming this fraction of all leaves was
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eaten indicates the aboveground grazing flux was

approximately 20 g C m)2 y)1. This range of values,

equivalent of between 2% and 4% of total NPP, is

typical of past estimates for conifer forests

(Schowalter 1989).

Total NPP, including grazing, was estimated to be

597 g C m)2 y)1 (453–741 g C m)2 y)1). Unlike D
stores, NPP was not related to the biomass distri-

bution, with approximately 4% of the live C pools

accounting for approximately 50% of the total NPP.

Autotrophic Respiration and Gross
Primary Production

Annual Ra was estimated to be 1309 g C m)2 y)1

(845–1773 g C m)2 y)1) (Table 2). This estimate

does not include estimates for foliage ‘‘dark’’ res-

piration during the day. Aboveground parts ac-

counted for 868 Mg g C m)2 y)1 or 66% of the

total, and coarse and fine roots accounted for the

other 441 g C m)2 y)1. The net assimilation (A) of

foliage of conifers would have to have been

1123 Mg g C m)2 y)1 if the Ra associated with all

tree components except leaves is added to tree NPP

terms. Based on NPP and Ra, GPP for this stand

would have been 1906 g C m)2 y)1 (1444–2368 g C

m)2 y)1). This indicates that NPP is equivalent to

approximately 31% of GPP.

Detritus and Soil Pool Stores and
Decomposition

The total store of C in detritus and mineral soil was

22,100 g C m)2 (20,600–23,600 g C m)2) (Table 3).

Adding this store to the live C stores indicates that

the Wind River old-growth forest stores a total of

61,899 g C m)2 (56,600–67,700 g C m)2), with

36% of that comprised of detritus and mineral soil

stores. The two largest pools were mineral soil and

woody detritus, which stored 9300 and 9550 g C

m)2, respectively. Fine, nonwoody litter was the

smallest pool, storing 3180 g C m)2 or 14% of the

total ‘‘dead’’ stores.

Decomposition rate constants for the detritus and

mineral soil pools were highly variable, ranging

from 0.005 y)1 for mineral soil to 0.191 y)1 for

fine roots. Dividing the estimate of total Rh by

the total soil and detritus store indicates an aver-

age decomposition rate constant of 0.026 y)1,

which would correspond to a turnover time of

38 years.

Heterotrophic Respiration

Total Rh, including respiration of grazers and heart

rot, was estimated to be 577 g C m)2 y)1 (479–

675 g C m)2 y)1). The majority of the Rh flux was

associated with the forest-floor litter, which, with a

value of 187 g C m)2 y)1, accounted for 32% of

the total flux with 8% of the C store. The next

largest Rh flux was from woody detritus of all

forms, with a value of 215 g C m)2 y)1 accounting

for 37% of the total flux and slightly less than their

proportion of C store (48% of total). Respiration of

grazers, though not measured directly, was as-

sumed to be equal to consumption, meaning 10–

20 g C m)2 y)1 is respired by grazers. In our cal-

culations of Rh, we accounted for a heart-rot flux

ranging from 0 to 46 g C m)2 y)1. This is small

relative to the total estimated flux of Rh, but is

equivalent to 88%–176% of the estimated heart-

wood D stores and indicates heartwood may not be

accumulating in the stand as indicated by our NPP

calculations.

Net Ecosystem Production

Using the NPP flux and Rh not corrected for heart-

rot respiration indicates that the old-growth forest

at Wind River is a C sink of +43 g C m)2 y)1 (since

NEP is referenced to the ecosystem, a positive value

indicates a sink and negative value indicates a

source). Deducting the estimated range of losses

from heart rot would make the stand either a slight

source of )3 g C m)2 y)1 or a slight sink of +20 g C

m)2 y)1. These results indicate that the Wind River

old-growth stand is a slight sink for atmospheric C

if heart rot in the stand is not too extensive. The

maximum possible range in NEP including heart-

rot losses, estimated by adding the lowest possible

value of NPP to the highest possible of Rh, is quite

wide, bracketing a very moderate source to a very

large sink ()222 to +262 g C m)2 y)1). Monte

Carlo-based estimates including heart-rot losses

and assuming independent variation in NPP and Rh

are more constrained, indicating )170 to +216 g C

m)2 y)1 would be the most likely range. Partial

dependence of NPP and Rh (reflecting the fact that

90% of NPP is in the form of mortality and litter-

fall) gives an even narrower range of )116 to

+156 g C m)2 y)1. The latter range is the most

likely, given the known dependence of detritus and

soil stores on NPP and observation that most NPP at

this site offsets losses to mortality.

DISCUSSION

Carbon Stores

Our estimate of total live biomass (39,807 g C m)2)

was slightly lower than the 43,500 g C m)2 found

by Grier and Logan (1977) and considerably lower
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than the approximately 73,500 g C m)2 reported by

Means and colleagues (1992) for Pseudotsuga-dom-

inated forests. Within the Pacific Northwest region,

Smithwick and colleagues (2002) reported a range

between 14,700 g C m)2 for eastside Pinus-domi-

nated forests and 60,600 g C m)2 for coastal Picea

sitchensis–Tsuga heterophylla forests, with a regional

mean of 45,500 g C m)2. Boone and colleagues

(1988) reported a live store of approximately

20,000 g C m)2 for a mature Tsuga mertensiana

stand at high elevation, whereas Krumlik and

Kimmins (1976) reported approximately 29,000 g

C m)2 for an old-growth Abies amabilis–Tsuga

mertensiana stand in British Columbia. Thus, our

estimates lie within the range expected in this

region.

Our estimates of detritus and mineral soil C

stores (22,092 g C m)2) also lie well within the

range reported for the Pacific Northwest region. In

Pseudotsuga-dominated forests, Grier and Logan

(1977) and Means and colleagues (1992) reported

19,000 and 39,600 g C m)2, respectively, in detri-

tus and soils. The range reported for the entire

Pacific Northwest region by Smithwick and col-

leagues (2002) was from 7500 g C m)2 for east-side

Pinus-dominated stands to 50,000 g C m)2 for

coastal Picea–Tsuga-dominated forests. The regional

mean detritus and mineral soil store from this study

is 27,500 g C m)2. High-elevation Tsuga mertensiana

forests were estimated to store 10,000 g C m)2 in

detritus and mineral soil (Boone and others 1988).

The proportion of total C stored in detritus and

mineral soils at Wind River is close to the regional

mean of 38%; however, there is considerable

range in this proportion, with the highest propor-

tions at coastal sites (45%) and high elevation

(47%) (Boone and others 1988; Smithwick and

others 2002).

Our estimates of total C stores (61,899 g C m)2)

also lie within the range reported in the Pacific

Northwest. Grier and Logan (1977) and Means

and colleagues (1992) report a total C store of

62,400 and 111,000 g C m)2, respectively, with the

value from Means and colleagues being just

below the absolute upper limit of 122,400 g C m)2

found by Smithwick and coworkers (2002). The

regional mean from Smithwick and colleagues

was 73,300 g C m)2, with the regional maximum

of 110,700 g C m)2 found in coastal Picea–Tsuga

forests and the regional minimum of 22,200 g C

m)2 found in Pinus-dominated east-side forest.

Total C stores at Wind River are considerably

higher than the 21,500 g C m)2 found in high-

elevation Tsuga mertensiana forests (Boone and

others 1988).

Net Primary Production, Autotrophic
Respiration, and Gross Primary
Production

There are few ecosystem estimates of total NPP in

the Pacific Northwest region to compare with our

estimates; however, values for the most similar ec-

osystem are 544 g C m)2 y)1 (Grier and Logan 1977)

and within our estimated range (453–741 g C m)2

y)1). Both estimates are well below the 891 g C m)2

y)1 reported by Gower and colleagues (1992) for a

50-year-old Pseudotsuga forest in New Mexico. This

difference might be caused by differences in forest

age, as NPP is known to decrease once forest cano-

pies have closed (Ryan and others 1997; Acker and

others 2000, 2002), or alternatively it may be

caused by different methods of estimating the be-

lowground NPP. For example, the root mortality

rates reported by Gower and coworkers (1992) in-

dicate that roots have a mean life time of 0.75 years,

whereas our estimates indicate a mean lifetime of 3–

5 years. Total NPP at Wind River was also lower

than the 840 g C m)2 y)1 found at a 180-year-old

Abies amabilis stand in Washington (Grier and others

1981) or the 650 g C m)2 y)1 for aboveground NPP

of coastal Picea–Tsuga forests (Grier 1976). Although

the latter is an underestimate of total NPP, the dif-

ference in aboveground NPP with the Wind River

site (444 g C m)2 y)1) is consistent with the 1.5-fold

greater store in live biomass at the coastal site. The

lower value of total NPP than at the high-elevation

Abies-dominated site is most likely due to the lower

fine-root NPP estimates at Wind River, as indicated

by the mean lifetime of fine roots of 1.1 years at the

Abies stand. Aboveground NPP at the high-elevation

Abies-dominated site was 228 g C m)2 y)1 and is

more in line with the difference in live C stores

found between the sites.

Our estimate of Ra for Wind River of 1309 g C

m)2 y)1 is very preliminary. It is far lower than the

7500 g C m)2 y)1 reported by Grier and Logan

(1977) and roughly twice the 765 g C m)2 y)1

predicted by Kaduk and colleagues using a model.

Measurements of live pools other than leaves at the

site would help resolve the latter difference. Be-

cause of the vast differences in Ra between our

study and that of Grier and Logan (1977), our es-

timate of GPP is 7.7-fold smaller than theirs. Our

estimate of GPP is lower than the annual value of

2200–2460 g C m)2 y)1 estimated by Winner and

colleagues (2004) using the Soil–Plant–Atmosphere

model, but larger than the 1300 g C m)2 y)1

modeled by Kaduk and colleagues (2004) and

the 1570 g C m)2 y)1 estimated by Paw U and

colleagues (2004) from eddy flux.

508 M. E. Harmon and others



Net Ecosystem Production

The only other published ground-based estimates

of old-growth Pseudotsuga forest NEP are by Grier

and Logan (1977), who reported a C sink of 166 g C

m)2 y)1. However, this estimate must be inter-

preted in light of uncertainties in Rh (identified by

Grier and Logan) that have been resolved (Franklin

and others 1987; Harmon and Chen 1991; Chen

and others 2001; Harmon and others 2001). The

most significant improvement has been informa-

tion on the rate that woody detritus decomposes.

Grier and Logan assumed a decomposition rate

constant for this material of 0.0067 y)1, based on

the ages of trees found growing on several logs.

Since that time, higher rate constants, similar to the

ones we used, have been measured by a variety of

studies (Harmon and others 2001). This indicates

that the Grier and Logan (1977) estimate of Rh

needs to be increased by 120 g C m)2 y)1, and thus

their overall estimate of NEP would be 44 g C m)2

y)1. Grier and Logan also assumed, given the lack

of root decomposition data at the time, that Rh

associated with dead roots would equal 50% of root

mortality. Subsequent work on fine-root and

coarse-root decomposition has found no basis for

this assumption (Chen and others 2001, 2002).

Other factors might also decrease the Grier and

Logan (1977) NEP estimate. For example, they

noted that heart rot was present in the stand but

did not include these respiration losses. As little as

10% of heart rot in stems of their forest could

completely offset the gains in stem stores they es-

timated. These values of heart rot are within the

range typical for old-growth Pseudotsuga forests

(Harmon and others 1996).

Unless some form of long-term production or

removal from the forest has been neglected by our

measurements, the uncertainty analysis of long-

term ground-based measurements indicates that it

is unlikely that the stand at Wind River is as strong

a long-term sink as estimated by the eddy-covari-

ance method in 1998–99 [150–220 g C m)2 y)1

(Paw U and others 2004)]. The error in ground-

based measurements would have to be at least 100

and possibly as large as 200 g C m)2 y)1. Our un-

certainty analysis indicates that approximately

95% of the long-term ground-based estimated

values lie below +150 g C m)2 y)1.

Assuming that the eddy-flux tower system and

related calculations are not resulting in underesti-

mates in respiration terms, there are several hy-

potheses that might explain the differences

between our ground-based and eddy-covariance-

based estimates, including (a) undetected biomass

increases, (b) underestimates of NPP, and (c) un-

measured C losses from the system in the ground-

based system, as well as (d) a temporal mismatch

between the long-term ground-based versus short-

term flux tower measurements. Each hypothesis is

addressed below.

The first hypothesis is that biomass increases

were not detected by our measurements. However,

measurements of diameters and heights in nearby

permanent plots by using individually tagged trees

indicate that live C stores have steadily increased by

920 g C m)2 over the last 50 years, giving an an-

nual increase of 18 g C m)2 y)1 (Bible 2001). These

increases do not account for losses from heart rot,

however, and therefore are likely to be overesti-

mated. Although our estimates include root bio-

mass, it is possible that more C is being allocated to

coarse roots than in the past. If the relationship

between aboveground parts and coarse roots has

changed since the 1970s, this difference should be

evident from a comparison of root to shoot ratios of

trees sampled in the 1970s and today. Unfortu-

nately, data for such a comparison do not currently

exist. Another possibility is an increase in CWD

stores; however, a comparison with the data col-

lected 20 years earlier at the Wind River old-

growth stand by Sollins (1982) does not support

this hypothesis. Sollins estimated a mean C store of

6750 g C m)2, whereas our mean estimate was

7080 g C m)2. Although these measurements were

not taken on the same plots, they were in very

close proximity and differed by less than 0.5 SE.

Using current estimates of decomposition rate

constants and long-term mortality records from

plots near the stand we examined (Bible 2001)

indicates that even if CWD C stores were zero

50 years ago, CWD could only account for a sink of

50 g C m)2 y)1. A more reasonable initial CWD

store of 75% of the current value yields a current

potential sink of 16 g C m)2 y)1. C stores in mineral

soil could also be increasing, but difficult to detect.

By only sampling to 1-m depth, we probably un-

derestimated the mineral soil C store by 25%, based

on decreases in C content with soil depth. This

would underestimate the total C store of the site by

3.7%, but assuming these deeper layers respired at

the same rate constant as the shallower soil would

also underestimate Rh by 2% and, hence, increase

the difference between the eddy-flux and the

ground-based estimates. Our estimates of the de-

composition in the mineral soil C pool are highly

uncertain; if they are high, this could lead to an

increased NEP estimate. C increase in mineral soil

with sandy texture during old-field succession was

approximately 4 g C m)2 y)1 (Richter and others
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1999), although this rate should be higher on soils

with more clay content, as found at Wind River

(Hassink and Whitmore 1997). Globally, Schle-

singer (1990) considered an increase of 20 g C m)2

y)1 to represent the upper limit of soil C increases.

With the higher of these two rates, most of the

current C store in mineral soil could have accu-

mulated since the last major disturbance approxi-

mately 450 years ago. Given that disturbance is

thought to have a minimal effects on C in mineral

horizons of forests (Johnson and Curtis 2001), it

seems unlikely that C accumulation in the mineral

soils is causing a major underestimate in NEP.

The second hypothesis is that NPP was underes-

timated. Grazing losses are difficult to measure, but

because grazing increases both NPP and Rh it

should not influence the NEP estimate unless

grazer C is increasing. Our estimates of grazing

losses and respiration of consumers are admittedly

crude, but within the range observed by others

(Schowalter 1989). For grazing to account for a

systematic underestimate of NEP large enough to

explain the eddy-flux versus ground-based dis-

crepancy, an amount equivalent to 20% of the

foliage would have been grazed, and most of that C

would have to be accumulating in grazers each

year. The most likely grazers are insects and, be-

cause these are short-lived organisms, they store

very little C, with a range of 190–210 g C m)2 in

Pacific Northwest forests (Schowalter 1989). The

required accumulation of insect C implies that in-

sect C is increasing several fold annually. This in-

crease is also unlikely for large, longer-lived

vertebrates such as deer and elk. Another compo-

nent of NPP that we did not measure was in DOC

associated with throughfall and stem flow. Grier

and Logan (1977) estimated this flux to be 30 g C

m)2 y)1, and a similar value would be expected at

Wind River. These are likely to be highly decom-

posable materials, however, and the majority

should be respired within a year of deposition. This

flux is likely to increase both NPP and Rh and have

little net effect on the NEP estimate. Losses via bi-

ogenic hydrocarbon emissions could also lead to

underestimates of NPP, although given the small

size of this flux [that is, 0.5%–2% of CO2 fluxes

(Winner and others 2004)] it would also have little

effect on our NEP estimate.

The third hypothesis is that we failed to measure

a C export from the ecosystem. As we did not

measure DOC losses from the stand at Wind River,

this is one logical source of bias. These losses have

been measured at the H. J. Andrews Experimental

Forest as 3 g C m)2 y)1 (Grier and Logan 1977;

Swanson and others 1982). Typical concentrations

of DOC extracted from mineral soil in the region by

tension and tension-free lysimeters are 1–10 Mg C

L)1 (K. Lajtha personal communication). Assuming

Wind River old-growth evapotranspires the same

as basins in the H. J. Andrews Experimental Forest

means that 1.6 · 104 m3 ha)1 of water leaves the

Wind River stand via groundwater, and using the

mineral soil DOC values observed by Lajtha yields

an annual export of DOC of 1–10 g C m)2 y)1,

similar to the magnitude reported by Grier and

Logan (1977). It is also possible that particulate

organic C (POC) is leaving via erosion and fluvial

transport. Estimates of POC exports via litterfall and

an assortment of geomorphic processes in steep

slopes in Pacific Northwest are approximately 2 g C

m)2 y)1 (Swanson and others 1982). It is likely that

on the flat terrain at Wind River rates of POC ex-

port would be lower, indicating omitting this flux

would cause minimal underestimates in NEP.

Transport of larger material such as logs in the

seasonal stream running through the crane plot is

also highly unlikely and has not been observed

since the plot was established.

The final hypothesis involves the fact that the

flux tower measured a single year, whereas we

calculated a long-term average. For the most part,

our estimates of NPP and Rh are based on long-term

measurements with no estimate of annual varia-

tion. There are, however, two exceptions. Wind

River site litterfall has a year-to-year variation of

±30%. Litter decomposition rate constants between

the driest and wettest year at H. J. Andrews Ex-

perimental Forest vary by ±35% (M. Harmon un-

published data). Assuming that all NPP

components vary the same as litterfall, NPP is likely

to vary within a range of 418–776 g C m)2 y)1.

Similarly, by assuming that Rh varies as much as

short-term litter decomposition, this flux is likely to

vary from 404 to 750 g C m)2 y)1. Using Monte

Carlo methods to vary these two fluxes and as-

suming these two fluxes vary independently of

each other yields an approximate NEP range of

)227 to +267 g C m)2 y)1. Thus, annual variation is

the hypothesis most consistent with the value es-

timated by the eddy-flux method and therefore

warrants additional examination.
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The magnitude of future climate change depends substantially on
the greenhouse gas emission pathways we choose. Here we
explore the implications of the highest and lowest Intergovern-
mental Panel on Climate Change emissions pathways for climate
change and associated impacts in California. Based on climate
projections from two state-of-the-art climate models with low and
medium sensitivity (Parallel Climate Model and Hadley Centre
Climate Model, version 3, respectively), we find that annual tem-
perature increases nearly double from the lower B1 to the higher
A1fi emissions scenario before 2100. Three of four simulations also
show greater increases in summer temperatures as compared with
winter. Extreme heat and the associated impacts on a range of
temperature-sensitive sectors are substantially greater under the
higher emissions scenario, with some interscenario differences
apparent before midcentury. By the end of the century under the
B1 scenario, heatwaves and extreme heat in Los Angeles quadruple
in frequency while heat-related mortality increases two to three
times; alpine�subalpine forests are reduced by 50–75%; and Sierra
snowpack is reduced 30–70%. Under A1fi, heatwaves in Los
Angeles are six to eight times more frequent, with heat-related
excess mortality increasing five to seven times; alpine�subalpine
forests are reduced by 75–90%; and snowpack declines 73–90%,
with cascading impacts on runoff and streamflow that, combined
with projected modest declines in winter precipitation, could
fundamentally disrupt California’s water rights system. Although
interscenario differences in climate impacts and costs of adaptation
emerge mainly in the second half of the century, they are strongly
dependent on emissions from preceding decades.

California, with its diverse range of climate zones, limited
water supply, and economic dependence on climate-

sensitive industries such as agriculture, provides a challenging
test case to evaluate impacts of regional-scale climate change
under alternative emissions pathways. As characterized by the
Intergovernmental Panel on Climate Change, demographic,
socioeconomic, and technological assumptions underlying long-
term emissions scenarios vary widely (1). Previous studies have
not systematically examined the difference between projected
regional-scale changes in climate and associated impacts across
scenarios. Nevertheless, such information is essential to evaluate
the potential for and costs of adaptation associated with alter-
native emissions futures and to inform mitigation policies (2).

Here, we examine a range of potential climate futures that
represent uncertainties in both the physical sensitivity of current
climate models and divergent greenhouse gas emissions path-
ways. Two global climate models, the low-sensitivity National
Center for Atmospheric Research�Department of Energy Par-

allel Climate Model (PCM) (3) and the medium-sensitivity U.K.
Met Office Hadley Centre Climate Model, version 3 (HadCM3),
model (4, 5) are used to calculate climate change resulting from
the SRES (Special Report on Emission Scenarios) B1 (lower)
and A1fi (higher) emissions scenarios (1). These scenarios
bracket a large part of the range of Intergovernmental Panel on
Climate Change nonintervention emissions futures with atmo-
spheric concentrations of CO2 reaching �550 ppm (B1) and
�970 ppm (A1fi) by 2100 (see Emissions Scenarios in Supporting
Text, which is published as supporting information on the PNAS
web site). Although the SRES scenarios do not explicitly assume
any specific climate mitigation policies, they do serve as useful
proxies for assessing the outcome of emissions pathways that
could result from different emissions reduction policies. The
scenarios at the lower end of the SRES family are comparable
to emissions pathways that could be achieved by relatively
aggressive emissions reduction policies, whereas those at the
higher end are comparable to emissions pathways that would be
more likely to occur in the absence of such policies.

Climate Projections
Downscaling Methods. For hydrological and agricultural analyses,
HadCM3 and PCM output was statistically downscaled to a 1�8°
grid (�150 km2) (6) and to individual weather stations (7) for
analyses of temperature and precipitation extremes and health
impacts. Downscaling to the 1�8° grid used an empirical statis-
tical technique that maps the probability density functions for
modelled monthly precipitation and temperature for the clima-
tological period (1961–1990) onto those of gridded historical
observed data, so the mean and variability of observations are
reproduced by the climate model data. The bias correction and
spatial disaggregation technique is one originally developed for
adjusting General Circulation Model output for long-range
streamflow forecasting (6), later adapted for use in studies
examining the hydrologic impacts of climate change (8), and
compares favorably to different statistical and dynamic down-
scaling techniques (9) in the context of hydrologic impact studies.

Station-level downscaling for analyses of temperature and
precipitation extremes and health impacts used a deterministic
method in which grid-cell values of temperatures and precipi-

Freely available online through the PNAS open access option.

Abbreviations: DJF, December, January, February; HadCM3, Hadley Centre Climate Model,
version 3; JJA, June, July, August; PCM, Parallel Climate Model; SRES, Special Report on
Emission Scenarios; SWE, snow water equivalent.
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tation from the reference period were rescaled by simple
monthly regression relations to ensure that the overall proba-
bility distributions of the simulated daily values closely approx-
imated the observed probability distributions at selected long-
term weather stations (7). The same regression relations were
then applied to future simulations, such that rescaled values
share the weather statistics observed at the selected stations. At
the daily scales addressed by this method, the need to extrapolate
beyond the range of the historically observed parts of the
probability distributions was rare even in the future simulations
(typically �1% of the future days) because most of the climate
changes involve more frequent warm days than actual truly
warmer-than-ever-observed days (7).

Except where otherwise noted, we present projected climate
anomalies and impacts averaged over 2020–2049 (with a mid-
point of 2035) and 2070–2099 (here designated as end-of-

century, with a midpoint of 2085), relative to a 1961–1990
reference period.

Temperature. All simulations show increases in annual average
temperature before midcentury that are slightly greater under
the higher A1fi emissions scenario (see Fig. 4, which is published
as supporting information on the PNAS web site). By end-of-
century, projected temperature increases under A1fi are nearly
twice those under B1, with the more sensitive HadCM3 model
producing larger absolute changes (Table 1). Downscaled sea-
sonal mean temperature projections (10) show consistent spatial
patterns across California, with lesser warming along the south-
west coast and increasing warming to the north and northeast
(Fig. 1). Statewide, the range in projected average temperature
increases is higher than previously reported (11–14), particularly
for summer temperature increases that are equal to or greater
than increases in winter temperatures.

Table 1. Summary of midcentury (2020–2049) and end-of-century (2070–2099) climate and impact projections for the HadCM3 and
PCM B1 and A1fi scenarios

Units 1961–1990

2020–2049 2070–2099

PCM HadCM3 PCM HadCM3

B1 A1fi B1 A1fi B1 A1fi B1 A1fi

Change in statewide avg temperatures
Annual °C 15.0 1.35 1.5 1.6 2.0 2.3 3.8 3.3 5.8
Summer (JJA) °C 22.8 1.2 1.4 2.2 3.1 2.15 4.1 4.6 8.3
Winter (DJF) °C 7.6 1.3 1.2 1.4 1.45 2.15 3.0 2.3 4.0

Change in statewide avg precipitation
Annual mm 544 �37 �51 �6 �70 �38 �91 �117 �157
Summer (JJA) mm 20 �3 �2 �1 �7 �4 �46 �5 �1
Winter (DJF) mm 269 �45 �55 �4 �44 �13 �13 �79 �92

Sea level rise cm — 8.7 9.5 11.6 12.7 19.2 28.8 26.8 40.9
Heatwave days

Los Angeles Days 12 28 35 24 36 44 76 47 95
Sacramento Days 58 91 101 93 104 109 134 115 138
Fresno Days 92 113 120 111 116 126 147 126 149
El Centro Days 162 185 185 176 180 191 213 197 218

Length of heatwave season* Days 115 135 142 132 141 149 178 162 204
Excess mortality for Los Angeles†

Without acclimatization avg no. of
deaths�yr

— — — — — 394 948 667 1,429

With acclimatization avg no. of
deaths�yr

165 — — — — 319 790 551 1,182

Change in April 1 snowpack SWE
1,000–2,000 m elevation % 3.6 km3 �60 �56 �58 �66 �65 �95 �87 �97
2,000–3,000 m elevation % 6.5 km3 �34 �34 �24 �36 �22 �73 �75 �93
3,000–4,000 m elevation % 2.3 km3 �11 �15 4 �16 15 �33 �48 �68
All elevations % 12.4 km3 �38 �37 �26 �40 �29 �73 �72 �89

Change in annual reservoir inflow‡

Total % 21.7 km3 �18 �22 5 �10 12 �29 �24 �30
Northern Sierra % 15.2 km3 �19 �22 3 �9 9 �29 �20 �24
Southern Sierra % 6.5 km3 �16 �23 10 �14 17 �30 �33 �43

Change in April–June reservoir inflow‡

Total % 9.1 km3 �20 �24 �11 �19 �1 �46 �41 �54
Northern Sierra % 5.5 km3 �21 �24 �16 �19 �6 �45 �34 �47
Southern Sierra % 3.6 km3 �18 �24 �2 �19 5 �47 �52 �65

Change water year flow centroid‡

Total Days 03�26 0 2 �15 �7 �7 �14 �23 �32
Northern Sierra Days 03�13 0 3 �16 �5 �3 �11 �18 �24
Southern Sierra Days 05�01 �10 �7 �19 �12 �22 �34 �34 �43

avg, average; JJA, June, July, August; DJF, December, January, February; SWE, snow water equivalent.
*The number of days between the beginning of the year’s first and end of the year’s last heatwave.
†Reference period is 1990–1999, and projections are for the period 2090–2099.
‡Results are for inflows to seven major dams and reservoirs in the Sacramento�San Joaquin water system, including three in the Northern Sierra (Shasta, Oroville,
and Folsom) and four in the Southern Sierra (New Melones, New Don Pedro, Lake McClure, and Pine Flat).
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Precipitation. Precipitation shows a tendency toward slight de-
creases in the second half of the century with no obvious
interscenario differences in magnitude or frequency (see Figs.
5–10, which are published as supporting information on the
PNAS web site). Three of four simulations project winter
decreases of �15% to �30%, with reductions concentrated in
the Central Valley and along the north Pacific Coast. Only PCM
B1 projects slight increases (�7%) by the end of the century
(Table 1). These results differ from previous projections showing
precipitation increases of 75–200% by 2100 (11–13), but they are
consistent with recent PCM-based midrange projections (14, 15).
The larger-scale pattern of rainfall over North America is more
uniform across scenarios, showing an area of decreased (or lesser
increase in) precipitation over California that contrasts with
increases further up the coast (see Fig. 11, which is published as
supporting information on the PNAS web site). Because inter-
decadal variability often dominates precipitation over Califor-
nia, projected changes in climate and impacts associated with the
direct effects of temperature should be considered more robust
than those determined by interactions between temperature and
precipitation or precipitation alone.

Extreme Heat and Heat-Related Mortality
Temperature extremes increase in both frequency and magni-
tude under all simulations, with the most dramatic increases
occurring under the A1fi scenario. Changes in local temperature
extremes were evaluated based on exceedance probability anal-
yses, by using the distribution of daily maximum temperatures
downscaled to representative locations (16). Exceedance prob-
abilities define a given temperature for which the probability

exists that X% of days throughout the year will fall below that
temperature (i.e., if the 35°C exceedance probability averages
95% for the period 2070–2099, this means that an average of
95% or �347 days per year are likely to lie below 35°C). For the
four locations examined for extreme heat occurrence (Los
Angeles, Sacramento, Fresno, and Shasta Dam), mean and
maximum temperatures occurring 50% and 5% of the year
increase by 1.5–5°C under B1 and 3.5–9°C under A1fi by the end
of the century. Extreme temperatures experienced an average of
5% of the year during the historical period are also projected to
increase in frequency, accounting for 12–19% (B1) and 20–30%
(A1fi) of days annually by 2070–2099 (see Fig. 12, which is
published as supporting information on the PNAS web site).

The annual number of days classified as heatwave conditions
(3 or more consecutive days with temperature above 32°C)
increases under all simulations, with more heatwave days under
A1fi before midcentury (see Fig. 13, which is published as
supporting information on the PNAS web site). Among the four
locations analyzed, increases and interscenario differences are
proportionally greatest for Los Angeles, a location that currently
experiences relatively few heatwaves. By the end of the century,
the number of heatwave days in Los Angeles increases four times
under B1, and six to eight times under A1fi. Statewide, the length
of the heatwave season increases by 5–7 weeks under B1 and by
9–13 weeks under A1fi by the end of this century, with inter-
scenario differences emerging by midcentury (Table 1; see also
Fig. 14, which is published information on the PNAS web site).

The connection between extreme heat and summer excess
mortality is well established (17). Heat-related mortality esti-
mates for the Los Angeles metropolitan area were determined

Fig. 1. Downscaled winter (DJF) and summer (JJA) temperature change (°C) for 2070–2099, relative to 1961–1990 for a 1�8° grid. Statewide, SRES B1 to A1fi
winter temperature projections for the end of the century are 2.2–3°C and 2.3–4°C for PCM and HadCM3, respectively, compared with previous projections of
1.2–2.5°C and 3–3.5°C for PCM and HadCM2, respectively. End-of-century B1 to A1fi summer temperature projections are 2.2–4°C and 4.6–8.3°C for PCM and
HadCM3, respectively, compared with previous projections of 1.3–3°C and 3–4°C for PCM and HadCM2, respectively (11–14).

12424 � www.pnas.org�cgi�doi�10.1073�pnas.0404500101 Hayhoe et al.



by threshold meteorological conditions beyond which mortality
tends to increase. An algorithm was developed to determine the
primary environmental factors (including maximum apparent
temperature, number of consecutive days above the threshold
apparent temperature, and time of year) that explain variability
in excess mortality for all days with apparent maximum temper-
atures at or above the derived daily threshold apparent temper-
ature (18) value of 34°C (see Heat-Related Mortality in Supporting
Text). Estimates do not account for changes in population or
demographic structure.

From a baseline of �165 excess deaths during the 1990s,
heat-related mortality in Los Angeles is projected to increase by
about two to three times under B1 and five to seven times under
A1fi by the 2090s if acclimatization is taken into account (see
Heat-Related Mortality in Supporting Text). Without acclimati-
zation, these estimates are about 20–25% higher (Table 1).
Actual impacts may be greater or lesser depending in part on
demographic changes and societal decisions affecting prepared-
ness, health care, and urban design. Individuals likely to be most
affected include elderly, children, the economically disadvan-
taged, and those who are already ill (19, 20).

Impacts on Snowpack, Runoff, and Water Supply
Rising temperatures, exacerbated in some simulations by de-
creasing winter precipitation, produce substantial reductions in
snowpack in the Sierra Nevada Mountains, with cascading
impacts on California winter recreation, streamflow, and water
storage and supply. Snowpack SWE was estimated by using daily,
bias-corrected and spatially downscaled temperature and pre-
cipitation to drive the Variable Infiltration Capacity distributed
land surface hydrology model. The Variable Infiltration Capac-
ity model, using the resolution and parameterization also im-
plemented in this study, has been shown to reproduce observed

streamflows when driven by observed meteorology (10) and has
been applied to simulate climate change (8) in this region. April
1 SWE decreases substantially in all simulations before midcen-
tury (see Fig. 15, which is published as supporting information
on the PNAS web site). Reductions are most pronounced at
elevations below 3,000 m, where 80% of snowpack storage
currently occurs (Table 1 and Fig. 2). Interscenario differences
emerge before midcentury for HadCM3 and by the end of the
century for both models. These changes will delay the onset of
and shorten the ski season in California (see Impact of Decreasing
Snowpack on California’s Ski Industry in Supporting Text).

Water stored in snowpack is a major natural reservoir for
California. Differences in SWE between the B1 and A1fi sce-
narios represent �1.7 km3 of water storage by midcentury and
2.1 km3 by the end of the century for HadCM3. For PCM, overall
SWE losses are smaller, but the difference between the A1fi and
B1 scenarios is larger by the end of the century, representing �4
km3 of storage. Reductions for all simulations except PCM under
the lower B1 emission scenario are greater than previous pro-
jections of diminishing snowpack for the end of the century (8,
21). By 2020–2049 the SWE loss is comparable to that previously
projected for 2060 (22).

Warmer temperatures and more precipitation falling as rain
instead of snow also causes snowmelt runoff to shift earlier
under all simulations (Table 1), which is consistent with earlier
studies (23). The magnitude of the shift is greater in the
higher-elevation Southern basins and under the higher A1fi
scenario. Stream inf lows to major reservoirs decline because
of diminished snowpack and increased evaporation before
midcentury, except where winter precipitation increases (Ta-
ble 1). The greater reductions in inf lows seen under A1fi are
driven by both higher temperatures and lower average precip-
itation as compared with B1.

Fig. 2. Average snowpack SWE for 2020–2049 and 2070–2099 expressed as a percent of the average for the reference period 1961–1990 for the Sierra Nevada
region draining into the Sacramento–San Joaquin river system. Total SWE losses by the end of the century range from 29–72% for the B1 scenario to 73–89%
for the A1fi scenario. Losses are greatest at elevations below 3,000 m, ranging from 37–79% for B1 to 81–94% for A1fi by the end of the century. Increases in
high elevation SWE for midcentury HadCM3 B1 and end-of-century PCM B1 runs result from increased winter precipitation in these simulations.
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Earlier runoff may also increase the risk of winter flooding (7).
Currently, state operators maintain �12 km3 of total vacant
space in the major reservoirs to provide winter and early spring
flood protection,n a volume approximately equal to that stored
in the natural snowpack reservoir by April 1st. Capturing earlier
runoff to compensate for future reductions in snowpack would
take up most of the flood protection space, forcing a choice
between winter flood prevention and maintaining water storage
for the summer and fall dry period use. Flood risk and fresh-
water supply are also affected by higher sea levels, which are
projected to rise 10–40 cm under B1 and 20–65 cm under A1fi
by 2100 (Table 1; see also Fig. 16, which is published as
supporting information on the PNAS web site).

Declining Sierra Nevada snowpack, earlier runoff, and re-
duced spring and summer streamflows will likely affect surface
water supplies and shift reliance to groundwater resources,
already overdrafted in many agricultural areas in California (24).
This could impact 85% of California’s population who are
agricultural and urban users in the Central Valley, San Francisco
Bay Area, and the South Coast, about half of whose water is
supplied by rivers of the Central Valley. Under A1fi (both
models) and B1 (HadCM3), the projected length, frequency, and
severity of extreme droughts in the Sacramento River system
during 2070–2099 substantially exceeds what has been experi-
enced in the 20th century. The proportion of years projected to
be dry or critical increases from 32% in the historical period to
50–64% by the end of the century under all but the wetter PCM
B1 scenario (see Table 2, which is published as supporting
information on the PNAS web site). Changes in water availability
and timing could disrupt the existing pattern of seniority in
month-dependent water rights by reducing the value of rights to
mid- and late-season natural streamflow and boosting the value
of rights to stored water. The overall magnitude of impacts on
water users depends on complex interactions between temper-
ature-driven snowpack decreases and runoff timing, precipita-

tion, future population increases, and human decisions regarding
water storage and allocation (see Impacts on Water Supply in
Supporting Text).

Impacts on Agriculture and Vegetation Distribution
In addition to reductions in water supply, climate change could
impact California agriculture by increasing demand for irrigation
to meet higher evaporative demand, increasing the incidence of
pests (25), and through direct temperature effects on production
quality and quantity. Dairy products (milk and cream, valued at
$3.8 billion annually) and grapes ($3.2 billion annually) are the
two highest-value agricultural commodities of California’s $30
billion agriculture sector (26). Threshold temperature impacts
on dairy production and wine grape quality were calculated by
using downscaled temperature projections for key counties,
relative to average observed monthly temperatures.o

For dairy production, losses were estimated for temperatures
above a 32°C threshold (27), as well as for additional losses
between 25°C (28) and 32°C. For the top 10 dairy counties in the
state (which account for 90% of California’s milk production),
rising temperatures were found to reduce production by as much
as 7–10% (B1) and 11–22% (A1fi) by the end of the century (see
Table 3, which is published as supporting information on the
PNAS web site). Potential adaptations may become less practical
with increasing temperature and humidity (29).

For wine grapes, excessively high temperatures during ripen-
ing can adversely affect quality, a major determinant of market
value. Assuming ripening occurs at between 1,150 and 1,300
biologically active growing degree days (30), ripening month was
determined by summing modeled growing degree days above
10°C from April to October, for both baseline and projected
scenarios. Monthly average temperature at the time of ripening
was used to estimate potential temperature impacts on quality.
For all simulations, average ripening occurs 1–2 months earlier
and at higher temperatures, leading to degraded quality and
marginal�impaired conditions for all but the cool coastal region

nSee the U.S. Army Corps of Engineers Flood Control Requirements for California Reser-
voirs, Sacramento District Water Control Data System, Sacramento, CA (www.spk-
wc.usace.army.mil).

oSee Western U.S. Climate Historical Summaries (Western Regional Climate Center) at
www.wrcc.dri.edu�climsum.html.

Fig. 3. Statewide change in cover of major vegetation types for 2020–2049 and 2070–2099, relative to simulated distributions for the 1961–1990 reference
period. ASF, alpine�subalpine forest; ECF, evergreen conifer forest; MEF, mixed evergreen forest; MEW, mixed evergreen woodland; GRS, grassland; SHB,
shrubland; DES, desert. Increasing temperatures drive the reduction in alpine�subalpine forest cover and cause mixed conifer forest to displace evergreen conifer
forest in the Sierra Nevada Mountains and the North Coast. Mixed conifer forest in the South Coast expands because of increased humidity and reduced fire
frequency. Because of drier conditions and increased fire frequency in inland locations, grassland displaces shrubland and woodland, particularly in the PCM
simulations, whereas warmer and drier conditions under HadCM3 cause an expansion of desert cover in the southern Central Valley.
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under all scenarios by the end of the century (see Table 3, which
is published as supporting information on the PNAS web site).
As with other perennial crops, adaptation options to shift
varieties or locations of production would require significant
time and capital investment.

The distribution of California’s diverse vegetation types also
changes substantially over the century relative to historical
simulations (Fig. 3; see also Fig. 17, which is published as
supporting information on the PNAS web site). Projections of
changes in vegetation distribution are those given by MC1, a
dynamic general vegetation model that simulates climate-driven
changes in life-form mixtures and vegetation types; ecosystem
fluxes of carbon, nitrogen, and water; and fire disturbance over
time (31). Vegetation shifts driven primarily by temperature,
such as reductions in the extent of alpine�subalpine forest and
the displacement of evergreen conifer forest by mixed evergreen
forest, are consistent across models and more pronounced under
A1fi by the end of the century. Changes driven by precipitation
and changes in fire frequency are model-dependent and do not
exhibit consistent interscenario differences. Most changes are
apparent before mid-century, with the exception of changes in
desert cover. The shift from evergreen conifer to mixed ever-
green forest and expansion of grassland are consistent with
previous impact analyses (13), whereas the extreme reduction in
alpine�subalpine forest and expansion of desert had not been
reported in previous impacts assessments (12, 13).

Conclusions
Consistent and large increases in temperature and extreme heat
drive significant impacts on temperature-sensitive sectors in

California under both lower and higher emissions scenarios, with
the most severe impacts occurring under the higher A1fi sce-
nario. Adaptation options are limited for impacts not easily
controlled by human intervention, such as the overall decline in
snowpack and loss of alpine and subalpine forests. Although
interscenario differences in climate impacts and costs of adap-
tation emerge mainly in the second half of the century, they are
largely entrained by emissions from preceding decades (32).
SRES scenarios do not explicitly assume climate-specific policy
intervention, and thus this study does not directly address the
contrast in impacts due to climate change mitigation policies.
However, these findings support the conclusion that climate
change and many of its impacts scale with the quantity and timing
of greenhouse gas emissions (33). As such, they represent a solid
starting point for assessing the outcome of changes in green-
house gas emission trajectories driven by climate-specific policies
(32, 34), and the extent to which lower emissions can reduce the
likelihood and thus risks of ‘‘dangerous anthropogenic interfer-
ence with the climate system’’ (35).
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Abstract

Old-growth forests are often assumed to exhibit no net carbon assimilation over time periods of several years. This

generalization has not been typically supported by the few whole-ecosystem, stand-scale eddy-covariance measurements of

carbon dioxide exchange in old-growth forests. An eddy-flux tower installed in a>300-year-old hemlock–hardwood forest near

the Sylvania Wilderness, Ottawa National Forest, MI, USA, observed a small annual carbon sink of CO2 of

�72 � 36 g C m�2 year�1 in 2002 and �147 � 42 g C m�2 year�1 in 2003. This carbon sink was much smaller than carbon

sinks of �438 � 49 g C m�2 year�1 in 2002 and �490 � 48 g C m�2 year�1 in 2003 observed by a nearby flux tower in a 70-

year-old mature hardwood forest (Willow Creek, WI). The mature forest had vegetation similar to the old-growth site prior to

European settlement. Both sites had slightly larger carbon sinks in 2003, which was a drier and cooler year than 2002. However,

the difference in sink strength between the two years was smaller than the uncertainty in the results arising from missing

and screened data. Both sites also had significant systematic errors due to non-representative fluxes during certain micro-

meteorological conditions, which required careful screening. The difference in sink strength between the two sites was driven

mainly by greater ER at the old-growth site (965 � 35 g C m�2 year�1 in 2002 and 883 � 69 g C m�2 year�1 in 2003)

compared to the mature site (668 � 21 g C m�2 year�1 in 2002 and 703 � 17 g C m�2 year�1 in 2003). GEP was lower at

the old-growth site (1037 � 47 g C m�2 year�1 in 2002 and 1030 � 41 g C m�2 year�1 in 2003) compared to the mature

site (1106 � 47 g C m�2 year�1 in 2002 and 1192 � 51 g C m�2 year�1 in 2003), especially in 2003. Observations also

suggested that growing season ER had greater interannual variability at the old-growth site. These results imply that old-

growth forests in the region may be carbon sinks, though these sinks are smaller than mature forests, mostly likely due to greater

ER.
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1. Introduction

Old-growth forests are traditionally viewed to be in

equilibrium with respect to net ecosystem exchange

(NEE) of carbon (Caspersen and Pacala, 2001; Kira

and Shidei, 1967). Forests typically start out as net

carbon sources during stand initiation after distur-

bance and become large carbon sinks as they mature

due to rapidly increasing production and slowly

increasing respiration (Law et al., 2003). As forests

move from stand reinitiation to old growth, carbon

sink strength is expected to decline in magnitude and

may reach neutrality as growth slows down and

decomposition increases.

This decline is hypothesized to be attributable to

increased respiration and decreased photosynthesis in

an old-growth forest compared to a mature forest.

Ecosystem respiration (ER) is expected to increase

steadily with stand age due to increased decomposi-

tion (i.e., from greater amounts of coarse woody debris

(CWD) arising from mortality) and sapwood main-

tenance respiration. Gross ecosystem production

(GEP) typically peaks in mature forests and declines

as stands age due to decreased stomatal conductance,

decreased hydraulic conductivity from increased tree

height, decreased nutrient availability, and increased

tree and branch mortality (Gower et al., 1996; Murty

et al., 1996).

Because many forest productivity models assume

that net primary production (NPP) declines steadily

after stem exclusion and approaches zero for old-

growth stands, the ability of old-growth forests to act

as carbon sinks may actually be underestimated

(Carey et al., 2001). Continuous recruitment of

various tree species of all ages in a natural old-growth

forest could lead to positive net primary productivity

(NPP), as opposed to carbon equilibrium expected

in monospecific even-aged old stands or carbon

uptake decline expected with individual old trees. In

addition, the contribution of sapwood respiration

to ER may not increase over the course of stand

development (Carey et al., 1997; Ryan and Waring,

1992).

The objective of this study was to examine net

ecosystem carbon exchange in an old-growth eastern

hemlock (Tsuga canadensis)–northern hardwood

forest located in the Ottawa National Forest,

Michigan, USA, and compare it to a mature northern

hardwood forest located in the nearby Chequamegon-

Nicolet National Forest, Wisconsin, USA. The old-

growth stand is representative of the forest type found

in the mature forest stand and much of northern

Michigan and Wisconsin prior to European settlement

in North America (Frelich, 1995; Manies and

Mladenoff, 2000; Schulte et al., 2002). Prior to

European settlement, hemlock–hardwood forests

occupied almost half of the forested land area in

Minnesota, Wisconsin, and Michigan (Frelich, 1995;

Woods, 2000b). Harvesting from the late 1800s

through mid 1900s resulted in the conversion of these

forests to secondary forests of aspen (Populus

tremuloides), yellow birch (Betula alleghaniensis),

and sugar maple (Acer saccharum) that characterize

the region today.

Carbon exchange seen at the old-growth site may

be representative of carbon exchange at the mature site

had it not been logged in the late 19th and early 20th

centuries. Although only �1% of primary forest and

�5% of old-growth forest that existed prior to

European settlement remain in upper Great Lakes

states (Minnesota, Wisconsin, Michigan), the decline

of logging in the area during the 20th century has led

to a resurgence of older forest that continues to expand

in space and age (Caspersen et al., 2000; Frelich,

1995; Houghton et al., 1999). Thus, the undisturbed

old-growth forest may also represent the potential for

future carbon storage by late successional stands in the

region (Woods, 2000b).

We measured the fluxes of carbon dioxide between

the forest and atmosphere at the old-growth and

mature forest stand over two years using the eddy

covariance technique. Since the early 1990s, over 200

eddy covariance flux towers have been built in

numerous ecosystems across the world. Few, however,

are located in old-growth forests, and only one other is

in an old-growth hemlock–northern hardwood forest

(Hadley and Schedlbauer, 2002).

Most flux measurements from old-growth forests

have shown small to moderate carbon sinks, contrary

to the previously assumed carbon balance (e.g., Griffis

et al., 2003; Hollinger et al., 1994; Knohl et al., 2003;

Law et al., 2001). Based on these results and theories

of forest succession, we tested the following hypo-

theses to better quantify stand age effects in models of

forest carbon exchange and improve regional-scale

estimates of NEE:
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1. The old-growth site was a small carbon sink to the

biosphere, corroborating what has been seen at

other old-growth sites.

2. The old-growth site had significantly smaller

annual NEE of carbon dioxide than the mature

site, as would be expected according to traditional

models.

3. Smaller NEE at the old-growth site was due

primarily to larger ER at the old-growth site

compared to the mature site.

4. GEP at the two sites was similar, though the old-

growth site may be slightly smaller.

5. Interannual NEE, ER, and GEP will increase or

decline at both sites by similar amounts in response

to interannual climate variability.

2. Materials and methods

2.1. Site descriptions

2.1.1. Sylvania hemlock–hardwood old-growth forest

The old-growth site (hereafter referred to as

Sylvania) was established in late 2001 and is located

�100 m north of the boundary to the Sylvania

Wilderness and Recreation area, Ottawa National

Forest, Michigan, USA (4681403100N, 8982005200W)

(Fig. 1). The 8500 ha Sylvania Wilderness in the

Upper Peninsula of Michigan is one of few large tracts

of old-growth forest in the Midwest (Frelich, 1995).

Trees range from 0 to 350 years old, and dominant

species are sugar maple and eastern hemlock. The

forest occurs within a glacial outwash and moraine

landscape (Ferrari, 1999), which creates an irregular

and hummocky landscape with an average slope of

10% over short distances (Davis et al., 1996; Pastor

and Broschart, 1990). Average elevation is 517–

567 m. The climate is northern continental, character-

ized by short growing seasons and cold winters.

Dominant upland soils are moderately well-drained,

coarse or sandy loam spodosols (Pastor and Broschart,

1990).

Sixty-six percent of the Sylvania tract is hemlock–

northern hardwood forest comprised of 3–30 ha

upland patches dominated by either eastern hemlock

or sugar maple, with yellow birch, basswood (Tilia

americana), and ironwood (Ostrya virginiana) also

present in the overstory (Davis et al., 1994; Frelich et

al., 1993; Pastor and Broschart, 1990). Old trees are a

significant component of the canopy. Forested wet-

lands, marshes, and swales cover 13% of the Sylvania

region. The remaining 21% of Sylvania is covered by

lakes.

Widespread natural disturbances in Sylvania,

primarily lightning-induced fire and windstorms, are

infrequent. Disturbance histories, reconstructed from

tree-ring studies, chronicle a tree turnover time at

Sylvania over the past 150 years of 5.4% per decade,

with an average canopy residence time of 186 years

(Frelich and Graumlich, 1994). The Sylvania Wild-

erness tract is unique to the area in that it has never

been logged, with the exception of large white pines

high graded from lakeshores in the early 20th century

(Davis et al., 1998). Fossil pollen studies from six

small forest hollows suggest that the current mix and

locations of hemlock and hardwood stands have not

changed in the past 3000 years (Brugam et al., 1997;

Davis et al., 1992). These results suggest that Sylvania

is near long-term compositional equilibrium, but there

is some evidence of compositional flux due to deer

browsing and climate change (Davis et al., 1996;

Woods, 2000a). These long-term changes, however,

are unlikely to greatly impact short-term carbon

exchange measurements over old-growth stands.

Extensive studies exist of the Sylvania Wilderness

and surrounding region that detail the understory

(Miller et al., 2002; Scheller and Mladenoff, 2002),

leaf litter (Ferrari and Sugita, 1996), nitrogen cycling

(Ferrari, 1999; Fisk et al., 2002), and long-term

disturbance histories (Frelich and Lorimer, 1991;

Lorimer et al., 2001; Parshall, 1995).

The immediate 1 ha around the tower has relatively

flat topography (<3% slope), except for a steeper

decline (�12%) from the tower to the northeast. A
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closed canopy of sugar maple is dominant (71% of

overstory stems) in the 1 ha surrounding the tower,

which also contains hemlock (14%), yellow birch

(7%), basswood, and ironwood (8%) in the overstory.

However, hemlock is dominant in the 1 km2 surround-

ing the tower. All upland forest in the entire 1 km2 is

old-growth forest except for about 600 m2 to the

northeast. Thus, the fluxes measured by the tower are

considered representative of old-growth forest given

typical flux footprints and wind patterns. There was no

evidence of recent disturbance in the area.

Stand basal area measured in 2002 was

33.1 m2 ha�1 and typical canopy heights ranged from

20 to 27 m. Average leaf area index (LAI) measured

on September 2002 with an LI-2000 (LI-COR Inc.,

Lincoln, NE) was 4.06. Significant coarse woody

debris covers the understory. Sugar maple seedlings

are abundant. There are four lakes in the vicinity of the

tower: Helen Lake �100 m to the northeast, Snap

Jack Lake �1 km to the northwest, Long Lake �1 km

to the west, and Clark Lake �1 km to the east and

southeast. The area southwest of the tower has the

largest footprint of upland forest wilderness and no

lakes. There are also three small (�10 ha) black

spruce/sphagnum bogs, one to the southeast, and two

�800 m southwest of the tower.

2.1.2. Willow Creek mature forest regrowth

NEE of carbon and water in the mature upland

hardwood forest have been observed since 1999 at the

Willow Creek, Wisconsin, USA, AmeriFlux site

(hereafter referred to as Willow Creek) (Cook et al.,

2004). The site is located in the Chequamegon-

Nicolett National Forest, WI, USA (4584802100N,

9080404700W) and is approximately 50 km from

Sylvania (Fig. 1). Dominant species at this site are

sugar maple, basswood, and green ash (Fraxinus

pennsylvanica). The LAI is 5.3, and the stand is about

70 years old. Average canopy height is 24 m. The soil

is sandy loam. Pre-settlement vegetation around

Willow Creek consisted of hemlock, birch, sugar

maple, and basswood trees of 25–35 cm in diameter

(unpublished data, Pre-European Settlement Vegeta-

tion Database of Wisconsin, Department of

Forest Ecology and Management, University of

Wisconsin, Madison, 2000). Detailed site description

for the Willow Creek site can be found in Cook et al.

(2004).

2.1.3. ChEAS

The Sylvania and Willow Creek study sites

complement a suite of nine other flux towers in the

northern Wisconsin/upper Michigan region (Fig. 1),

and are part of the Chequamegon Ecosystem Atmo-

sphere Study (ChEAS; http://cheas.psu.edu). ChEAS

is an affiliation of researchers conducting carbon

and water cycle research in northern Wisconsin and

upper Michigan. Sites in the ChEAS network allow for

an examination of how age and succession affect

forest carbon fluxes and storage. Additional site

description and data access for the Sylvania and

Willow Creek sites are available from the ChEAS

website.

2.2. Measurements

Fluxes of CO2, latent, and sensible heat were

measured at the Sylvania and Willow Creek sites at

36 m (10 m above canopy) and 30 m (5 m above

canopy) above the ground, respectively, from a narrow

triangular tower (model 45G, Rohn, Peoria, IL).

Instrumentation details for Sylvania are presented

below. Willow Creek instrumentation was virtually

identical to Sylvania and is described extensively in

Cook et al. (2004). Flux measurements were made

from the end of a 2 m boom oriented towards the SW,

which is the predominant wind direction. A Campbell

Scientific Inc. (Logan, UT) CSAT-3 sonic anemometer

measured high-frequency (10 Hz) three-dimensional

wind speed and sonic virtual temperature, while a LI-

COR (Lincoln, NE) LI-6262 infrared gas analyzer

measured CO2 and H2O mixing ratios in absolute

mode at 10 Hz. Flow rates of approximately 9 L/min

were drawn by a diaphragm pump (model UN89, KNF

Neuberger Inc., Trenton, NJ). High-frequency mixing

ratio measurements of water vapor and carbon dioxide

were calibrated against low-frequency measurements

made by a relative humidity probe (model HMP45C,

Campbell Scientific Inc., Logan, UT) and a high-

precision vertical CO2 profiling system, respectively.

These measurements follow the protocol as outlined

by Berger et al. (2001).

Storage flux calculations and calibration of high

frequency CO2 were obtained by measuring low-

frequency (3 min average, 21 min interval), high-

precision (�0.2 ppm) CO2 mixing ratios at seven

levels between the ground and flux measurement
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height. Air from each level was drawn�60 m by a 6 L/

min pump at 3.5 psi (model UN89, KNF Neuberger

Inc., Trenton, NJ) and dried by a Nafion tube dryer

(model MD-050-72P-2, Perma Pure LLC, Toms River,

NJ) using a countercurrent of dry nitrogen. A

subsample of air was passed through a LI-COR

LI-6252 infrared gas analyzer at 100 mL min�1. The

analyzer was automatically calibrated at regular

intervals throughout the day using three reference

CO2 gases. System design, measurement protocol, and

calibration details of the high-precision CO2 system

are described by Bakwin et al. (1995), Cook et al.

(2004), and Zhao et al. (1997).

In addition to flux and CO2 mixing ratio

measurements, a full suite of micrometeorological

measurements were made at the site, including net

radiation (model NR-LITE, Kipp and Zonen Inc.,

Saskatoon, SK, Canada), total photosynthetic active

radiation (PAR) (model PAR-LITE, Kipp and Zonen

Inc., Saskatoon, SK, Canada), air temperature and

humidity (model HMP45C platinum resistance

temperature and capacitive polymer humidity probe,

Campbell Scientific Inc., Logan, UT), and total

precipitation (model TE525WS tipping bucket rain

gauge and CS705 snowfall adapter, Campbell

Scientific Inc., Logan, UT). Precipitation data at

the NCDC cooperative weather station in Vilas

County, WI (Lac Vieux Desert), were used to account

for an improperly placed precipitation gauge at

Sylvania from January to May 2002. Soil temperature

was measured using a copper–constantan thermo-

couple (type T, 24 gauge, Omega Engineering Inc.,

Stamford, CT) buried at 5 cm depth. Soil heat flux

and storage were determined using a thermopile

transducer (model HFT3, Campbell Scientific Inc.,

Logan, UT) at 0.075 m below ground and the soil

temperature measurements. Other micrometeorolo-

gical measurements including diffuse PAR, tree bole

temperatures, below canopy precipitation, subca-

nopy wind velocity, along with air temperature, water

vapor mixing ratio, PAR, soil temperature, and soil

volumetric liquid water content vertical profiles,

were also measured. Avariety of additional biometric

and chamber flux measurements, including soil,

coarse woody debris and stem CO2 efflux measure-

ments, sapflux, stem growth measurements, leaf light

response, and site characterizations, were made in

the vicinity of the flux tower.

2.3. Flux calculation

Turbulent fluxes of momentum, heat, water vapor,

and CO2 were calculated at half-hourly intervals for

both sites using linearly detrended 10 Hz measure-

ments of these quantities. Berger et al. (2001) detail

the calculation of fluxes. Wind velocity was rotated

into the mean horizontal wind, and a long-term planar

fit rotation correction in the vertical was applied to

account for any possible non-level mounting of the

sonic anemometer. Lagged covariances between

vertical wind velocity and carbon dioxide or water

vapor were computed and applied to account for lag

times between the sonic anemometer and the closed-

path infrared gas analyzer. A spectral correction was

applied to account for loss of the high-frequency

component of flux, following the method described in

Berger et al. (2001). Spectral corrections for water

vapor were computed by spectrally degrading the

power spectrum of virtual sonic temperature to match

water vapor. A correction factor for H2O was

computed from the ratio of temperature fluxes

computed with and without power spectrum degrada-

tion. No degradation was found for CO2 spectra, so the

correction factor was computed from theoretical

models of air flow through tubing. Fluxes were

multiplied by these spectral correction factors, which

typically ranged from 1.01 to 1.04 for CO2 and 1.2 to

1.5 for H2O.

Net ecosystem exchange at the surface is the sum of

the turbulent flux at sensor height and the storage term

below sensor height (Yi et al., 2000). This storage term

accounts for the accumulation of the CO2, water

vapor, or temperature below the turbulence sensor

height. Missing carbon dioxide storage data were

filled using a one-month (expandable to four months

until 10 non-missing days are found) moving window

ensemble average so as to account for diurnal and

seasonal variation in storage flux. Daily average CO2

storage is typically an order of magnitude smaller than

CO2 flux, and averages to zero over longer time-

scales. No attempt was made to calculate heat storage

in aboveground biomass.

2.4. Quality control

Turbulent flux sampling quality and instrumenta-

tion calibration were assessed using the Ameriflux
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relocatable reference system (http://public.ornl.gov/

ameriflux/standards_roving.shtml). This system was

located at Willow Creek for a week in summer of 2001

and at Sylvania for 10 days in the summer of 2003.

Results showed that fluxes measured by the long-term

system and the Ameriflux reference system were

highly correlated with a slope near 1 at both sites

(Loescher H., personal communication). Flux pro-

cessing methods were validated by computing fluxes

for the Ameriflux gold standard files (http://public.

ornl.gov/ameriflux/standards-gold.shtml).

Additionally, surface energy balance measurements

at both sites showed that the sum of sensible and latent

heat flux was highly correlated (r2 > 0.8) to the sum of

net radiation and soil heat flux. A linear fit between the

two quantities showed that long-term energy balance

closure for 2002 and 2003 (ratio the sum of sensible and

latent turbulent flux to the sum of net radiation and soil

heat flux) was 68% for Willow Creek and 79% for

Sylvania. These values are in the range reported by

most flux sites (Wilson et al., 2002) and provide

additional confirmation of turbulent flux quality

(Moncrieff et al., 1997). We did not attempt to correct

CO2 fluxes for energy balance underestimation as some

researchers have suggested (e.g., Twine et al., 2000).

2.5. Data screening

Two screening criteria were applied to exclude

non-representative flux measurements. The first

criteria were for weak turbulence friction velocity

(u*) at night. During times of weak or intermittent

turbulence, often experienced at night, mixing is weak

and the flux is underestimated presumably due to

drainage of respired carbon dioxide to low-lying areas

(Mahrt et al., 2001). As turbulence strengthens, these

pools of carbon are hypothesized to vent into the

atmosphere and consequently not be observed by the

flux sensors located where the carbon was initially

respired. Flux towers, typically built on uplands or

hills, tend to find a decline in average nighttime NEE

at low u* (Baldocchi et al., 2001). A friction velocity

cutoff was computed by comparing normalized

nighttime NEE versus friction velocity. Deviations

from mean normalized NEE were computed by

subtracting the mean monthly nighttime NEE from

the observed NEE and dividing the residual by the

standard deviation of nighttime NEE for the month.

The friction velocity cutoff was found where the

deviations from normalized NEE (averaged over

0.05 m s�1 friction velocity bins) stayed consistently

below zero.

The second screening criteria were for the sampling

of non-representative conditions. Anomalous venting

events occurred in the southeast quadrant (90–1808)
for Willow Creek (Cook et al., 2004). Data from that

direction were screened for Willow Creek. A detailed

treatment and justification for screening these data can

be found in Cook et al. (2004). For Sylvania, non-

representative footprints include those contaminated

by lakes, mostly found to the north of the tower, or

wetlands, mostly found to the southeast of the tower.

This screening was accomplished by site maps,

directional dependencies evident in plots of friction

velocity or NEE versus wind direction, measurements

of CO2 concentration across the landscape, and flux

footprint analyses.

To assess our data-screening methods and flux

measurement representativeness at Sylvania, we

preformed a flux footprint analysis that relied on an

atmospheric surface layer model (Horst and Weil,

1992) and land cover maps. Sonic anemometer data

were used to estimate roughness lengths and

displacement heights that varied with wind direction

based on a method of Martano (2000). Crosswind-

integrated footprints were computed and converted to

2D footprints using simple Gaussian assumptions and

sonic anemometer turbulent statistics of vertical and

horizontal wind speed variability. A flux footprint

contour extended to where it included 90% of the flux.

A footprint climatology for all growing season (June–

August) hours of 2002 and 2003 was computed from

these footprints using a method similar to one

presented by Amiro (1998). All footprints were

overlaid to create a ‘‘footprint climatology’’. This

climatology was then compared to land cover statistics

generated from a United State Geological Survey

(USGS) topographical map for the region and results

were segregated by wind direction and percentage of

land cover sampled.

Table 1 shows the percentage of data screened in

each month by the screening criteria. An average of

21% of all possible hours was screened by these

criteria. The choice of screening criteria and the

effects of data screening on NEE, ER, GEP are

discussed in Section 3.2.
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2.6. Missing data

Missing data occurred at both sites for various

reasons including power outages, instrument failure,

computer/data logging malfunction, on-site recalibra-

tions, and sonic anemometer interference due to

precipitation and condensation. Flux data were

observed and collected in 67% of all possible half-

hourly time periods (32,058) in 2002 and 2003 for

Sylvania and 63% for Willow Creek. Table 1 shows

the amount of missing data for each month. For

Sylvania, most of these missing data occurred

outside of the growing season, when fluxes were

consistently small. The amount of missing and

screened data at both sites is within range reported

for other flux sites (Falge et al., 2001). Falge et al.

(2001) show that gap-filling the kind and amount of

missing data seen at our sites using non-linear

regression (see Section 2.7) typically only introduces

small, random errors and can reasonably approximate

the original data.

We performed a simple Monte Carlo experiment to

assess the first-order uncertainty in our annual

estimates of NEE, ER, and GEP based on a method

presented by Griffis et al. (2003). Between 10 and 50%

of the existing observed data were removed using a

uniform random number generator. Missing data gaps

were randomly selected to range from one missing

half-hour to five days. Gap filling functions were

recomputed and missing data were filled with modeled

NEE (described in Section 2.7). This experiment was

run 100 times for each year (2002 and 2003) at each

site (Willow Creek and Sylvania).

2.7. Partitioning of carbon fluxes and

filling data gaps

We followed the gap-filling methodology recom-

mended by Falge et al. (2001) with some minor

modifications. Missing and screened NEE data were

filled by modeling ER and GEP using simple response

functions driven by soil temperature and PAR. Para-

meters for each function were statistically computed

from observed NEE and micrometeorology.

Respiration was computed using the Eyring

function (Cook et al., 2004; Eyring, 1935; Glasstone

et al., 1941), a theoretically derived chemical rate

reaction kinetics model that is similar to the

empirically derived Arrhenius model and based on

transition state theory. This ER model produces

theoretically meaningful parameters that can be used

for site-to-site comparisons, and for modeling

seasonal and longer term trends in ER. Cook et al.

(2004) provide additional justification and derivation
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Table 1

Percentage of missing data and screened data per month

Month Sylvania Willow Creek

2002 2003 2002 2003

Missing (%) Screened (%) Missing (%) Screened (%) Missing (%) Screened (%) Missing (%) Screened (%)

January 32 22 24 6 25 18 66 3

February 38 12 16 23 14 12 19 18

March 53 11 10 19 7 30 20 25

April 52 15 53 14 32 28 57 11

May 82 6 100 0 89 3 33 29

June 42 22 18 30 60 17 20 45

July 29 21 2 32 48 21 70 9

August 5 33 1 43 2 49 39 30

September 1 30 0 31 23 29 50 13

October 10 42 8 34 23 28 4 35

November 6 19 65 6 25 12 39 18

December 47 10 100 0 19 16 86 7

June–August 25 25 7 35 37 29 43 28

All year 33 20 33 20 31 22 42 20

Screening includes u* and wind direction filters.



of this equation. The Eyring function is:

ER ¼ 10�6 k

h
Ts e�ðDGþþ=R�TsÞ (1)

where ER is ecosystem respiration rate in

mmol m�2 s�1, Ts the soil temperature in K, k the

Boltzman’s constant (1.3806 
 10�23 J K�1), h the

Planck’s constant (6.6262 
 10�34 J s�1), and R* is

the universal gas constant (8.3143 J mol�1 K�1).

DG++ is the Gibbs activation energy (J mol�1) of

the reaction, defined as:

DGþþ ¼ DHþþ � Ts DSþþ (2)

where DH++ is enthalpy (J mol�1) and DS++ is entropy

(J mol�1 K�1). Enthalpy and entropy are the variable

parameters of this function. Standard Q10 values can

also be derived from resulting fits.

We computed these parameters by fitting nighttime

NEE against 5 cm soil temperature. There is

negligible photosynthesis at night, so nighttime

NEE is a measure of ER excluding any respiration

components that only occur during the day. Near-

surface soil temperature was used because it reflects

temperatures near the largest source of heterotrophic

respiration (and thus ER), and soil temperature and ER

are typically correlated at short time-scales (hours to

days). This function relies on soil temperature only.

Sites in this region are rarely moisture limited and we

were unable to find any strong relationship between

ER and soil moisture on short time-scales at either site.

Daily values for DH++ and DS++ were found by

fitting observed ER and soil temperature with a

linearized form of Eq. (1) and a one-month moving

window, expandable to four months until 200 good

half-hourly points were found. We chose this window

size so as to obtain a large enough temperature range

to form a statistically meaningful fit and adequately

cover large gaps. The moving window technique, as

described by Falge et al. (2001), allows us to capture

seasonal changes in phenology and litter quality. Poor

statistical fits of DH++ and DS++ were evaluated for

significance using a one-tailed t-test at the 90%

confidence level. In cases of poor fits, we instead used

mean hourly nighttime ER to represent hourly ER for

the day. Otherwise, daytime ER was estimated by

using daytime soil temperature and the time-varying

fitted values of DH++ and DS++.

GEP was computed from the difference between

modeled half-hourly ER and observed NEE. To

produce ecosystem scale light response curves and

to fill gaps, computed GEP was then fit to a Michaelis–

Menton reaction rate equation (Falge et al., 2001;

Ruimy et al., 1995):

GEP ¼ b1PAR

b2 þ PAR
(3)

where PAR is photosynthetic active radiation in

mmol m�2 s�1, and b1 and b2 are the variable para-

meters of the function. We fitted daytime GEP

(ER � NEE) against above canopy PAR to find b1

and b2 (one set per day). The same moving window

technique and statistical t-test as described for fitting

the ER parameters were applied. The moving window

technique accounts for seasonal changes in phenology

and ecosystem light use efficiency. For poor fits, b2

was set to zero and b1 was set to the mean GEP.

3. Results

3.1. Climate

The climate of the region is northern continental,

with short, moist growing seasons (June–August) and

cold, relatively drier winters. Leaf emergence typi-

cally occurs in mid-late May, and leaf fall typically

completes by late September/early October. Table 2

shows monthly average air temperature and precipita-

tion for both sites in 2002 and 2003, along with

National Climate Data Center (NCDC) cooperative

weather observatory 30-year averages from stations

near to each site. These data suggest that Sylvania and

Willow Creek are in mostly identical climate zones,

despite an expectation in increased influence of Lake

Superior at Sylvania.

The average annual temperature averaged for both

sites was 4.0 8C, with January the coldest month

(�12.8 8C) and July the warmest (18.6 8C). On an

annual basis, Sylvania was slightly cooler than Willow

Creek in both years, primarily due to a colder winter

and spring. Temperatures in 2003 were cooler than

2002, especially in the first half of the year, with the

exception of May, which was significantly warmer.

Growing season and late fall/winter temperatures were

similar between the two years. The primary exception

was October 2003, which was notably warmer than

October 2002.
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Precipitation at both sites was similar in both years,

even though on average, Sylvania is slightly drier than

Willow Creek, primarily due to lower growing season

precipitation. Average annual precipitation averaged

across both sites was 793 mm, with 68% falling from

May–October. Precipitation from mid November to

early April is primarily snow. Annual precipitation in

2002 was significantly above average, with April–July

and September–October being significantly wet

months. August was drier than average, while

November and December were very dry. The dry

anomaly at the end of 2002 continued through March

2003. Other than April and May, most months in 2003

were at or below average precipitation. There was a

persistent drought from August to October.

Monthly average 5 cm soil temperature showed a

similar trend to air temperature (Fig. 2), with 2003

being slightly cooler than 2002. Soil temperatures at

Willow Creek were generally higher than Sylvania.

Monthly average incoming PAR (Fig. 2) was almost

identical at both sites, suggesting that the sites

experience similar levels of daytime cloudiness. Both

years had similar PAR, with June and October 2003

PAR slightly higher than 2002, and July 2003 slightly

lower than 2002.

3.2. Impact of data screening of carbon fluxes

Friction velocity thresholds of 0.325 and 0.3 m s�1

were observed for Sylvania and Willow Creek,
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Table 2

Monthly and annual average air temperature and total precipitation

Month Sylvania Willow Creek

2002 2003 71-00 average 2002 2003 71-00 average

Average air temperature (8C)

January �7.1 �12.9 �12.7 �5.8 �12.5 �12.8

February �5.9 �13.2 �10.2 �4.3 �11.7 �9.8

March �7.8 �5.1 �4.1 �6.3 �3.2 �3.9

April 2.4 2.1 3.2 3.8 4.3 3.9

May 7.2 10.6 10.9 8.6 11.6 11.7

June 16.7 14.8 15.8 17.4 16.4 16.3

July 20.5 18.0 18.5 20.9 18.5 18.7

August 17.2 18.7 17.3 18.2 19.7 17.6

September 13.9 12.7 12.6 14.5 13.4 12.7

October 3.1 5.2 6.4 2.9 6.8 6.2

November �2.9 �2.8 �1.8 �2.4 �1.8 �1.9

December �6.8 �6.2 �9.1 �5.8 �5.7 �9.7

Annual 4.2 3.5 3.9 5.1 4.7 4.1

Total precipitation (mm)

January 12 1 36 14 1 31

February 60 15 27 52 15 23

March 82 42 52 87 42 46

April 127 101 53 200 101 60

May 88 100 81 98 107 84

June 104 77 90 79 86 97

July 154 92 81 155 67 101

August 70 38 91 89 42 115

September 128 70 94 134 55 99

October 97 45 73 83 35 68

November 6 68 56 4 41 58

December 1 21 38 0 31 33

Annual 928 670 771 995 625 815

Also shown are 30-year averages of these quantities from the National Climate Data Center (NCDC) cooperative weather observatories in

Watersmeet, MI, for Sylvania and Minocqua, WI, for Willow Creek.



respectively. Nighttime NEE decreased significantly

when u* was below these values, implying weak

turbulence and non-1D flow at these sites (i.e., respired

carbon flowed to lower lying areas). These thresholds

are within range of values seen at other forested eddy

flux sites (Falge et al., 2001). Nighttime observations

were discarded when u* fell below these thresholds.

The impact of u* screening was felt mostly in ER,

which increased on average by 11% over no screening

for Willow Creek and 16% over no screening for

Sylvania (Table 3). GEP increased over no screening

on average by 4% at Willow Creek and 8% at

Sylvania. These results imply more vigorous ‘‘drai-

nage’’ flow at Sylvania and is consistent with an

observed steeper and more well-defined slope from the

tower to lower lying areas at Sylvania compared to

Willow Creek. Daytime low-u* observations were not

discarded, since no NEE difference with u* was

detected and convection can continue to occur during

daytime at low u*.

Data screening arising from filtering of flux

measurements with wind direction had a large effect

on NEE, ER, and GEP (Table 3). Carbon fluxes from the

SE quadrant (90–1808) were screened at Willow Creek

due to anomalous venting events not associated with

fluxes from the forest ecosystem (Cook et al., 2004).

Discarding these abnormally large fluxes (often larger
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Fig. 2. Monthly average (a) 5 cm soil temperature and (b) total

above-canopy incoming photosynthetic active radiation (PAR).

Table 3

Annual NEE, ER, and GEP as a function of screening criteria

Site Year Screening NEE ER GEP Screen (%)

Sylvania 2002 No screen �164 693 857 0

u* Screen only �122 823 945 19

Wind screen only �119 847 967 16

All screen �72 965 1037 30

2003 No screen �239 624 863 0

u* Screen only �208 708 916 17

Wind screen only �186 780 966 20

All screen �147 883 1030 30

Willow Creek 2002 No screen �228 908 1136 0

u* Screen only �159 1002 1161 16

Wind screen only �440 659 1099 13

All screen �438 668 1106 29

2003 No screen �383 821 1204 0

u* Screen only �347 915 1262 17

Wind screen only �477 712 1189 11

All screen �490 703 1192 29

Also shown is percentage of data screened for these various criteria.



than biologically possible) had a large impact on carbon

fluxes at Willow Creek (Table 3), primarily on ER.

Wind screening reduced ER by 20% and GEP by 2% on

average over both years compared to no screening. The

impact was larger for 2002 compared to 2003, partly

because SE winds were less common in 2003.

Lakes to the north and east of Sylvania appeared to

have had an impact on fluxes measured when the

wind was from these directions. Fig. 3 shows u* as a

function of wind direction for June–August averaged

across 2002 and 2003. Significantly lower than

average friction velocity was observed with wind

direction from about 308 to 908 of north in daytime.

The radial extent of this u* decline was coincident with

the direction of Helen Lake, the closest lake to the

Sylvania tower. We assumed that fluxes from this

direction were non-representative of the old-growth

forest ecosystem we were trying to sample, and

screened all flux data when the wind was from 308 to

908. This screening did not remove much additional

data, since less than 9% of wind directions were

between 308 and 908, and a majority of these data had

u* below 0.325 m s�1.

A plot of Sylvania NEE versus wind direction

(Fig. 4) suggests that at night, lakes had a large impact

in all directions outside of the SW quadrant (180–

2708). Nighttime NEE from the SW was almost twice

other directions. This may have been due to warmer

synoptic flow from that direction. To assess this claim,

the effect of temperature on nighttime NEE was

removed by using a simple exponential model:

ER15 ¼ ERT eb½15�T � (4)

where ERT is ecosystem respiration (nighttime NEE),

ER15 the ecosystem respiration at 15 8C, T the night-

time 5 cm soil temperature, and b is the respiration–

temperature sensitivity parameter. b was computed by

fitting observed nighttime NEE to T and was found to
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Fig. 3. Variation of u* with wind direction from June–August at

Sylvania for (a) night and (b) day. Data points are mean and standard

deviation for 22.58 bins.

Fig. 4. Variation of NEE with wind direction from June–August at

Sylvania for (a) night and (b) day. Data points are mean and standard

deviation for 22.58 bins. Gray stars represent same data with

temperature correction applied as described in Section 3.2.



be 0.8. Fig. 4 shows that nighttime NEE remained

variable with wind direction after this temperature

correction. Thus, neither u* nor temperature variabil-

ity with wind direction can completely explain the

observed variability in NEE with wind direction.

Footprint climatology and land cover analysis

showed that nighttime bin-averaged temperature-

corrected ER15 was correlated (r2 = 0.8) with the

percent of forest within the flux footprint. Lakes

within the flux footprint tended to reduce ER15 by a

magnitude similar to the amount of lake in the

footprint. Footprint analyses also showed that typical

footprints had a 90% inclusion contour of around

1 km. At that range, the southwest direction was the

least contaminated by lakes and had the footprint with

the largest amount of wilderness.

However, the small wetlands �800 m to the south-

west of the flux tower (described in Section 2.1.1)

could have been acting as an anomalous respiration

source. CO2 measurements made on several nights in

the wetlands suggest that the wetlands did not have

anomalously high nighttime CO2 concentrations

(which would imply high ER) compared to measure-

ments near the tower. Additionally, lake temperature

measurements made on several nights in the summer

at Helen Lake showed that the lake was typically much

warmer than the air at night, suggesting that the lake

could have been producing buoyant thermals that were

venting respired forest CO2 prior to reaching the flux

tower. This type of effect (horizontally advected CO2

converging at a warm lake and then venting vertically)

was evidenced during the BOREAS experiment by

Sun et al. (1998). The authors speculated that this

effect caused lower than expected flux measurements

at a nearby tower. This effect is also consistent at

Sylvania with the appearance of the low NEE anomaly

only at night and only in the summer. Finally, initial

results from scaled soil and stem efflux measurements

suggest that larger fluxes to the SW are more

representative of ecosystem ER (Tang et al., in

preparation).

Thus, we speculate that air mass modification by

the presence of lakes occurred, especially at night

when footprints can be large in lateral extent. We

assumed that the nighttime CO2 fluxes measured in the

southwest direction were representative of the stand-

scale integrated ER, whereas nighttime CO2 fluxes

from other directions were diluted by the presence of

lakes. We decided to screen June–October nighttime

NEE data when the wind was not between 1808 and

2708, removing around half of the nighttime growing

season data. No strong variation in observed NEE was

seen in the daytime or outside the June–October

timeframe. The effect of wind screening on carbon

fluxes was large (Table 3). Compared to no screening,

wind directional screening increased ER by 24% when

averaged over both years. GEP also increased by 12%.

The net effect of u* and wind screening was to

make Willow Creek a larger net carbon sink by 60%

and make Sylvania a smaller net carbon sink by 47%

on average over both years. Screening had a greater

impact at both sites in 2002 compared to 2003.

The results did not significantly alter NEE or GEP

comparisons between the two sites, but it did com-

plicate the comparison of ER. However, we believe

that the choices made for screening of systematic

errors were based on rigorous analysis and observa-

tion.

Uncertainty in NEE, ER, and GEP caused by both

missing data and removing screened data was computed

with a Monte Carlo simulation as described in Section

2.6. The results showed that modeled annual NEE was

able to reproduce total annual NEE to within 4%, giving

confidence in our gap-filled methodology. Table 4

documents the annual total and standard deviation of

annual totals from the Monte Carlo experiment for NEE,

ER, GEP at each site for each year. The average

uncertainty in annual NEE computed with this method

was �44 g C m�2 year�1. We used the uncertainties

shown in Table 4 for assessing the significance of

differences in NEE, ER, and GEP between the two sites

and between the two years.

3.3. Net ecosystem exchange of CO2

Negative total monthly NEE (net biospheric

uptake) occurred from June to August at both sites
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Table 4

Annual NEE, ER, GEP, and estimate of uncertainty caused by gap-

filling for each using the Monte Carlo analysis

Site Year NEE ER GEP

Sylvania 2002 �72 � 36 965 � 35 1037 � 47

2003 �147 � 42 883 � 69 1030 � 41

Willow Creek 2002 �438 � 49 668 � 21 1106 � 51

2003 �490 � 48 703 � 17 1192 � 51



in both years (Fig. 5a). Small negative NEE also

occurred in September except for Sylvania in

2002. Willow Creek was a significantly larger sink

of carbon dioxide during the growing season than

Sylvania in both years. For both sites, uptake was

slightly larger in 2003 than 2002, but the difference

at Sylvania was smaller than the uncertainty for June

and July. Maximum total monthly negative NEE

occurred in June for Sylvania and July for Willow

Creek. Sink strength steadily declined from late July

to September. Late fall NEE at both sites was

similar, but winter NEE was slightly larger (bigger

source) at Willow Creek than Sylvania, especially in

March and April. At both sites, there was no signi-

ficant difference in late fall or winter NEE between

2002 and 2003.

Weekly cumulative NEE plotted in Fig. 6a shows

steadily increasing cumulative NEE from January to

mid-May, and a steady decline until September. In

both sites in both years, the switch from increasing

cumulative NEE to decreasing cumulative NEE

occurred in mid-May. However, since Willow Creek

was a larger winter source of NEE, the peak maximum

cumulative NEE was larger than Sylvania. January to

April cumulative NEE release rates were 5.9 g C m�2

month�1 in 2002 and 2.5 g C m�2 month�1 in 2003 for

Sylvania and 19.5 g C m�2 month�1 in 2002 and

21.4 g C m�2 month�1 in 2003 for Willow Creek.

Growing season (June–August) NEE uptake rates were

�46.3 g C m�2 month�1 in 2002 and �59.4 g C m�2

month�1 in 2003 for Sylvania, which were significantly

smaller than rates of�186.5 g C m�2 month�1 in 2002

and �223.1 g C m�2 month�1 in 2003 observed at

Willow Creek. Maximum negative cumulative NEE

occurred in late September for Willow Creek, whereas

for Sylvania, the maximum occurred in early to mid-

September and remained at a minimum through the

rest of the month before increasing again in October.

At both sites, the summer uptake rate was slightly larger

in 2003 than 2002. The data also show that the length

of the growing season was similar in both years and at

both sites. Fall (October–November) NEE release rates

were slightly higher at Willow Creek than Sylvania, and

2003 NEE was slightly larger than 2002, as expected

given the summer uptake rates. Annual NEE at Sylvania

was �72 � 36 g C m�2 year�1 in 2002 and �147 �
42 g C m�2 year�1 in 2003, while for Willow Creek,

it was �438 � 49 g C m�2 year�1 in 2002 and

�490 � 48 g C m�2 year�1 in 2003. Uncertainty ana-

lysis results make it difficult to differentiate annual NEE

in 2002 from 2003 (Table 4).

3.4. Ecosystem respiration

Nighttime NEE to soil temperature response curves

are plotted in Fig. 7a. These curves are for all data
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Fig. 5. Total monthly (a) NEE, (b) ER, and (c) GEP. Gray boxes

represent uncertainty in these values.



from May to October. While the gap-filling algorithm

used a one-month moving window for computing ER,

the curves shown in Fig. 5a represent the average

response curve for the entire growing season. At

Willow Creek, the soil temperature to ER relationship

did not significantly change from 2002 to 2003.

However, at Sylvania, there was significantly smaller

ER in 2003 compared to 2002 for soil temperatures

above 15 8C. Sylvania ER is greater than Willow

Creek for all temperatures above 5.0 8C in both years.

The data suggest that the while the respiration base

rate at Sylvania is greater than Willow Creek, the slope

of the response curves are roughly similar. The ratio of

ER from 20 to 10 8C (Q10) was found to be 2.8 in 2002

and 1.9 in 2003 at Sylvania and 2.5 in 2002 and 2.3 in

2003 at Willow Creek, similar to typical Q10 value of

2.0 observed for forests (Ryan, 1991). Q10 at both sites

decreased from 2002 to 2003, suggesting a coherent

response to change in growing season climate;

however, the change at Willow Creek was small.

ER at Sylvania was much larger than Willow Creek

from June to October in both years (Fig. 5b); however,

the uncertainty is larger than the difference for June.

ER peaks at both sites in June and steadily declines

afterwards. ER from June to September was smaller in

A.R. Desai et al. / Agricultural and Forest Meteorology 128 (2005) 33–5546

Fig. 6. Weekly cumulative (a) NEE, (b) ER, and (c) GEP. Gray

background represents uncertainty in the cumulative values.

Fig. 7. Response of (a) nighttime NEE to 5 cm soil temperature for

May–October and (b) GEP to PAR from June to August. Observa-

tions were binned using 3 8C intervals for soil temperature and

150 mmol m�2 s�1 intervals for PAR. Fits were computed using the

equations described in Section 2.7.



2003 compared to 2002 at both sites. This difference

between years was much larger at Sylvania than

Willow Creek, suggesting that Sylvania ER was more

sensitive to climate than Willow Creek ER. ER was

greater in October 2003 than 2002, reflective of the

warm conditions during that month. Winter ER was

slightly larger at Willow Creek, especially in March

and April, and winter 2003 had slightly higher ER than

2002 at both sites. Cumulative ER plots (Fig. 6b) show

that Willow Creek had a slightly larger ER release rate

in early winter, but was greatly eclipsed by Sylvania

after May. Sylvania cumulative ER surpassed Willow

Creek by mid-August. June–August release rates of

ER were 219.7 g C m�2 month�1 in 2002 and

185.1 g C m�2 month�1 in 2003 for Sylvania, which

were much larger than rates of 123.3 g C m�2

month�1 in 2002 and 111.4 g C m�2 month�1 in

2003 for Willow Creek. Both sites had similar ER

release rates in the fall (October–November), and both

had larger fall ER release rates in 2003 than 2002.

Annual ER at Sylvania was larger than Willow Creek

in both years, but uncertainty analysis precludes dif-

ferentiation of annual ER in 2002 from 2003 (Table 4).

Annual ER at Sylvania was 965 � 35 g C m�2 year�1

in 2002 and 883 � 69 g C m�2 year�1 in 2003, while

it was 668 � 71 g C m�2 year�1 and 703 � 17 g

C m�2 year�1 at Willow Creek.

3.5. Gross ecosystem production

GEP, computed by subtracting NEE from modeled

ER, was found to be strongly correlated with above-

canopy incoming PAR (Fig. 7b). Response curves

shown in Fig. 7b are for June to August. GEP at

Sylvania was smaller than Willow Creek for all PAR

above 300 mmol m�2 s�1, with a maximum GEP at

saturating irradiance (Amax, averaged over 1500–

2000 mmol m�2 s�1 PAR) of 19.4 mmol m�2 s�1 in

2002 and 17.2 mmol m�2 s�1 in 2003 at Sylvania,

which were smaller than Amax values of

23.6 mmol m�2 s�1 in 2002 and 24.2 mmol m�2 s�1

in 2003 at Willow Creek. Amax values did not

significantly change at Willow Creek from 2002 to

2003, whereas Sylvania Amax had a substantial

decrease. Ecosystem quantum yield, defined here as

the slope of GEP to PAR from 0 to 500 mmol m�2 s�1,

was smaller for Sylvania (2002/2003 average of

25.1 mmol CO2 mol�1 PAR) than Willow Creek

(31.5 mmol CO2 mol�1 PAR). There were no signifi-

cant differences in quantum yield between 2002 and

2003 at either site.

Sylvania monthly average GEP was slightly higher

than Willow Creek in the winter (Fig. 5c), especially in

2003, possibly due to photosynthesis occurring by the

coniferous hemlock. Willow Creek had higher GEP

than Sylvania from June to September. October–

November GEP was somewhat higher at Sylvania,

once again most likely due to the presence of hemlock.

Peak GEP occurred in July for both sites. Summer

GEP was higher in 2003 compared to 2002 for Willow

Creek; however, the difference is only greater than

uncertainty for July. Sylvania, on the other hand, had

similar or lower GEP in summer 2003 compared to

2002. Cumulative GEP (Fig. 6c) showed that within

the range of uncertainty, it was difficult to differentiate

annual GEP at Willow Creek from Sylvania in 2002,

although Willow Creek appears to be slightly larger. In

2003, Willow Creek cumulative GEP is higher than

Sylvania, with divergence starting in July. In both

years, increased October and November GEP at

Sylvania allowed Sylvania to get closer to Willow

Creek total GEP by late fall. Annual GEP for

Sylvania was 1037 � 47 g C m�2 year�1 in 2002

and 1030 � 41 g C m�2 year�1 in 2003 and for

Willow Creek was 1106 � 47 g C m�2 year�1 in

2002 and 1192 � 51 g C m�2 year�1 in 2003.

3.6. Partitioning between GEP and ER

Even though there were larger differences in ER and

GEP at Sylvania between the growing seasons 2002 and

2003 compared to Willow Creek (Fig. 5), the monthly

GEP:ER ratio was more variable between years at

Willow Creek (Fig. 8). Since GEP and ER are small in

winter, we believe the GEP:ER ratio outside of the

growing season is subject to larger uncertainty. The

reason for the larger change in GEP:ER ratio at Willow

Creek compared to Sylvania was because Willow Creek

summer ER had a small decrease, whereas summer GEP

at Willow Creek increased. Sylvania summer ER and

GEP both decreased slightly from 2002 to 2003. June–

August GEP:ER increased at both sites from 2003

compared to 2002. At Willow Creek, it was 2.5 in June–

August 2002 and 2.9 in 2003, whereas for Sylvania it was

1.3 in 2002 and 1.4 in 2003. On an annual basis, GEP:ER

ratio in both years was very similar. At Willow Creek, it
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was 1.7 in both years, and at Sylvania, it was 1.1 in 2002

and 1.2 in 2003.

3.7. Evapotranspiration

Mean monthly latent heat fluxes are shown in Fig. 9a.

Evapotranspiration peaked in July and in general was

much larger in 2002 compared to 2003 at both sites. The

decline of latent heat flux from 2002 to 2003 was more

pronounced at Willow Creek than Sylvania. Similarly,

monthly water use efficiency (WUE) (ratio of GPP:tran-

spiration) has a larger increase from 2002 to 2003 at

Willow Creek compared to Sylvania (Fig. 9b). Growing

season WUE averaged to around 0.1 mmol J�1, except

for June and August 2003 at Willow Creek, where it was

closer to 0.14 mmol J�1.

4. Discussion

4.1. Old-growth carbon sink

Sylvania was a small carbon sink, significantly

different than zero, regardless of screening criteria in

both years. This result is consistent with the finding

from most older forest sites in the Fluxnet network,

which have shown small to moderate carbon sinks

(e.g., Griffis et al., 2003; Hollinger et al., 1994; Knohl

et al., 2003; Malhi et al., 1999). Increases in growing

season length due to climate warming, carbon dioxide

fertilization due to fossil fuel emissions, nutrient

fertilization due to nitrogen deposition, or small-scale

disturbance are all possible explanations for carbon

sinks in old-growth forests. The reason for a carbon

sink at Sylvania is not known. It is also unknown to

what extent the tower measurements were represen-

tative of carbon fluxes for all old-growth forest in the

Sylvania Wilderness. Footprint analyses suggest that

the tower sampled a representative mix of old-growth

hemlock and maple forest that is characteristic of the

region.

Law et al. (2003) argue that the existence of a small

carbon sink in an old-growth ponderosa pine forest

may be caused by small-scale disturbances creating

dense tree growth in canopy gaps that are smaller than

the spatial scale of flux measurements. Additionally,

Saleska et al. (2003) argue from observations at old-

growth forests in the Amazon that small-scale

disturbances may create small ‘‘hotspots’’ that are

large sources of carbon, while most of the region

outside these disturbances remains a small sink. This

would imply that, given the low disturbance frequency

rates observed around Sylvania: (1) measurements
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Fig. 8. Monthly average GEP:ER ratio.

Fig. 9. Mean monthly (a) average latent heat flux and (b) GEP:LE

ratio.



made at an individual tower may not necessarily be

representative of regional scale fluxes, and (2) regional

scaling of carbon fluxes would require fine spatial

detail resolution of disturbance history and stand age.

The WLEF television station tall (436 m) eddy flux

tower in Park Falls, WI, samples a large footprint of

mixed forest (of a range of stand ages, mostly 60–80

years old) and wetlands across northern Wisconsin.

This site has shown a consistent small source of CO2 to

the atmosphere since 1997 (Davis et al., 2003),

possibly due to the effect of disturbance and forest

management in the region. These results suggest that

quantifying regional scale carbon fluxes and the

influence of disturbance on it from eddy flux towers in

the ChEAS region requires a denser network of sites

and/or a combination of novel techniques, measure-

ments, modelling, and remote sensing.

4.2. Comparison of old growth to mature carbon

fluxes

Over two years, total NEE of CO2 at Sylvania was

24 � 11% of the total NEE observed at Willow Creek.

This result provides strong evidence that the old-

growth site was a significantly smaller carbon sink

than the mature site. This difference in NEE existed

despite the similarity of the two sites in location,

temperature, precipitation, cloudiness, growing sea-

son length, soil type, and pre-European settlement

composition. The primary differences between the two

sites were time since last disturbance and conse-

quently, successional stage and species composition.

Although other unaccounted factors (e.g., soil carbon

stock) may be also different between the two sites, we

believe that stand age and succession stage are the

fundamental differences. The difference in species

composition led to lower LAI (�30% smaller) at

Sylvania compared to Willow Creek.

The primary cause of the smaller carbon sink

strength at Sylvania compared to Willow Creek over

the two years was larger ER at Sylvania, which in sum

over two years was 134 � 12% of ER at Willow

Creek. This is in contrast to GEP at Sylvania, which

was 90 � 8% of GEP at Willow Creek. The hypothesis

that ER explains the primary differences in NEE

between the two sites was confirmed for 2002, but

inconclusive for 2003, where the difference in sink

strength was caused almost equally by larger ER and

smaller GEP at Sylvania compared to Willow Creek.

We found that the larger ER at Sylvania than Willow

Creek was not necessarily due to a larger ER-

temperature sensitivity (Q10), but because of a larger

base respiration rate. This finding is consistent with

the idea that larger ER at old-growth forests occurs

due to greater amounts of coarse woody debris and

larger tree biomass. Sylvania had considerably more

CWD than Willow Creek. Initial scaled component

and chamber respiration measurements suggest that

Willow Creek combined soil and stem efflux is

roughly similar or even slightly larger than Sylvania

(Bolstad et al., 2004; Tang et al., in preparation). Thus,

we speculate that CWD respiration at Sylvania was the

primary cause of increased ER. Comparison of scaled

chamber flux ER between the two sites is difficult,

since Willow Creek chamber ER was much greater

than eddy covariance measured ER (Bolstad et al.,

2004), whereas initial Sylvania chamber flux scaled

ER results appear to be roughly similar to eddy

covariance ER. Thus, more work is needed to verify

our conclusion that ER explains the primary difference

in NEE.

Systematic errors arising from screening of non-

representative fluxes also complicate these results. If

we chose not to screen non-representative fluxes at

either site, then ER would have been larger at Willow

Creek compared to Sylvania (Table 3). Thus,

quantifying fluxes at these sites require a better

understanding of the spatial pattern of nighttime ER in

the vicinity of the tower.

GEP between the two sites was almost undistin-

guishable, given the range of uncertainty, in 2002.

Willow Creek GEP increased in 2003 compared to

2002, leading to a more pronounced difference in GEP

between the two sites. Although annual GEP was only

slightly lower at Sylvania than Willow Creek, average

June–August Amax values at Sylvania were signifi-

cantly lower than Willow Creek. The smaller than

expected difference in GEP exists due to higher GEP

at Sylvania in the spring and especially in the fall,

presumably from the presence of coniferous species at

Sylvania. Nevertheless, lower total GEP, lower

quantum yield/light use efficiency, and lower Amax

at Sylvania were all indicative of overall lower

productivity of old-growth stands. We believe that the

lower productivity in the growing season is primarily

due to lower LAI and different species composition.
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Another hypothesis for a mechanism of lower GEP

at old-growth sites is that hydraulic limitation reduces

photosynthetic potential of larger and older trees

(Ryan et al., 2004). If this were the case, we might

expect transpiration fluxes or WUE would be lower in

old-growth forests compared to younger forests.

Results from a comparison of evapotranspiration at

Willow Creek and Sylvania were inconclusive on this

point. Fig. 9a shows that mean monthly latent heat

fluxes in the growing season were lower at Sylvania

than Willow Creek in July–September of 2002 and

September of 2003, but the opposite was observed in

June 2002 and May–August of 2003. Ecosystem WUE

(ratio of GEP:LE) also had similar patterns (Fig. 9b).

Thus, we believe that the primary reason for lower

GEP at Sylvania was lower photosynthetic capacity

of old-growth species and not hydraulic limitation.

Initial leaf-level photosynthesis measurements appear

to support this conclusion (Kreller, L., personal

communication).

On an annual basis, GEP:ER ratio at each site was

the same for both years, suggesting that this may

continue to remain similar with time in the near future.

The GEP:ER ratio at Sylvania (1.2) was 29% smaller

than Willow Creek (1.7). Both sites had GEP:ER

ratios typical of those found in other forests evergreen

and deciduous sites in North America, which ranged

from 0.87 to 2.1 (Falge et al., 2002). We speculate,

based on the evidence presented here, that the GEP:ER

ratio at Willow Creek, and consequently NEE, will

eventually decline as the forest ages, unless affected

by disturbance or management.

4.3. Comparison of 2002 to 2003

Annual totals of NEE, ER, and GEP could not be

differentiated between 2002 and 2003 within the range

of uncertainty at either site even though 2003 was

slightly colder and significantly drier than 2002.

However, there were some significant increases in

monthly NEE at both sites during the growing season.

Both sites had a small increase in NEE in 2003

compared to 2002. At Sylvania, this was because

growing season ER declined in 2003 compared to

2002 more than GEP did. At Willow Creek, growing

season GEP slightly increased, while ER slightly

declined. Thus, in response to climate variability,

carbon sink strength at the old and mature sites both

increased; however, they did so for different reasons.

The cause of significantly reduced ER at Sylvania

over the growing season of 2003 compared to 2002

appears to be a combination of cooler growing season

temperatures and a smaller ER to temperature

sensitivity (Q10). While late growing season ER at

Willow Creek was smaller in 2003 compared to 2002,

annual ER at Willow Creek increased in 2003 even

though ER to temperature sensitivity did not

significantly change and temperatures were overall

cooler. Annual ER increased because of increased ER

in May, June, and October. May and October 2003

were warmer than 2002. Although Sylvania ER was

also larger in May and October, this larger ER was

masked by the significantly decreased ER to

temperature sensitivity during the growing season.

Saleska et al. (2003) argued that old-growth

Amazonian forests had larger carbon uptake during

the dry season due to inhibited respiration and

increased incoming radiation. We suspect that the

larger change in ER and ER sensitivity at Sylvania was

possibly due to the effect of dry conditions inhibiting

respiration from CWD and stems. Aboveground

respiration, in general, is less insulated from the

effects of dry conditions than the soil efflux. Since

there was very little CWD at Willow Creek, we might

expect not to observe as large an effect at Willow

Creek. It may also be the case that hemlock

autotrophic respiration was more significantly

affected by drought. Component flux measurements

will help refine our analyses (Tang et al., in

preparation).

We found that growing season GEP at Sylvania

declined in 2003 compared to 2002. We suspect dry

conditions inhibited carbon uptake by overstory trees.

Fig. 9 shows that both latent heat fluxes and WUE

were lower in 2003 after July as the drought

progressed. However, GEP in fall 2003 was larger

than fall 2002, presumably due to warmer tempera-

tures allowing hemlock photosynthesis to continue.

The net effect was that annual GEP in 2003 at Sylvania

was nearly identical to GEP in 2002.

GEP increased at Willow Creek, even though

growing season latent heat fluxes were significantly

reduced from 2003 to 2002, by an even larger

magnitude that Sylvania (Fig. 9a). Consequently,

WUE increased at Willow Creek in 2003 compared to
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2002 over the growing season (Fig. 9b). We are unsure

of the reason for increased GEP during dry conditions

at Willow Creek.

Because GEP increased while ER decreased at

Willow Creek during the growing season, the summer

GEP:ER ratio significantly changed from 2002 to

2003 (Fig. 8). Thus, while Sylvania had larger

variability in ER from one year to the next, Willow

Creek had larger variability in growing season

GEP:ER. Overall, the results are inconclusive on

whether Sylvania’s annual carbon sink strength is

more sensitive to annual climate variability than

Willow Creek. Results were also inconclusive as to

whether NEE, GEP, and ER interannual trends were

coherent between the two sites. While growing season

interannual trends at the two sites were similar, these

trends were smaller than the range of uncertainty.

More years of measurements will help improve our

conclusions.

4.4. Comparison to other studies

The number of eddy covariance measurements in

old-growth forests is increasing. However, there are

few published multiple site, multiple stand age whole

ecosystem carbon flux studies. Several studies from

North America are reviewed below and compared to

results found at our study site.

Biometric and chamber flux-based NEE measure-

ments made at a chronosequence of ponderosa pine

(Pinus ponderosa) forest ranging from 9 to>300 years

old in Metolius, Oregon, USA, showed the highest

carbon uptake in mature (95–106 years old) stands

(�170 g C m�2 year�1), lowest carbon uptake in old-

growth (190–216 years old) stands (�35 g C

m�2 year�1), moderate uptake in young (56–89 years

old) stands (�118 g C m�2 year�1), and large carbon

release in recently initiated (9–23 years old) stands

(124 g C m�2 year�1) (Law et al., 2003). The old

stands had an average NEE that was 30% of the mature

stands, similar to what was observed between Sylvania

and Willow Creek (24%). The researchers found that

there was rapid increase in total ecosystem carbon

storage until forests were about 200 years old, with

little or no decline in carbon storage at older sites.

Little or no stand age variation was found for

heterotrophic respiration. Instead, declines in above

and below ground NPP explained the weaker carbon

sink in old forests compared to mature forests (Law et

al., 2003).

Portable eddy flux systems were deployed for short

time periods in four young and mature boreal forests (11,

19, 36, and 70 years old) sites in Northern Manitoba,

Canada, and were compared to continuous carbon flux

measurements at an old-growth site (130 years old)

(Litvak et al., 2003). The researchers found that ER

increased with stand age. Extrapolated annual NEE

showed that carbon uptake increased with age up to 36

years and then declined to zero uptake in the old-growth

site. The authors argue that increased respiration in older

stands was due to greater autotrophic respiration and

decomposition of CWD. Decreased carbon uptake in

older stands also occurred due to lower canopy photo-

synthesis rates, as leaf area declined and species

composition changed. These results corroborate the

results from Sylvania and Willow Creek.

Growing season (July–September) eddy covariance

measurements at Douglas-fir (Pseudotsuga menziesii)

forests in Oregon, USA, of 20-, 40-, and 450-year-old

stands showed that all three sites were net carbon sinks

(Chen et al., 2004). The 40-year-old site was the

largest sink, followed by the 450-year-old site, and

then the 20-year-old site. The old-growth site

exhibited large interannual variability, being a

moderate carbon source during a dry summer and a

significant carbon sink in the following, significantly

moister year. The authors suggest that the old-growth

site may continue to exhibit large interannual

variability in NEE.

Contrary to the studies mentioned above, a study in

eastern North America showed a carbon sink that

was larger in old-growth than nearby mature forests.

This old-growth (200-year-old) eastern hemlock forest

in central Massachusetts, USA, reported NEE

from October 2000 to October 2001 of �295 g C

m�2 year�1, significantly larger than Sylvania (Had-

ley and Schedlbauer, 2002), even though the overstory

vegetation is similar. This contrasts to the Harvard

Forest mature (60-year-old) deciduous mixed broad-

leaf forest in central Massachusetts, which had an

NEE in between �120 and �280 g C m�2 year�1

between 1991 and 2000 (Barford et al., 2001; Goulden

et al., 1996; Wofsy et al., 1993). Also, a 90-year-old

red spruce/eastern hemlock/Douglas fir boreal forest

in Howland, ME, had an NEE in 1996 of �210 g

C m�2 year�1 (Hollinger et al., 1999).
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In general, these and other studies corroborate the

results found at Sylvania and Willow Creek. Except

for the hemlock site in Massachusetts, older growth

stands had smaller carbon sinks than mature and

young stands. Both increased ER and decreased GEP

explained this difference at the various sites. Increased

ER was most likely due to increased autotrophic

respiration and/or increased CWD decomposition.

Decreased GEP occurred due to lower LAI, changes in

species composition, and/or hydraulic limitations.

Results were generally inconclusive on which stand

age sites had the greatest sensitivity of NEE to climate

variability.

5. Conclusion

Our study encompassed observations of eddy

covariance fluxes of whole ecosystem carbon dioxide

and water vapor exchange over two years at an old-

growth (>300 year) eastern hemlock/northern hard-

wood old-growth and 70-year-old northern hardwood

mature site in the upper Midwest, USA. We found

that:

1. Non-representative carbon fluxes due to landscape

heterogeneity or anomalous micrometeorological

conditions required careful consideration. In this

case, a simple wind direction screening was found

to be sufficient for both sites.

2. The old-growth site was a small sink of carbon,

similar to what has been seen at other old-growth

sites, but contrary to theoretical assumptions of

carbon balance.

3. Carbon sink strength at the mature site was three to

four times larger than the old-growth sites over two

years of measurements. GEP:ER ratios were 30%

larger at the mature site. Both sites had similar

composition prior to European settlement and near

identical climate over the two years.

4. The primary cause of decreased NEE in 2002 was

higher ER at the old-growth site, whereas both

higher GEP at the mature site and higher ER at the

old-growth site explained the NEE difference in

2003. ER to soil temperature sensitivity was

generally similar at both sites, but ER base rates

were larger at the old-growth site. These results

were sensitive to choices of screening non-

representative carbon fluxes. We believe that

increased CWD respiration and/or autotrophic

respiration may be the primary mechanisms.

However, scaled chamber flux measurements

suggest that ER at the old site was similar or

lower than the mature site. Thus, this finding is

inconclusive, and more work is needed to constrain

ER at both sites.

5. Summer GEP was slightly higher at the mature site

than the old-growth site, especially in 2003.

Annual GEP between sites could not be differ-

entiated within the range of uncertainty in 2002.

We believe that the lower growing season GEP at

the old-growth site was caused mainly by lower

photosynthetic capacity (Amax) due to lower LAI

and different species composition, which coun-

tered the effect of the longer growing season for

hemlock.

6. The climate of 2003 was cooler and drier than

2002, but the changes in annual NEE, ER, and GEP

between the two years at either site were smaller

than the uncertainty in these values. However, it

appeared that growing season NEE, ER, and GEP

were affected by dry conditions in late summer

2003. At both sites, growing season carbon uptake

was larger in 2003. This larger uptake occurred at

the old-growth site due to smaller ER in 2003 over

2002, arising from decreased ER to soil tempera-

ture sensitivity. At the mature site, greater carbon

uptake was due mainly to larger GEP. We were

unable to conclude which site had overall greater

sensitivity in NEE, ER, and GEP to climate

variability.

7. Other multi-site studies have typically shown a

similar trend of declining carbon uptake with stand

age. Together, these results are part of a growing

consensus that forest stand age and site disturbance

history are important determinants of whole

ecosystem carbon uptake over time-scales of

decades to centuries.
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ABSTRACT 

The carbon budget of the Wind River old-growth 
forest is being addressed from a variety of per- 
spectives and with a range of approaches. The goal 
of this comprehensive analysis is developing a 
thorough, general, and validated understanding of 
the carbon balance, as well as the processes con- 
trolling it. The initial results from studies address- 
ing annual carbon (C) balance with ground-based 
methods, eddy flux, leaf-based models, and eco- 
system models are consistent in some, but not all, 
respects. Net primary production is 500-600 g C 
m-2 y-' (5-6 Mg C ha-1 y-~), consistent with es- 
timates based on climate alone. The site appears to 

FOREST CARBON BALANCE IN THE GLOBAL 
CARBON CYCLE 

Over the last several decades, the increase in at- 
mospheric carbon dioxide (CO2) equals only about 
half of the carbon emitted through human activi- 
ties. Carbon (C) sinks in the oceans and on land 
have sequestered the remainder, a quantity that 
has averaged more than 3 Pg C y-1 over the last 
decade (Battle and others 2000). Carbon seques- 
tration on land can be constrained, at the conti- 
nental scale, by measurements of atmospheric CO2 
(Tans and others 1990), 13C in CO2 (Francey and 
others 1995), and the 02/N2 ratio (Bender and 
others 1996), as well as directly, from forest 
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be close to carbon equilibrium, as a multiyear av- 
erage, using ground-based methods but a sink of 
approximately 150-190 g C m-2 y-1 from eddy flux 
for a single year. An overview of the mechanisms 
that can drive forest carbon sinks illustrates why 
methods emphasizing different temporal and spa- 
tial scales, as well as different processes, can come 
to different conclusions, and it highlights oppor- 
tunities in moving toward a truly integrated 
approach. 

Key words: old-growth forest; carbon balance; 
net primary production; eddy flux. 

inventories (Goodale and others 2002). These 
large-scale techniques all indicate substantial car- 
bon sequestration in the temperate and boreal lat- 
itudes of the Northern Hemisphere, but the 
locations, mechanisms, and persistence of these 
carbon sinks are poorly known (Schimel and others 
2001). Because terrestrial carbon sinks have a sig- 
nificant influence on the future trajectory of at- 
mospheric CO2, investments in understanding and 
potentially managing them should be a scientific 
priority (Falkowski and others 2000). 

A carbon sink in the forest sector can result from 
fundamentally different processes, on a range of 
temporal and spatial scales. A photosynthetically 
active leaf can have a net carbon uptake, whether it 
is on a tree that is growing or declining. A forest 
regrowing after harvest or fire is typically a carbon 
sink for a century or more, as trees accumulate 
biomass, yet the fact that some forests are accu- 
mulating carbon provides no information about 
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regional patterns, where the overall carbon balance 
is controlled by the balance between rates of re- 
growth and rates of disturbance (Schulze and oth- 
ers 2000). Increased rates of tree growth can drive a 
forest sink, but an increase in growth rates is not a 
prerequisite for a sink, even at the regional scale. A 
large-scale sink can also be a result of decreased 
disturbance, through, for example, successful fire 
suppression or decreased harvesting (Houghton 
and others 1999). 

One of the central challenges in carbon-cycle 
research is effectively spanning the range of proc- 
esses and scales that control forest carbon balance. 
Integrative techniques tend to have limited power 
for quantifying small-scale mechanisms. Methods 
at the scale of the leaf or the small plot of soil 
provide access to a range of physiological processes 
but do not extrapolate directly to the scale of entire 
forests or regions. Across temporal scales, the 
challenges are similar. Techniques that measure 
carbon balance on the time scale of minutes pro- 
vide access to the role of environmental factors like 
light, temperature, and soil moisture, but they do 
not necessarily provide useful information about 
the controls on the dynamics of pools like coarse 
woody debris and recalcitrant soil organic matter, 
which change on a time scale of decades to cen- 
turies. 

WIND RIVER OLD-GROWTH FOREST: 
A COMPREHENSIVE APPROACH TO LOCAL 
CARBON BALANCE 

To address the challenges of scale and the diversity 
of processes at the different scales, the Western 
Regional Center of the National Institute for Global 
Environmental Change (WESTGEC) program at 
the Wind River old-growth forest (WROGF) initi- 
ated a comprehensive program of studies examin- 
ing carbon balance and the controls on carbon 
balance at a range of temporal and spatial scales 
(Suchanek and others 2004). This coordinated 
program provides the opportunity to accomplish 
three important objectives. First, the application of 
multiple approaches provides the possibility of 
validation, of using results from one approach to 
check results of others. Second, information from a 
range of scales can help link phenomena with un- 
derlying causes. Third, the availability of data from 
multiple processes at a range of spatial and tem- 
poral scales provides a context for explicitly testing 
techniques for scaling. 

The WESTGEC program at the WROGF also 
provides opportunities for scaling across forest 

ecosystems. The central old-growth stand is differ- 
ent in many respects from the young, rapidly 
growing forests nearby and those that form the 
majority of the flux networks, including Fluxnet 
(Running and others 1999), and Euroflux (Valen- 
tini and others 2000). A comprehensive under- 
standing of forest carbon balance will require 
information about not only a range of forest types 
but also a range of forest ages. 

All of the ongoing studies at the WROGF address 
phenomena related to carbon balance (Suchanek 
and others 2004). Here, we consider initial results 
from four studies of the old growth that explore 
annual carbon balance at the level of the entire 
forest. Our purpose is to provide a conceptual 
background for the nature of carbon balance in an 
old growth forest, to explore the relationship be- 
tween this background and the measurements, to 
summarize the strengths and uncertainties of each 
method, and to suggest options for further progress 
in building on the intrinsic complementarity 
among approaches. 

All four of the approaches addressed here involve 
a combination of techniques and data sources. 
Many of the uncertainties within as well as be- 
tween approaches result from challenges in inter- 
facing diverse data sets. The multitechnique nature 
of each approach also means that the brief names 
used here are not entirely accurate. The four ap- 
proaches are 

1) Eddy flux. Paw U and colleagues (2004) have 
deployed above-canopy and below-canopy ed- 
dy-flux systems at the WROGF since 1998. The 
above-canopy system provides a direct measure 
of the CO2 flux across the horizontal plane of 
the sensors (Baldocchi and others 1988). It is 
the only one of the techniques used here that is 
a direct measure of CO2 balance at the ecosys- 
tem scale. The accuracy of the eddy-flux ap- 
proach is limited by two kinds of factors. First, 
the system does not detect all of the flux under 
all conditions. This includes fluxes in very small 
turbulent eddies, as well as fluxes that somehow 
bypass the tower in, for example, spatially 
confined downdrafts. Fluxes carried by advec- 
tion (horizontal winds) are not measured with 
eddy flux, but they are estimated, using addi- 
tional data sources (Paw U and others 2000), by 
Paw U and colleagues (2004). The second class 
of limits concerns the fact that the system does 
not always provide useful data. Sometimes, this 
is because wind speeds are too low for accurate 
measurements. Other times, it is because the 
system is measuring flux from an area that 
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Table 1. Estimates of Components of the Annual Carbon Balance at the Wind River Old-growth Forest from 
Five Methods 

GPP g C m-2 y-1 NPP g C m-2 y-1 NEP g C m-2 y-1 

Harmon and others 2004 (ground based) 1906 597 20 
J.K. (ecosystem model) 1300 535 
Lieth 1975 (NPP model) 581 
Paw U and others 2004 (eddy flux) 1570 150-190 
Winner and others 2004 (leaf model) 2459 

C, carbon; GPP, gross primary production; NPP, net primary production; and NEP, net ecosystem production. 

extends outside the old-growth study site at the 
WROGF. Overall, more than 30% of the meas- 
urements at the WROGF cannot be considered 
reliable (Paw U and others 2004) and need to be 
replaced with estimates based on a gap-filling 
procedure (Falge and others 2001). 

2) Ground based. Harmon and colleagues (2004) 
quantified WROGF carbon balance as the dif- 
ference between net primary production (NPP) 
and heterotrophic respiration. NPP is deter- 
mined from observed changes in stocks. 
Heterotrophic respiration is calculated from 
measured stocks and decomposition rates per 
unit of carbon stock in each of several pools. The 
foundation in measured stocks makes this 
method close to direct and enables a variety of 
integrative tests that become more powerful as 
the time scale of the measurements extends to 
several years or decades. The accuracy of this 
method is limited by the accuracy with which 
the stocks, the stock changes, and the decom- 
position rates are known. Because this approach 
uses decomposition rates with low time resolu- 
tion, it is most powerful at quantifying carbon 
balance on the time scale of a decade, and it has 
limited ability to determine year-to-year varia- 
tions. This approach could be modified to in- 
clude fluxes due to harvesting, fire, or other 
kinds of off-site transport, but that was not done 
for this analysis. 

3) Leaf model. Winner and colleagues (2004) made 
extensive measurements of leaf-level CO2 ex- 
change on the major spedes at the WROGF and 
used a model to scale from these short-term 
leaf-level measurements to annual net photo- 
synthesis at the ecosystem scale. Their approach 
estimates net photosynthesis only but provides 
a useful reference point for the whole-ecosys- 
tem carbon balance from the other techniques. 
This approach has great strength in clearly 
documenting differences among species and the 
sensitivity of CO2 uptake to environmental 

variables, including light, temperature, and 
humidity. The limitations to the accuracy of the 
integrated numbers come mainly from the 
scaling. Uncertainty in the spatial distribution of 
leaf area, photosynthetic characteristics, and 
environmental factors can be reduced through 
studies from the canopy crane, but they are still 
substantial. 

4) Ecosystem model. J.K. (Table 1) used a compre- 
hensive ecosystem model to explore the bal- 
ances of energy, water, and carbon at the 
WROGF. This approach facilitates multifactor 
validation in which, for example, energy bal- 
ance closure is used to test aspects of the water 
balance, and the water balance is used to test 
aspects of the carbon balance. This approach 
simulates all of the carbon pools and fluxes in 
the ecosystem, but it has not, so far, incorpo- 
rated the starting-condition data on carbon 
stocks that are critical for quantifying sources 
and sinks. Without a direct measure of the 
carbon stocks in all of the pools at the start of 
the study, this approach requires running the 
model to equilibrium, insuring that the ap- 
proach will not detect carbon sources or sinks. 
Limitations to the accuracy of this technique 
come from uncertainty about starting stocks, 
uncertainty about the values for particular pa- 
rameters, and uncertainty about the model 
structure. The failure to include all important 
controls on ecosystem dyfiamics, including, for 
example, nutrient dynamics (Cannell and 
Thornley 2000), also limits accuracy. 

All four of the techniques create a picture of an 
active forest (Table 1). Gross primary production 
(GPP) is more than 1000 g C m-2 y-1, with esti- 
mates ranging from 1300 g C m-2 y-1 from the 
ecosystem model to 2459 g C m-2 y-~ from the leaf 
model (Table 1). This places the ecosystem near the 
high end of GPP for temperate forests, though 
substantially below the estimates for many tropical 
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Figure 1. Simulated carbon stocks and fluxes for a simple carbon model (Figure 2) tuned to produce the Wind River old- 
growth forest stocks, given the net primary production (NPP) (597 g C m-2 y-1) observed by Harmon and colleagues 
(2004). In each panel, the left axis is for carbon stocks (g C m-2) and the right axis gives net ecosystem production (NEP; g C 
m-2 y-~). The traces are total tree carbon (solid line), total detritus carbon (dotted line), total carbon in soil organic matter 
(dashed line), and NEP (dashed-dotted line). A: A forest beginning with all pools empty at year 20. B: As in A but starting with 
all pools in equilibrium. A fire in year 20 removes all of the live biomass pool and transfers 70% of the slow wood pool to 
the pool of coarse woody debris. C: A simulation starting with all pools in equilibrium, with a 0.1% per year increase in 
NPP starting in year 20 and ending in year 120. The final NPP is 720 g C m-2 y-~. D: As in C but with an NPP increase of 
1% per year in years 20-30. The final NPP is 658 g C m-2 y-1. 

forests (Cramer and others 1999). NPP is also high. 
The estimates between 500 and 600 g C m-2 y-1 
also place the forest at the active end of temperate 
forest ecosystems. This high level of primary pro- 
duction is consistent with the site's high leaf-area 
index (8.6) (Parker and others 2004), abundant 
precipitation (2467 mm y-1) (Shaw and others 
2004), and absence of extremely cold winters. It is 
also consistent with the NPP estimated from the 
widely used Miami model, which predicts 581 g C 
m-2 y-1 for a site with the climate of the WROGF 
forest (Lieth 1975). These estimates of substantial 
primary production are somewhat difficult to rec- 
oncile with the hypothesis that NPP falls as a forest 
ages (Ryan and others 1997). All of the proposed 
mechanisms for restricting NPP in old-growth for- 
ests (autotrophic respiration, nutrient limitation, 
and hydraulic limitation) could impact the WROGF 
forest. Perhaps NPP has dropped from very high 
initial values, or perhaps the age-dependent de- 
clines in NPP have been no more than modest. 

NEP and net ecosystem exchange (NEE) should 
both estimate annual carbon storage or loss at the 
WROGF. NEP is traditionally defined as the net 
change in stocks (with a positive number indicating 

a sink), whereas NEE is the time integral of the 
atmospheric fluxes (often with a negative value 
indicating a sink). In general, the concept of old 
growth implies a forest where all of the pools are 
operating close to equilibrium and where NEP is 
close to zero (Waring and Running 1998). 

Estimated NEP is close to zero in the ground- 
based analysis reported by Harmon and colleagues 
(2004). They estimate NEP at 20 g C m-2 y-1 (a 
small sink), with a likely uncertainty range of -1 16 
to +156 g C m-2 y-1. The estimate based on eddy 
flux is substantially higher, with values of 150 and 
190 g C m-2 y-1 (a substantial.sink), depending on 
the method selected to calculate the fluxes for time 
periods when the wind speed is too low for eddy 
flux to be reliable (Paw U and others 2004). To 
evaluate these numbers, it is important to look 
broadly at the kinds of factors that can create a 
carbon sink in forest ecosystems. 

A BucKEr MODEL FOR FOREST CARBON 
BALANCE 

To understand the processes that drive forest car- 
bon balance, it is useful to start from an analogy 
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Figure 2. Structure and parameters for a simple eight- 
pool carbon model. For all of the pools, the number on 
the outward arrow is the proportion of the donor pool that 
moves outward from the pool in any year. The parame- 
ters for large stems, coarse woody debris, and slow soil 
organic matter (SOM) were adjusted to produce the pools 
reported by Harmon and colleagues (2004). NPP, net 
primary production. 

with a leaky bucket. NPP is adding water to the 
bucket, and decomposition is removing the water. 
With a leak at the bottom, the rate of water loss is 
proportional to pressure, or the amount of water in 
the bucket, just as decomposition is typically pro- 
portional to the amount of organic matter in the 
decomposing pools. The carbon storage in the forest 
is the water level. As long as NPP and the size of the 
leak do not change through time, the water level 
(or total carbon storage) will eventually stabilize at 
the point where NPP and the leak rate are equal 
(Figure 1A). This point of carbon equilibrium 
essentially defines an old-growth forest and un- 
derlies the concept that an old-growth forest should 
not be a major carbon sink. 

It is possible, at least in principle, that carbon 
could be allocated to some pool where it decom- 
poses exceedingly slowly or where it is transported 
off site before decomposing. Charcoal is an example 
of the first class of pool, and dissolved inorganic and 

organic carbon in streams and groundwater are 
examples of the second. In a temperate forest 
without recent major fires, these fluxes are small, 
almost certainly not significant factors in the 
overall carbon balance. 

With the leaky bucket, as with the forest, four 
kinds of mechanisms can raise the water level or 
generate carbon storage. One class of mechanisms 
concerns the distinction between an old-growth 
forest and an aggrading forest. The other three are 
equally relevant to old-growth and aggrading for- 
ests. It is important to consider these separately, 
because each has very different implications for 
regional and global carbon balance. 

First, the water level will rise after the bucket is 
emptied. A disturbance like logging or fire results 
in a loss of organic matter, effectively reducing the 
pressure behind the leak (Figure 1A). This de- 
crease in pressure or, for the forest, decomposition 
rate means that inputs exceed outputs for some 
period. A simple eight-box model tuned to re- 
produce the stocks measured by Harmon and 
colleagues (2004) (Figure 2) suggests that the time 
required to fill the bucket can be substantial. 
Starting from the extreme assumption of empty 
carbon pools in vegetation, detritus, and soils, NEP 
drops below 100 g C m-2 y-1 (1 Mg C ha-~ y-1) 
only after 207 years. The time required for NEP to 
fall below 10 g C m-2 y-~ is 664 years (Figure 1A). 
With more realistic starting conditions, the ap- 
proach to equilibrium is quicker. Consider the case 
immediately following a major fire, where all of 
the trees are killed and a large fraction of the 
biomass is transferred to a pool of coarse woody 
debris. In this case, NEP is smaller, reaching a 
peak of about 75 g C m-2 y-1 after 180 years and 
falling to about 37 g C m-2 y-1 after 400 years 
(Figure lB). But in contrast to the example of 
starting from empty pools, NEP can follow a 
complex trajectory, with a phase of several dec- 
ades when the forest is a carbon source, followed 
by a phase when it acts as a substantial sink. 

Recovery from past disturbance could account 
for a larger sink if part of the forest were disturbed 
recently or if the equilibrium organic matter con- 
tent of the ecosystem were substantially above the 
58,000 g C m-2 reported by Harmon and colleagues 
(2004). We can explore the latter option in the 
leaky-bucket model by halving the turnover 
rates of carbon in the large stem, coarse woody 
debris, and slow soil organic matter (SOM) pools 
(Figure 2). With this assumption, the forest gains 
carbon over more than a millennium, reaching 
levels of total organic matter over 110,000 g C m-2. 
Even this unrealistically massive forest, however, 
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Figure 3. Simulated carbon fluxes for the simple carbon 
model (Figure 2) [net primary production (NPP; solid 
line), heterotrophic respiration (Rh, dashed line), and [net 
ecosystem production (NEP, dashed-dotted line)] with (A) 
an initial carbon balance and an NPP increase of 0.1% 
per year in years 120-220, and (B) an initial carbon 
balance and an NPP increase of 1.0% per year in years 
20-30. These results are from the same simulations used 
to generate Figure 1C and D. 

starting with all pools empty, is a sink of only 105 g 
C m-2 y-1 after 400 years. 

Second, the pool size will increase if NPP in- 
creases. After NPP increases, there will be a lag until 
the carbon in the decomposable pools increases 
enough so that decomposition balances the in- 
creased input. The resulting sink is a consequence of 
NPP keeping ahead of decomposition, and it can 
persist as long as NPP keeps increasing. When NPP 
stops increasing, the sink eventually disappears. The 
magnitude of any sink from an NPP increase de- 
pends on the rate of increase and on the turnover 
time of the carbon in the ecosystem (Thompson and 
others 1996). At present, evidence for widespread 
increases in NPP from changes in the climate or in 
the atmosphere is mixed (Caspersen and others 
2000; Hicke and others 2002), but we can explore 
the possible range with two scenarios. 

One possibility is that NPP is increasing largely as 
a result of CO2 fertilization, as a result of the greater 
than 30% increase in atmospheric CO2 since the 
beginning of the industrial revolution. In many wild 
plants, NPP under controlled conditions increases 
by something like 20% in response to a CO2 dou- 
bling (Koch and Mooney 1996). With recent in- 
creases on the order of 0.5% y-1, a linear 
assumption suggests that CO2 fertilization could 
increase NPP by something like 0.1% y-1. An in- 
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Figure 4. Simulated carbon fluxes for the simple carbon 
model (figure 2) (NPP (solid) heterotrophic respiration 
(Rh, dashed), and NEP (dash-dot)) with an initial carbon 
balance and a randomly varying NPP and heterotrophic 
respiration (each with a ?30% range). 

crease of this magnitude over 120 years in the eight- 
box model (Figure 2) could drive a modest current 
sink of approximately 29 g C m-2 y-l (Figures 1C 
and 3A). A much more dramatic increase in NPP 
[for example, 1% y-1 over a decade as suggested by 
Myneni and colleagues (1997)] could lead to a 
current sink of 50 g C m-2 y-l (Figures ID and 3B). 
With either scenario, the carbon sink from an NPP 
increase fades gradually after NPP stabilizes. 

The third bucket analogy concerns the case of 
fluctuating inputs or outputs. The processes con- 
trolling NPP are somewhat distinct from the proc- 
esses controlling decomposition, at least on an 
annual basis. Years of high NPP can have low 
heterotrophic respiration, and vice versa, at both 
the local scale (Goulden and others 1996) and the 
regional scale (Braswell and others 1997). As a 
consequence, interannual variability in dimatic 
conditions can lead to large,- though temporary, 
variations in NEP (Kaduk and Heimann 1996; 
Potter and others 1999). For example, uncorrelated 
?30% year-to-year variation in NPP and hetero- 
trophic respiration leads to NEP of up to ?200 g C 
m-2 y-1 in the eight-box model (Figure 4). Even 
though a 1-year sink through this mechanism is the 
largest in the examples considered here, it is the 
least relevant to long-term carbon balance, because 
the fluctuations are around a mean of zero. 

The fourth mechanism that could drive a carbon 
sink is analogous to an increase in the viscosity of 
the water in the bucket. If biomass allocation shifts 
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toward depositing more carbon in a less decom- 
posable pool, the average rate of decomposition 
will decrease (Field 1999). This mechanism has 
been discussed as a candidate to account for carbon 
sinks in scenarios with warming (Shaver and others 
1992) and elevated CO2 (Mooney and others 
1999). The consequences and dynamics of a sink 
driven through this mechanism are similar to those 
for a sink driven by an NPP increase. 

IMPLICATION OF CARBON SINKS FROM 
DIFFERENT MECHANISMS 

Each of these four mechanisms could drive a 1-year 
to several-year carbon sink at the Wind River 
Canopy Crane Research Forest. The implications of 
each for regional, long-term, carbon balance are, 
however, very different. 

A sink due to recovery from disturbance can 
persist over many decades. Sinks resulting from this 
mechanism appear to be important, perhaps dom- 
inant components of the current carbon sink in the 
temperate and boreal latitudes of the Northern 
Hemisphere (Kauppi and others 1992; Houghton 
and others 1999; Caspersen and others 2000); yet a 
sink from forest regrowth at a single site provides 
little information about regional carbon balance, 
which is determined by a mosaic of forest patches 
at many different stages of development (Kurz and 
Apps 1999). In essence, any contribution of re- 
growth to the measured carbon sink at the WROGF 
simply indicates that the forest has not yet reached 
the point of carbon equilibrium. From the carbon- 
balance perspective, it is not yet old growth. 

A carbon sink from increasing NPP could be 
important for the regional or global carbon budget, 
especially if the NPP increase is sustained over 
decades (Thompson and others 1996). It is possible 
that this mechanism is contributing to a current 
sink, but the resulting sink is likely to be modest. 
The combined effects of CO2 fertilization, nitrogen 
fertilization from deposition (Townsend and others 
1996), and a lengthening of the growing season 
(Myneni and others 1997) could account for a 
decade-scale carbon sink in the neighborhood of 
50-100 g C m-2 y-. 

A 1-year to several-year carbon sink from fluc- 
tuating NPP and soil respiration is a good possibil- 
ity. The climate at the site is quite variable, with 
substantial year-to-year variation in precipitation, 
especially with El Nifo-Southem Oscillation 
(ENSO) cycles (Shaw and others 2004). The 1998- 
99 period was wet, relative to the long-term aver- 
age. A stimulation of NPP from the extra pre- 
cipitation could drive a substantial 1-year sink. 

Alternatively, a large sink in 1 year could be due to 
a decrease in respiration. At the WROGF, soil res- 
piration (as measured by the 3-m eddy-flux station) 
was lower throughout the summer of 1999 than 
the summer of 1998 (Paw U and others 2004). Of 
course, a sink from fluctuating NPP or hetero- 
trophic respiration is irrelevant for long-term car- 
bon balance, because negative deviations are as 
common as positive. 

The difference between the carbon budgets esti- 
mated by Harmon and colleagues (2004) and Paw 
U and coworkers (2004) is compatible with a sub- 
stantial sink due to this mechanism. Year-to-year 
variation in NPP or soil respiration should not 
appear as a sink in measures that integrate fluxes 
over decades, but it should in measurements with 
annual or finer resolution. 

WIND RIVER OLD-GROWTH FOREST CARBON 
BALANCE: RECONCILING THE NUMBERS 

The general picture from all of the approaches used 
to explore the carbon balance of the WROGF is of a 
productive forest with high rates of production and 
decomposition. The NPP estimated from Lieth's 
(1975) Miami model is remarkably close to the NPP 
calculated from stem increments and litterfall by 
Harmon and colleagues (2004). The estimate from 
the ecosystem model of J.K. is within 10% of this 
value, within the limits of the uncertainty in any of 
the approaches. Despite the similarity in NPP esti- 
mates, the values for GPP are diverse, spanning a 
range of nearly twofold. The lowest estimate, from 
J.K. (Table 1) is approximately 2.5 times NPP, in 
the standard range for forest ecosystems. The actual 
ratio could be somewhat higher than this, because 
the model of Kaduk assumes a low value for the 
biomass of active roots. The high value, from 
Winner and colleagues (2004), is more than four 
times the NPP. A value this high would imply very 
high rates of autotrophic respiration-higher than 
consistent with the approaches of Harmon and 
colleagues (2004) or Paw U and colleagues (2004). 
It is likely that the high GPP estimate reported by 
Winner and colleagues (2004) and the low estimate 
reported by J.K. both reflect the strategy used to 
integrate photosynthesis through the canopy. The 
model of J.K. does not account for enhanced light 
penetration from leaf clumping and diffuse illumi- 
nation, both of which can increase canopy photo- 
synthesis (Hollinger and others 1994). Winner and 
colleagues (2004) focused their measurements on 
the youngest cohort of fully expanded leaves and 
may have underestimated impacts of leaf aging 
(Field and Mooney 1983). Both approaches model 
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GPP as highly sensitive to diurnal and seasonal 
water stress, but used different methods to estimate 
the levels of stress. 

The estimates of NEP from Harmon and col- 
leagues (2004) and Paw U and coworkers (2004) 
are, in some respects, quite close. The frustrating 
aspect of NEP is that it tends to be a small difference 
between two large numbers. Both the eddy-flux 
and ground-based methods end up estimating the 
downward and upward fluxes of CO2 with funda- 
mentally different approaches. In the study by Paw 
U and colleagues (2004), the downward flux dur- 
ing the day comes basically from the eddy flux, 
whereas the upward flux at night involves alter- 
native methods, including either large corrections 
to the eddy flux or an alternative method calibrated 
against temperature. Harmon and colleagues 
(2004) measure NPP directly, but estimate hetero- 
trophic respiration from a combination of local 
stocks and regional turnover constants. In both 
methods, the respiration estimate is weaker than 
the estimate of uptake. 

Based on the leaky-bucket model, it is unlikely 
that the WROGF could represent a sustained car- 
bon sink much greater than 100 g C m-2 y-1. It is 
possible, however, that the forest could be a sub- 
stantial carbon sink in any given year, as a conse- 
quence of fluctuating NPP and decomposition. The 
leaky-bucket model is not intended as an authori- 
tative representation of the fluxes at the WROGF, 
but it is based on a series of fundamental con- 
straints. For a forest that has accumulated 58,000 g 
C m-2 over the last 400 years, it is difficult to 
construct a biogeochemical framework in which 
sustained net storage still approaches the average 
rate of about 150 g m-2 y-1. 

Old-growth forests are not important for their 
rate of carbon storage. The rates cannot be very 
high, and the aerial extent of old growth is a 
depressingly small fraction of the total. Still, old- 
growth forest has a value for carbon balance that 
far outstrips its sink activity. First, these forests 
contain a vast quantity of carbon. Alternative 
management schemes never match old growth 
when evaluated based on the time integral of 
total carbon in live and dead organic matter 
(Harmon and others 1990). Second, old-growth 
forest is a wonderful laboratory for understanding 
the components of carbon balance. It provides 
unique opportunities to quantify the long-term 
dynamics of organic matter pools, to explore the 
year-to-year variability in controls on these pools, 
and to integrate the biogeochemical fluxes on 
diverse time scales with the ecological actors 
driving them. 
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