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January 18, 2023 

 

Objection Reviewing Officer 

USDA Forest Service, Southwest Region 

333 Broadway SE, Albuquerque, NM 87102 

Submitted via email to: objections-southwestern-regional-office@usda.gov  

 

Re: Objection to Santa Fe Mountains Landscape Resiliency Project Draft Decision and 

Finding of No Significant Impact 

 

To the Objection Reviewing Officer, 

 

On behalf of Wild Heritage, a Project of the Earth Island Institute, we file this objection to 

the U.S. Forest Service’s December 2022 draft decision notice (“Draft DN”) finding of no 

significant impact (“FONSI”) and Final Environmental Assessment (“Final EA”) for the 

Santa Fe Mountains Landscape Resiliency Project (SFMLRP) on the Espanola and the 

Pecos-Las Vegas Ranger Districts of the Santa Fe National Forest. Our objection is related to 

the Forest Service’s selected Alternative 2, the Proposed Action, that includes expansive and 

damaging mechanical and manual “thinning” treatments that lack proper analysis. The 

project area covers 50,566 acres, 38,680 acres of which are designated for such treatments 

over 10 years, including 18,000 acres of thinning, 38,000 acres of prescribed burning (every 

5-10 years) and 680 acres of riparian restoration. The responsible official is Acting Santa Fe 

National Forest Supervisor, James Duran. This objection covers issues raised previously in 

our July 2019 scoping comments that were either ignored or inappropriately dismissed.  

 

As required by 36 C.F.R. § 218.8(d) the Lead Objector is: Dr. Dominick A. DellaSala 

(dominick@wild-heritage.org; 541-621-7223), Chief Scientist, Wild Heritage; a Project of 

the Earth Island Institute, 2150 Allston Way, Suite 460, Berkeley, CA, 94704. In addition, 

the 2012 Forest Planning Rule requires that the Forest Service use the best available science 

in decision making. However, the agency continues to routinely dismiss science that 

disagrees with their desired project outcomes and by selectively citing research that supports 

project actions. Determining what is “best” science needs to be based on a range of 

alternatives, an expansive view of the literature including studies that demonstrate treatment 

limitations, and a transparent and rationale decision making process, which the agency in this 

case has not demonstrated.  We identify 3 major SFMLRP omissions and 6 suggested 

resolutions to remedy the deficiencies noted in our objection.  
 

mailto:objections-southwestern-regional-office@usda.gov
mailto:dominick@wild-heritage.org
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1. FAILURE TO SUFFICIENTLY ANALYZE LIMITATIONS OF 

VEGETATION TREATMENTS IN RELATION TO CLIMATE CHANGE  

 

In our scoping comments on the SFMLRP and related comments on the Draft EIS for the 

Santa Fe Land Management Plan and Draft Environmental Impact Assessment (DEIS), we 

commented on the inadequacies of the agency’s climate change analysis and remedial 

climate measures, particularly whether vegetation treatments involving thinning and 

prescribed fire would even work in a rapidly changing climate where large fires are driven 

mainly by top-down global climate influences (high temperatures, droughts, winds).  

 

For instance, we state in our 2019 scoping comments: “The effectiveness of proposed 

treatments is highly uncertain because of the likelihood that the region’s fire regimes will 

increasingly shift to large and more intense burns due primarily to climate change 

(Abatzoglou and Williams 2017) and the extremely low odds that thinned sites will 

encounter a fire when fuels are lowest (Schoennagel et al. 2017).” 

 

Additionally, new information is now available demonstrating the ineffectiveness of 

prescribed fire in regions experiencing top-down climate drivers of fire behavior governing 

reburns (Solander et al. 2023). Like the other researchers cited above, Solander et al. (2023) 

noted that prescribed fire is ineffective under extreme fire weather (drought, high 

temperatures, wind) and that treatments should prioritize the WUI to protect homes.  

 

As it turned out, the failure of the Forest Service to sufficiently plan for and address 

limitations of its prescribed fire program in a changing climate proved costly to local 

communities in the Hermit’s Peak Fire and the Chief’s admission of under-estimating global 

climate influences.  

 

On April 2022, the Forest Service released its Gallinas-Las Dispensas Prescribed Fire 

Declared Wildfire Review Santa Fe National Forest, Southwestern Region. Specifically, the 

Chief’s Review of the Hermit’s Peak Fire illustrates the agency’s abject neglect for climate 

change effects on wildfire behavior and the inability of prescribed fire to reduce fire-line 

intensity under extreme fire-weather, which has been increasing due to climate change 

effects in this region.  

 

“Climate change is leading to conditions on the ground we have never encountered. We 

know these conditions are leading to more frequent and intense wildfires. Drought, extreme 

weather, wind conditions and unpredictable weather changes are challenging our ability to 

use prescribed fire as a tool to combat destructive fires. This spring in New Mexico, a pile 

burn of hazardous logs that started in January, smoldered underground for months, 

persisting through multiple snowstorms and freezing temperatures, before resurfacing as a 

wildfire. That type of event was nearly unheard of until recently in the century-plus of 

experience the Forest Service has in working on these landscapes. Fires are outpacing our 

models and, as the final report notes, we need to better understand how megadrought and 

climate change are affecting our actions on the ground. We must learn from this event and 

https://higherlogicdownload.s3-external-1.amazonaws.com/WILDFIRELESSONS/b6bc7e71-ecca-a7b3-16fb-22b5d69855ae_file.pdf?AWSAccessKeyId=AKIAVRDO7IEREB57R7MT&Expires=1673391433&Signature=KpuBAMvvr1vkux3S4RncG4gy%2Byw%3D
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ensure our decision-making processes, tools, and procedures reflect these changed 

conditions.” 

 

The report further states (p. 3) – “….a post-prescribed fire analysis of fuel and weather 

revealed that the implementation was occurring under much drier conditions than were 

recognized. Persistent drought, limited overwinter precipitation, less than average 

snowpack, fine fuel accumulation—post mechanical treatment, and increased heavy fuel 

loading after fireline preparation all contributed to increasing the risk of fire escape.” 

 

And 

 

“Competing obligations limit the ability of the workforce to prioritize and focus on 

prescribed fire projects. Increasing agency goals for prescribed fire treatments and, in this 

case, expectations from the forest, district and the Burn Boss to begin catching-up after 2 

years of delays due to government shutdowns, a global pandemic, and Mexican Spotted Owl 

regulations have led to unrealistic expectations. These expectations, coupled with the 

opportunity to implement during a narrow window when the crew was available, smoke 

dispersion was good and the prescribed fire area was forecasted to be in prescription, led to 

acceptance of unforeseen risk.” 

 

And 

 

“Traditional monsoon precipitation was significantly below the historic average in 2019 and 

2020 during the planning and preparation phase of the Gallinas Watershed Project leading 

up to the Las Dispensas Prescribed Fire. In the summer of 2021, a monsoon did bring some 

short-term benefits. However, overall precipitation for the season was near to below average 

for the northern New Mexico mountains. Nevertheless, there was an increase in late season 

fine fuels growth that cured in the fall and early winter coincident with seasonal dormancy. 

Overall, these fine fuels remained upright and available to burn because the few light snow 

events that occurred failed to compact them. According to the Drought Mitigation Center’s 

Drought Monitor product, which represents long-term impacts, both the magnitude and 

spatial extent of drought improved beginning in July and August 2021 due to the monsoon 

precipitation. They slightly improved from the highest drought category “Exceptional, D4” 

to “Extreme, D3”. This trend continued through fall, winter and spring during the time 

leading up to the prescribed fire. Despite the limited improvement to the drought conditions, 

anomalous dryness continued in the fall and then transitioned to a second consecutive winter 

(Double Dip) La Niña cycle that strengthened in the spring.” 

 

Thus, the lack of planning for climate change in prescribed burns demonstrates that the 

agency ignored public comment calling into question its treatments because of climate 

associated risks. Those risks were incredibly costly and the agency continues to plan poorly 

for climate-related increases in wildfire spread rates and acres burning. Because climate is 

now the top down driver of large fires, the agency has unrealistic expectations about 

treatment efficacy.  
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2. FAILURE TO APPROPRIATELY ANALYZE THE IMPACT OF CARBON 

EMISSIONS FROM EXTENSIVE VEGETATION TREATMENTS 

 

In our July 9, 2019 scoping comments, we note: 

 

“A stated intent of the SFLMRP is to provide for resilience to climate change yet there is no 

analysis of project-related emissions from tree clearing and road improvements. Notably, 

emissions from wildfires are typically much lower than landscape-level logging projects 

aimed at reducing wildfires (e.g., see Mitchell et al. 2009, Campbell et al. 2016, Law et al. 

2018 as examples of appropriate methodologies). Actions that minimize emissions should be 

compared in CO2 equivalents, including the social cost of carbon1. Project alternatives 

should then be selected with the lowest emissions.” 

 

Since the submission of our comments and the completion of the SFLMRP Environmental 

Assessment, CEQ issued Interim Guidance effective immediately related to “National 

Environmental Policy Act Guidance on Consideration of Greenhouse Gas Emissions and 

Climate Change” (CEQ-2022-0005).  

 

The guidance provides a standardized approach for estimating project-related emissions and 

represents new information that was not analyzed in the SFLMRP. Specifically, CEQ interim 

guidance notes: 

 

“Recommending that agencies provide additional context for GHG emissions, 

including through the use of the best available social cost of GHG (SC-GHG) 

estimates, to translate climate impacts into the more accessible metric of dollars, 

allow decision makers and the public to make comparisons, help evaluate the 

significance of an action’s climate change effects, and better understand the 

tradeoffs associated with an action and its alternatives; 

 Discussing methods to appropriately analyze reasonably foreseeable direct, 

indirect, and cumulative GHG emissions;” 

 

CEQ guidance is directly relevant to our comments that were dismissed by the SFLMRP in 

claiming that their project emissions were negligible based a flawed estimate that lacks 

standardization and social cost of carbon from which a range of alternatives could have been 

provided along with a preferred option that chooses an option with the least emissions and 

lowest social cost of carbon. Therefore, the SFLMRP did not use the best available science to 

estimate nor reduce project-related emissions in the interim CEQ guidelines now available.  

 

“Advising agencies to use the best available information and science when 

 
1See https://19january2017snapshot.epa.gov/climatechange/social-cost-carbon_.html 

https://19january2017snapshot.epa.gov/climatechange/social-cost-carbon_.html
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assessing the potential future state of the affected environment in NEPA analyses 

and providing up to date examples of existing sources of scientific information (CEQ).   

 

And 

 

“Outlining unique considerations for agencies analyzing biogenic carbon dioxide 

sources and carbon stocks associated with land and resource management actions under 

NEPA.  

 

No life cycle analysis of carbon stocks or effects of fuel treatments on them was provided by 

the SFLMRP as noted below.  

 

3. FAILURE TO ANALYZE CARBON STOCKS AND IMPORTANCE OF 

PROTECTING MATURE/OLD GROWTH FORESTS FROM FUEL 

TREATMENTS 

 

In our scoping comments, we identified major deficiencies in the SFLMRP analysis of mature 

and old-growth forests in the project area. The lack of an ecological definition of mature in the 

SFLMRP makes those forests vulnerable to inappropriate treatments. Most notably, the 

SFLMRP did not consider the president’s Executive Order 14072 that came out on Earth Day 

(April 22 2021) directing federal agencies to define and inventory mature (emphasis added) and 

old-growth forests for conservation purposes.  

 

Because no such definition or analysis was provided in the SFLMRP, the project is inconsistent 

with the conservation purposes for mature forests as directed by EO 14072.  

 

Importantly, new information is now available from which mature forests can be readily defined 

and mapped based on spatially derived forest proxies (DellaSala et al. 2022) and the minimum 

age and size of larger trees and their importance in carbon sequestration and storage (Birdsey et 

al. 2023).  

 

Figure 1 shows the distribution of mature and old-growth forests in SFLMRP and vicinity. 

Notably, the SFLMRP lacks such an analysis needed to properly inform the public about 

cumulative impacts in both mature and old growth and not just old growth and to comply with 

President Biden’s EO 14072 that calls on federal agencies to conserve these forests. The EO 

needs to be factored into project decisions but it was not for the SFLMRP that was issued before 

the order and therefore needs to be updated.  
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Figure 1. Spatially explicit location of mature and old-growth forests (dark green) in the project 

vicinity based on three proxies that define structural maturity (DellaSala et al. 2022). Note the 

clustering in the project area (center).  

 

Birdsey et al. (2023) used FIA plot data for 11 national forests in the lower 48 states including 

those dominated by frequent-fire return intervals associated with dry pine and dry mixed conifer 

forest sites. A total of 849 FIA plots were sampled in the four Arizona National Forests, for 

instance (Coconino, Prescott, Tonto, Sitgreaves).  Based on culmination of net primary 

productivity, dry forests on the Arizona sites were considered mature at 75 years or when trees 

had a 12-inch dbh. The 12-in dbh maturity threshold is <16-in dbh cap typically used in fuel 

treatments on the Santa Fe National Forest, meaning the agency is killing mature trees in 

definance of the president’s executive order. The killing of large trees on the SFLMRP is also 

inconsistent with CEQ guidance mentioned above given the Forest Service did not use best 

science to examine and then choose an alternative with the least emissions, particularly since 

large trees are being “thinned” at the 12-16 in dbh level and those large trees store the bulk of 

above ground living biomass and associated carbon (Birdsey et al. 2023).  

 

In addition, as the forests on the SFLMRP mature over time, the canopy naturally will close 

some and a complex understory will develop along with the emergence of coarse-woody debris 

and dead standing trees (snags). That process of when maturity occurs based on site conditions, 
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climatic factors, and natural disturbances is missing from the SFLMRP despite our request to 

protect mature forests and thus it is impossible for the public to assess impacts to mature forests 

that will occur in the project area despite the presidential directive.  

 

SUGGESTED RESOLUTION 

 

In our objection, we have identified sufficient deficiencies remaining in the SFLMRP that reflect 

a lack of attention to best available science, were ignored based on our prior scoping comments, 

or were not analyzed because of new relevant information that has arisen science the project’s 

EA was published.  

 

We request that the SLMRP: 

(1) Include studies by researchers that do not support large-scale thinning and prescribed fire.  

(2) Conduct a spatially explicit and field-based inventory of mature forests to assess carbon 

stock value and comply with the presidential order 14072. 

(3) As part of the inventory, ground verify the location of mature forests as, for instance, as 

identified in Figure 1 to pin-point location for conservation purposes and EO compliance. 

(4) A mature forest inventory needs to incorporate the methodology of Birdsey et al. (2023) to 

assess carbon stock value of larger trees and base maturity approaches on trees sizes where 

carbon accumulation is maximized plus additional factors such as coarse woody debris, 

snags, closed canopy conditions etc. Mature forests need to be protected from mechanical 

treatments unless such treatments result in recruitment of large snags (by killing live trees) to 

be left on site or felled and tipped into streams for aquatic restoration.  

(5) A detailed carbon life cycle analysis is needed to comply with the CEQ interim guidance on 

minimizing carbon emissions from project-specific actions. Life cycle analysis must follow 

best available science and be specific to the project actions and onsite emissions relative to 

alternatives, rather than flat out dismissing emissions as nationally or globally insignificant. 

Hudiburg et al. (2019) and Harmon (2019) provide exemplary methods in this regard.  

(6) A careful and best available science analysis of project treatments and limitations in relation 

to climate change is urgently needed and best handled via a project-specific EIS. 

 

Sincerely,  

 

Dominick A. DellaSala, Ph. D 

Chief Scientist 



Impact of anthropogenic climate change on wildfire
across western US forests
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Increased forest fire activity across the western continental United
States (US) in recent decades has likely been enabled by a number of
factors, including the legacy of fire suppression and human settle-
ment, natural climate variability, and human-caused climate change.
We use modeled climate projections to estimate the contribution
of anthropogenic climate change to observed increases in eight fuel
aridity metrics and forest fire area across the western United States.
Anthropogenic increases in temperature and vapor pressure deficit
significantly enhanced fuel aridity across western US forests over the
past several decades and, during 2000–2015, contributed to 75%
more forested area experiencing high (>1 σ) fire-season fuel aridity
and an average of nine additional days per year of high fire potential.
Anthropogenic climate change accounted for ∼55% of observed in-
creases in fuel aridity from 1979 to 2015 across western US forests,
highlighting both anthropogenic climate change and natural climate
variability as important contributors to increased wildfire potential in
recent decades. We estimate that human-caused climate change con-
tributed to an additional 4.2 million ha of forest fire area during 1984–
2015, nearly doubling the forest fire area expected in its absence.
Natural climate variability will continue to alternate between modulat-
ing and compounding anthropogenic increases in fuel aridity, but an-
thropogenic climate change has emerged as a driver of increased forest
fire activity and should continue to do so while fuels are not limiting.

wildfire | climate change | attribution | forests

Widespread increases in fire activity, including area burned
(1, 2), number of large fires (3), and fire-season length

(4, 5), have been documented across the western United States
(US) and in other temperate and high-latitude ecosystems over
the past half century (6, 7). Increased fire activity across western
US forests has coincided with climatic conditions more con-
ducive to wildfire (2–4, 8). The strong interannual correlation
between forest fire activity and fire-season fuel aridity, as well as
observed increases in vapor pressure deficit (VPD) (9), fire danger
indices (10), and climatic water deficit (CWD) (11) over the past
several decades, present a compelling argument that climate
change has contributed to the recent increases in fire activity. Pre-
vious studies have implicated anthropogenic climate change (ACC)
as a contributor to observed and projected increases in fire activity
globally and in the western United States (12–19), yet no studies
have quantified the degree to which ACC has contributed to ob-
served increases in fire activity in western US forests.
Changes in fire activity due to climate, and ACC therein, are

modulated by the co-occurrence of changes in land management
and human activity that influence fuels, ignition, and suppression.
The legacy of twentieth century fire suppression across western
continental US forests contributed to increased fuel loads and fire
potential in many locations (20, 21), potentially increasing the
sensitivity of area burned to climate variability and change in re-
cent decades (22). Climate influences wildfire potential primarily
by modulating fuel abundance in fuel-limited environments, and
by modulating fuel aridity in flammability-limited environments
(1, 23, 24). We constrain our attention to climate processes that
promote fuel aridity that encompass fire behavior characteris-
tics of landscape ignitability, flammability, and fire spread via fuel
desiccation in primarily flammability-limited western US forests by

considering eight fuel aridity metrics that have well-established
direct interannual relationships with burned area in this region
(1, 8, 24, 25). Four metrics were calculated from monthly data for
1948–2015: (i) reference potential evapotranspiration (ETo),
(ii) VPD, (iii) CWD, and (iv) Palmer drought severity index
(PDSI). The other four metrics are daily fire danger indices cal-
culated for 1979–2015: (v) fire weather index (FWI) from the
Canadian forest fire danger rating system, (vi) energy release
component (ERC) from the US national fire danger rating system,
(vii) McArthur forest fire danger index (FFDI), and (viii) Keetch–
Byram drought index (KBDI). These metrics are further described
in the Materials and Methods and Supporting Information. Fuel
aridity has been a dominant driver of regional and subregional
interannual variability in forest fire area across the western US in
recent decades (2, 8, 22, 25). This study capitalizes on these re-
lationships and specifically seeks to determine the portions of the
observed increase in fuel aridity and area burned across western
US forests attributable to anthropogenic climate change.
The interannual variability of all eight fuel aridity metrics aver-

aged over the forested lands of the western US correlated signifi-
cantly (R2 = 0.57–0.76, P < 0.0001; Table S1) with the logarithm of
annual western US forest area burned for 1984–2015, derived from
the Monitoring Trends in Burn Severity product for 1984–2014 and
the Moderate Resolution Imaging Spectroradiometer (MODIS)
for 2015 (Supporting Information). The record of standardized fuel
aridity averaged across the eight metrics (hereafter, all-metric
mean) accounts for 76% of the variance in the burned-area record,
with significant increases in both records for 1984–2015 (Fig. 1).
Correlation between fuel aridity and forest fire area remains
highly significant (R2 = 0.72, all-metric mean) after removing the
linear-least squares trends for each time series for 1984–2015,
supporting the mechanistic relationship between fuel aridity and

Significance

Increased forest fire activity across the western United States
in recent decades has contributed to widespread forest mor-
tality, carbon emissions, periods of degraded air quality, and
substantial fire suppression expenditures. Although numerous
factors aided the recent rise in fire activity, observed warming
and drying have significantly increased fire-season fuel aridity,
fostering a more favorable fire environment across forested
systems. We demonstrate that human-caused climate change
caused over half of the documented increases in fuel aridity
since the 1970s and doubled the cumulative forest fire area
since 1984. This analysis suggests that anthropogenic climate
change will continue to chronically enhance the potential for
western US forest fire activity while fuels are not limiting.
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forest fire area. It follows that co-occurring increases in fuel aridity
and forest fire area over multiple decades would also be
mechanistically related.
We quantify the influence of ACC using the Coupled Model

Intercomparison Project, Phase 5 (CMIP5) multimodel mean
changes in temperature and vapor pressure following Williams
et al. (26) (Fig. S1; Methods). This approach defines the ACC
signal for any given location as the multimodel mean (27 CMIP5
models) 50-y low-pass-filtered record of monthly temperature
and vapor pressure anomalies relative to a 1901 baseline. Other
anthropogenic effects on variables such as precipitation, wind, or
solar radiation may have also contributed to changes in fuel
aridity but anthropogenic contributions to these variables during
our study period are less certain (22). We evaluate differences
between fuel aridity metrics computed with the observational
record and those computed with observations that exclude the
ACC signal to determine the contribution of ACC to fuel aridity.
To exclude the ACC signal, we subtract the ACC signal from daily
and monthly temperature and vapor pressure, leaving all other
variables unchanged and preserving the temporal variability of
observations. The contribution of ACC to changes in fuel aridity is
shown for the entire western United States; however, we constrain
the focus of our attribution and analysis to forested environments
of the western US (Fig. 1, Inset; Methods).
Anthropogenic increases in temperature and VPD contributed

to a standardized (σ) increase in all-metric mean fuel aridity av-
eraged for forested regions of +0.6 σ (range of +0.3 σ to +1.1 σ
across all eight metrics) for 2000–2015 (Fig. 2). We found similar
results with reanalysis products (all-metric mean fuel aridity in-
crease of +0.6 σ for two reanalysis datasets considered; Methods),
suggesting robustness of the results to structural uncertainty in
observational products (Figs. S2–S4 and Table S2). The largest
anthropogenic increases in standardized fuel aridity were present
across the intermountain western United States, due in part to

larger modeled warming rates relative to more maritime areas (27).
Among aridity metrics, the largest increases tied to the ACC signal
were for VPD and ETo because the interannual variability of these
variables is primarily driven by temperature for much of the study
area (28). By contrast, PDSI and ERC showed more subdued ACC
driven increases in fuel aridity because these metrics are more
heavily influenced by precipitation variability.
Fuel aridity averaged across western US forested areas showed a

significant increase over the past three decades, with a linear trend
of +1.2 σ (95% confidence: 0.42–2.0 σ) in the all-metric mean for
1979–2015 (Fig. 3A, Top and Table S1). The all-metric mean ACC
contribution since 1901 was +0.10 σ by 1979 and +0.71 σ by 2015.
The annual area of forested lands with high fuel aridity (>1 σ)
increased significantly during 1948–2015, most notably since 1979
(Fig. 3A, Bottom). The observed mean annual areal extent of for-
ested land with high aridity during 2000–2015 was 75% larger for
the all-metric mean (+27% to +143% range across metrics) than
was the case where the ACC signal was excluded.
Significant positive trends in fuel aridity for 1979–2015 across

forested lands were observed for all metrics (Fig. 3B and Table
S1). Positive trends in fuel aridity remain after excluding the
ACC signal, but the remaining trend was only significant for
ERC. Anthropogenic forcing accounted for 55% of the observed
positive trend in the all-metric mean fuel aridity during 1979–
2015, including at least two-thirds of the observed increase in
ETo, VPD, and FWI, and less than a third of the observed in-
crease in ERC and PDSI. No significant trends were observed
for monthly fuel aridity metrics from 1948–1978.
The duration of the fire-weather season increased significantly

across western US forests (+41%, 26 d for the all-metric mean)
during 1979–2015, similar to prior results (10) (Fig. 4A and Table
S2). Our analysis shows that ACC accounts for ∼54% of the in-
crease in fire-weather season length in the all-metric mean (15–
79% for individual metrics). An increase of 17.0 d per year of high
fire potential was observed for 1979–2015 in the all-metric mean
(11.7–28.4 d increase for individual metrics), over twice the rate of
increase calculated from metrics that excluded the ACC signal
(Fig. 4B and Table S2). This translates to an average of an addi-
tional 9 d (7.8–12.0 d) per year of high fire potential during 2000–
2015 due to ACC.
Given the strong relationship between fuel aridity and annual

western US forest fire area, and the detectable impact of ACC on
fuel aridity, we use the regression relationship in Fig. 1 to model
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Fig. 1. Annual western continental US forest fire area versus fuel aridity:
1984–2015. Regression of burned area on the mean of eight fuel aridity
metrics. Gray bars bound interquartile values among the metrics. Dashed
lines bounding the regression line represent 95% confidence bounds, ex-
panded to account for lag-1 temporal autocorrelation and to bound the
confidence range for the lowest correlating aridity metric. The two 16-y periods
are distinguished to highlight their 3.3-fold difference in total forest fire area.
Inset shows the distribution of forested land across the western US in green.

Fig. 2. Standardized change in each of the eight fuel aridity metrics due
to ACC. The influence of ACC on fuel aridity during 2000–2015 is shown
by the difference between standardized fuel aridity metrics calculated
from observations and those calculated from observations excluding the
ACC signal. The sign of PDSI is reversed for consistency with other aridity
measures.
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the contribution of ACC on western US forest fire area for the
past three decades (Fig. 5 and Fig. S5). ACC-driven increases in
fuel aridity are estimated to have added ∼4.2 million ha (95%
confidence: 2.7–6.5 million ha) of western US forest fire area
during 1984–2015, similar to the combined areas of Massachusetts
and Connecticut, accounting for nearly half of the total modeled
burned area derived from the all-metric mean fuel aridity. Re-
peating this calculation for individual fuel aridity metrics yields
ACC contributions of 1.9–4.9 million ha, but most individual
fuel aridity metrics had weaker correlations with burned area
and thus may be less appropriate proxies for attributing burned
area. The effect of the ACC forcing on fuel aridity increased
during this period, contributing ∼5.0 (95% confidence: 4.2–5.9)
times more burned area in 2000–2015 than in 1984–1999 (Fig. 5B).
During 2000–2015, the ACC-forced burned area likely exceeded
the burned area expected in the absence of ACC (Fig. 5B).
A more conservative method that uses the relationship between
detrended records of burned area and fuel aridity (2) still indicates a
substantial impact of ACC on total burned area, with a 19% (95%

confidence: 12–24%) reduction in the proportion of total burned
area attributable to ACC (Fig. S5).
Our attribution explicitly assumes that anthropogenic increases

in fuel aridity are additive to the wildfire extent that would have
arisen from natural climate variability during 1984–2015. Because
the influence of fuel aridity on burned area is exponential, the
influence of a given ACC forcing is larger in an already arid fire
season such as 2012 (Fig. 5A and Fig. S5C). Anthropogenic in-
creases in fuel aridity are expected to continue to have their most
prominent impacts when superimposed on naturally occurring
extreme climate anomalies. Although numerous studies have
projected changes in burned area over the twenty-first century due
to ACC, we are unaware of other studies that have attempted to
quantify the contribution of ACC to recent forested burned area
over the western United States. The near doubling of forested
burned area we attribute to ACC exceeds changes in burned area
projected by some modeling efforts to occur by the mid-twenty-
first century (29, 30), but is proportionally consistent with mid-
twenty-first century increases in burned area projected by other
modeling efforts (17, 31–33).
Beyond anthropogenic climatic changes, several additional

factors have caused increases in fuel aridity and forest fire area
since the 1970s. The lack of fuel aridity trends during 1948–1978
and persistence of positive trends during 1979–2015 even after
removing the ACC signal implicates natural multidecadal climate
variability as an important factor that buffered anthropogenic
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aridity exceeding one SD. Red lines show observations and black lines show
records after exclusion of the ACC signal. Only the four monthly metrics
extend back to 1948. Daily fire danger indices begin in 1979. Bold lines in-
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annual forested area burned during 1984–2015 for visual comparison with
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effects during 1948–1978 and compounded anthropogenic effects
during 1979–2015. During 1979–2015, for example, observed
Mar–Sep vapor pressure decreased significantly across many US
forest areas, in marked contrast to modeled anthropogenic in-
creases (Fig. S6) (34). Significant declines in spring (Mar–May)
precipitation in the southwestern United States and summer
(Jun–Sep) precipitation throughout parts of the northwestern
United States during 1979–2015 (Fig. S7 A and B) hastened in-
creases in fire-season fuel aridity, consistent with observed in-
creases in the number of consecutive dry days across the region
(10). Natural climate variability, including a shift toward the cold
phase of the interdecadal Pacific Oscillation (35), was likely the
dominant driver of observed regional precipitation trends (36)
(Fig. S7 B and D).
Our quantification of the ACC contribution to observed in-

creases in forest fire activity in the western United States adds to
the limited number of climate change attribution studies on
wildfire to date (37). Previous attribution efforts have been re-
stricted to a single GCM and biophysical variable (14, 16). We
complement these studies by demonstrating the influence of
ACC derived from an ensemble of GCMs on several biophysical
metrics that exhibit strong links to forest fire area. However, our
attribution effort only considers ACC to manifest as trends in

mean climate conditions, which may be conservative because cli-
mate models also project anthropogenic increases in the temporal
variability of climate and drought in the western United States (34,
38, 39). In focusing exclusively on the direct impacts of ACC on
fuel aridity, we do not address several other pathways by which
ACC may have affected wildfire activity. For example, the fuel
aridity metrics that we used may not adequately capture the role of
mountain snow hydrology on soil moisture. Nor do we account for
the influence of climate change on lightning activity, which may
increase with warming (40). We also do not account for how fire
risk may be affected by changes in biomass/fuel due to increases in
atmospheric CO2 (41), drought-induced vegetation mortality (42),
or insect outbreaks (43).
Additionally, we treat the impact of ACC on fire as inde-

pendent from the effects of fire management (e.g., suppression
and wildland fire use policies), ignitions, land cover (e.g., exur-
ban development), and vegetation changes beyond the degree to
which they modulate the relationship between fuel aridity and
forest fire area. These factors have likely added to the area
burned across the western US forests and potentially amplified
the sensitivity of wildfire activity to climate variability and change
in recent decades (2, 22, 24, 44). Such confounding influences,
along with nonlinear relationships between burned area and its
drivers (e.g., Fig. 1), contribute uncertainty to our empirical attri-
bution of regional burned area to ACC. Our approach depends on
the strong observed regional relationship between burned area and
fuel aridity at the large regional scale of the western United States,
so the quantitative results of this attribution effort are not nec-
essarily applicable at finer spatial scales, for individual fires, or to
changes in nonforested areas. Dynamical vegetation models with
embedded fire models show emerging promise as tools to diagnose
the impacts of a richer set of processes than those considered here
(41, 45) and could be used in tandem with empirical approaches
(46, 47) to better understand contributions of observed and pro-
jected ACC to changes in regional fire activity. However, dynamic
models of vegetation, human activities, and fire are not without
their own lengthy list of caveats (2). Given the strong empirical
relationship between fuel aridity and wildfire activity identified
here and in other studies (1, 2, 4, 8), and substantial increases in
western US fuel aridity and fire-weather season length in recent
decades, it appears clear from empirical data alone that increased
fuel aridity, which is a robustly modeled result of ACC, is the
proximal driver of the observed increases in western US forest fire
area over the past few decades.

Conclusions
Since the 1970s, human-caused increases in temperature and
vapor pressure deficit have enhanced fuel aridity across western
continental US forests, accounting for approximately over half of
the observed increases in fuel aridity during this period. These
anthropogenic increases in fuel aridity approximately doubled
the western US forest fire area beyond that expected from nat-
ural climate variability alone during 1984–2015. The growing
ACC influence on fuel aridity is projected to increasingly pro-
mote wildfire potential across western US forests in the coming
decades and pose threats to ecosystems, the carbon budget,
human health, and fire suppression budgets (13, 48) that will
collectively encourage the development of fire-resilient land-
scapes (49). Although fuel limitations are likely to eventually
arise due to increased fire activity (17), this process has not yet
substantially disrupted the relationship between western US
forest fire area and aridity. We expect anthropogenic climate
change and associated increases in fuel aridity to impose an in-
creasingly dominant and detectable effect on western US forest
fire area in the coming decades while fuels remain abundant.

Fig. 5. Attribution of western US forest fire area to ACC. Cumulative forest
fire area estimated from the (red) observed all-metric mean record of fuel
aridity and (black) the fuel aridity record after exclusion of ACC (No ACC).
The (orange) difference is the forest fire area forced by anthropogenic in-
creases in fuel aridity. Bold lines in A and horizontal lines within box plots
in B indicate mean estimated values (regression values in Fig. 1). Boxes in B
bound 50% confidence intervals. Shaded areas in A and whiskers in B bound
95% confidence intervals. Dark red horizontal lines in B indicate observed
forest fire area during each period.
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Methods
We focus on climate variables that directly affect fuel moisture over forested
areas of the western continental United States, where fire activity tends to be
flammability-limited rather than fuel- or ignition-limited (1) (study region
shown in Fig. 1, Inset). There are a variety of climate-based metrics that have
been used as proxies for fuel aridity, yet there is no universally preferred
metric across different vegetation types (24). We consider eight frequently
used fuel aridity metrics that correlate well with fire activity variables, in-
cluding annual burned area (Fig. 1 and Table S1), in western US forests.

Fuel aridity metrics are calculated from daily surface meteorological data
(50) on a 1/24° grid for 1979–2015 for the western United States (west of
103°W). Although we calculated metrics across the entire western United
States, we focus on forested lands defined by the climax succession vege-
tation stages of “forest” or “woodland” in the Environmental Site Potential
product of LANDFIRE (landfire.gov). Forested 1/24° grid cells are defined by
at least 50% forest coverage aggregated from LANDFIRE. We extended the
aridity metrics calculated at the monthly timescale (ETo, VPD, CWD, and
PDSI) back to 1948 using monthly anomalies relative to a common 1981–
2010 period from the dataset developed by the Parameterized Regression
on Independent Slopes Model group (51) for temperature, precipitation,
and vapor pressure, and by bilinearly interpolating NCEP–NCAR reanalysis
for wind speed and surface solar radiation. We aggregated data to annu-
alized time series of mean May–Sep daily FWI, KBDI, ERC, and FFDI; Mar–Sep
VPD and ETo; Jun–Aug PDSI; and Jan–Dec CWD. We also calculated the
aridity metrics strictly from ERA-INTERIM and NCEP–NCAR reanalysis prod-
ucts for 1979–2015 covering the satellite era (Supporting Information).

Days per year of high fire potential are quantified by daily fire danger indices
(ERC, FWI, FFDI, and KBDI) that exceed the 95th percentile threshold defined
during 1981–2010 from observations after removing the ACC signal. Obser-
vational studies have shown that fire growth preferentially occurs during high
fire danger periods (52, 53). We also calculate the fire weather season length
for the four daily fire danger indices following previous studies (10).

The ACC signal is obtained from ensemble members taken from 27 CMIP5
global climate models (GCMs) regridded to a common 1° resolution for 1850–
2005 using historical forcing experiments and for 2006–2099 using the
Representative Concentration Pathway (RCP) 8.5 emissions scenario (Table
S3 and Supporting Information). These GCMs were selected based on
availability of monthly outputs for maximum and minimum daily tempera-
ture (Tmax and Tmin, respectively), specific humidity (huss), and surface
pressure. Saturation vapor pressure (es), vapor pressure (e), and VPD were
calculated using standard methods (Supporting Information). A variety of
approaches exist to estimate the ACC signal (26). We define the anthropo-
genic signals in Tmax, Tmin, e, es, VPD, and relative humidity by a 50-y low-
pass-filter time series (using a 10-point Butterworth filter) averaged across the
27 GCMs using the following methodology: For each GCM, variable, month,
and grid cell, we converted each annual time series to anomalies relative to a
1901–2000 baseline. We averaged annual anomalies across all realizations
(model runs) for each GCM and calculated a single 50-y low-pass-filter annual

time series for each of the 12 mo for 1850–2099. We averaged each month’s
low-pass-filtered time series across the 27 GCMs and additively adjusted so that
all smoothed records pass through zero in 1901. The resultant ACC signal
represents the CMIP5 modeled anthropogenic impact since 1901 for each
variable, grid cell, and month (Supporting Information).

We bilinearly interpolated the 1° CMIP5 multimodel mean 50-y low-pass
time series to the 1/24° spatial resolution of the observations and subtracted
the ACC signal from the observed daily and monthly time series. We consider
the remaining records after subtraction of the ACC signal to indicate climate
records that are free of anthropogenic trends (26).

Annual variations in fuel aridity metrics are presented as standardized
anomalies (σ) to accommodate differences across geography and metrics. All
fuel aridity metrics are standardized using the mean and SD from 1981 to
2010 for observations that excluded the ACC signal. Although the selection
of a reference period can bias results (54), our findings were similar when
using the full 1979–2015 time period or the observed data (without removal
of ACC) for the reference period. The influence of anthropogenic forcing on
fuel aridity metrics is quantified as the difference between metrics calcu-
lated with observations and those calculated with observations that ex-
cluded the ACC signal. Area-weighted standardized anomalies and the
spatial extent of western US forested land that experienced high (>1 σ)
aridity are computed for each aridity metric. Annualized burned area as well
as aggregated fuel aridity metrics calculated with data from ref. 50 and the
two reanalysis products are provided in Datasets S1–S3.

We use the regression relationship between the annual western US forest
fire area and the all-metric mean fuel aridity index in Fig. 1 to estimate the
forcing of anthropogenic increases in fuel aridity on forest fire area during
1984–2015. Uncertainties in the regression relationship due to imperfect
correlation and temporal autocorrelation are propagated as estimated
confidence bounds on the anthropogenic forcing of forest fire area. This
approach was repeated using a more conservative definition of the re-
gression relationship, where we removed the linear least squares trend for
1984–2015 from both the area burned and fuel aridity time series before
regression to reduce the possibility of spurious correlation due to common
but unrelated trends (Fig. S5). Statistical significance of all linear trends and
correlations reported in this study are assessed using both Spearman’s rank
and Kendall’s tau statistics. Trends are considered significant if both tests
yield P < 0.05.
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Mature and old-growth forests (collectively “mature”) and larger trees are

important carbon sinks that are declining worldwide. Information on the

carbon value of mature forests and larger trees in the United States has

policy relevance for complying with President Joe Biden’s Executive Order

14072 directing federal agencies to define and conduct an inventory of

them for conservation purposes. Specific metrics related to maturity can

help land managers define and maintain present and future carbon stocks

at the tree and forest stand level, while making an important contribution

to the nation’s goal of net-zero greenhouse gas emissions by 2050. We

present a systematic method to define and assess the status of mature forests

and larger trees on federal lands in the United States that if protected from

logging could maintain substantial carbon stocks and accumulation potential,

along with myriad climate and ecological co-benefits. We based the onset

of forest maturity on the age at which a forest stand achieves peak net

primary productivity. We based our definition of larger trees on the median

tree diameter associated with the tree age that defines the beginning of

stand maturity to provide a practical way for managers to identify larger

trees that could be protected in different forest ecosystems. The average

age of peak net primary productivity ranged from 35 to 75 years, with

some specific forest types extending this range. Typical diameter thresholds

that separate smaller from larger trees ranged from 4 to 18 inches (10–

46 cm) among individual forest types, with larger diameter thresholds found

in the Western forests. In assessing these maturity metrics, we found that

the unprotected carbon stock in larger trees in mature stands ranged from

36 to 68% of the total carbon in all trees in a representative selection of

11 National Forests. The unprotected annual carbon accumulation in live
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above-ground biomass of larger trees in mature stands ranged from 12 to

60% of the total accumulation in all trees. The potential impact of avoiding

emissions from harvesting large trees in mature forests is thus significant and

would require a policy shift to include protection of carbon stocks and future

carbon accumulation as an additional land management objective on federal

forest lands.

KEYWORDS

carbon stock, climate change, large trees, mature forests, national forest lands

1. Introduction

Nature-based climate solutions are needed to meet
anticipated national targets associated with the Paris Climate
Agreement which establishes a global framework to avoid
dangerous climate change by limiting warming to less than
2◦C (United Nations, 2015). In the United States, the Biden
administration announced a “roadmap” for nature-based
solutions during the COP27 climate summit (White House,
2022a). Reducing carbon dioxide (CO2) emissions and
increasing CO2 removals from the atmosphere using forests
are considered to be the most significant of terrestrial natural
climate solutions globally and in the U.S. (Griscom et al., 2017;
Fargione et al., 2018).

Protecting mature forests to achieve their potential to reduce
greenhouse gases is controversial in part because it restricts
logging (Law and Harmon, 2011; Moomaw et al., 2020). Forests
in the later stages of seral development (mature and old-
growth, DellaSala et al., 2022a) and the large trees within
them (Stephenson et al., 2014; Mildrexler et al., 2020) play an
outsized role in the accumulation and long-term storage of
atmospheric carbon, and consequently enabling their protection
where lacking has been recognized as an effective nature-based
climate solution (Griscom et al., 2017). Notably, President
Joe Biden issued an executive order (White House, 2022b)
recognizing the climate value of mature and old-growth forests
and directed federal officials to define and inventory them
on Federal lands and develop policies for their conservation.
Thus, providing techniques for defining when forests qualify
as mature and quantifying their relative carbon content and
storage potential has high policy relevance.

This undertaking supports the nation’s goal of achieving
net-zero greenhouse gas emissions by 2050 and to conserve
30% of the nation’s land by 2030 (White House, 2021).
Protecting older, larger trees and mature forests would also
help reverse the global degradation of older forests that have
diverse ecological values (Lindenmayer et al., 2012), and
facilitate the continued growth of mid-sized trees toward
maturity (Moomaw et al., 2019). Mature forests provide
refugia for many imperiled species (Buotte et al., 2020;

DellaSala et al., 2022a), store disproportionate amounts of
above-ground carbon in forests (Stephenson et al., 2014;
Lutz et al., 2018; Mildrexler et al., 2020), and historically
constitute a large volume of valuable timber (Johnson and
Swanson, 2009). These values often conflict with one another
resulting in contentious policy debates about land management
objectives and best practices, particularly on federal lands
in the U.S. where much of the remaining mature forest area
resides according to national forest inventory data (Bolsinger
and Waddell, 1993; DellaSala et al., 2022a). Recent studies of
land values reveal that the importance of mature forests for
ecosystem integrity and non-timber ecosystem services far
exceeds their value for timber products (Watson et al., 2018;
Gilhen-Baker et al., 2022).

Some researchers argue that it is necessary to log larger
trees in fire-suppressed forests in the western U.S. to restore fire
regimes, reduce biomass, and minimize emissions from wildfires
(Kirschbaum, 2003; Hessburg et al., 2020; Johnston et al., 2021).
However, these assertions have been challenged (Stephenson
et al., 2014; Lutz et al., 2018; Mildrexler et al., 2020; DellaSala
et al., 2022b) in part because removing larger trees from forests
having high carbon stocks creates a significant “carbon debt”
that can take decades or centuries to repay (Moomaw et al., 2019;
Law et al., 2022).

It follows that our objectives are to (1) present an approach
to defining larger trees and mature forests on federal lands;
(2) estimate the current carbon stock and annual carbon
accumulation in larger trees in mature forests across a
representative selection of national forests, and (3) estimate
the carbon stock and accumulation left unprotected by current
binding designations.

We do not identify the proportion of mature forest area
and carbon stocks that could be classified more specifically
as “old growth.” Defining old-growth in a consistent way
across the diversity of temperate forests is challenging since
existing definitions are based on structural, successional,
and biogeochemical factors that are unique for individual
forest types and researcher’s interests (Wirth et al., 2009).
Our characterization of mature forests has ecological and
policy relevance for restoring old-growth characteristics over
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time, pursuant to the presidential executive order as well
(DellaSala et al., 2022a). Thus, we determined that this paper
would be more broadly focused on mature forests rather than
old-growth forests.

2. Materials and methods

2.1. Approach

Our approach requires addressing two components: (1)
individual trees referred to as the “larger” trees in a forest; and
(2) mature forest stand development represented by stand age.
This method for identifying larger trees in mature stands—
and the related assessment of above-ground live carbon stocks
and annual carbon accumulation—is intended to be broadly
applicable and readily implementable independent of how
mature stands are defined. We settled on defining stand maturity
with respect to the age of maximum Net Primary Productivity
(NPP), which is estimated as the annual net quantity of carbon
removed from the atmosphere and stored in biomass (see
section 2.2 for definitions of key terms). NPP was calculated
by combining 4 terms: Annual accumulation of live biomass,
annual mortality of above-ground and below-ground biomass,
foliage turnover to soil, and fine root turnover in soil (He et al.,
2012). Live biomass and annual mortality were estimated from
the Forest Inventory and Analysis (FIA) database. Foliage and
fine root turnover were estimated using maps of leaf area index
(LAI) and forest age to derive LAI-age relationships for different
forest types. These relationships were then used to derive foliage
and fine root turnover estimates using species-specific trait data
(He et al., 2012).

This is a particularly appropriate approach to maturity in
the context of how forests help temper climate change. Our
integrating method of associating the median tree diameter with
age is intended to be applicable to other definitions of stand
maturity, including simple ones applied across the landscape
without regard to specific stand characteristics, for example a
uniform age cutoff.

2.2. Key definitions and data source

Net Primary Productivity (NPP)—The difference between
the amount of carbon produced through photosynthesis and
the amount of energy that is used for respiration. Estimate is
based on the net increment of tree and understory biomass, leaf
production, and fine root turnover (He et al., 2012).

Biomass—The carbon stored in live trees greater than 1 inch
(2.54 cm) diameter at breast height (dbh), including stump, bole,
bark, branches, and foliage.

Carbon stock—The carbon stored in live biomass at a
point in time, unless otherwise defined to include additional

ecosystem components, in units of megagrams (Mg) or
teragrams (Tg) of carbon (C).

Carbon accumulation—The net change in carbon stock of
live tree biomass over a period of time, in units of megagrams
(Mg) or teragrams (Tg) of carbon (C), per hectare (ha−1) and/or
or per year (yr−1).

Metric ton—In the literature, the term metric ton (Mt or
tonne) is often used instead of megagram.

Definitions of other terms commonly used in this paper are
included in the supplementary material.

To apply our method to each national forest, recent FIA
data collected by the U.S. Forest Service were queried using
the EVALIDator online query system (USDA Forest Service,
2022). The sampling approach and estimation methods of forest
inventory variables in the FIA database follow documented
procedures (Supplementary material; Bechtold and Patterson,
2005). Our analysis is focused on above-ground carbon in live-
trees, though some representative data are also presented about
all ecosystem C pools to show the full potential of protecting
carbon stocks on selected national forests.

2.3. Study area

The study area includes 11 individual national forests or
small groups of national forests in the conterminous U.S.
(Table 1 and Figure 1), selected to represent the geographic
diversity of U.S. forests and to have at least one forest in each
USFS region. Forests with similar characteristics within a region
were grouped if preliminary analysis determined that there were
insufficient sample data to develop the biomass distributions for
a single forest by main forest types.

2.4. Defining larger trees and mature
forests

We combine two key indicators—stand age and tree
diameter—in a way that could be used by land managers to
assess maturity for informing management practices, in contrast
to basing maturity and management on either tree diameter or
stand age alone as in some previous studies (Mildrexler et al.,
2020; Johnston et al., 2021). Mature forests are defined as stands
with ages exceeding that at which accumulation of carbon in
biomass peaks as indicated by NPP. We considered FIA sample
plots to represent stands of relatively uniform condition. The
sampled areas and trees are partitioned into uniform domains
during field sampling and data processing if more than one
stand condition falls within the sampling area. For this study,
a new term “Culmination of Net Primary Productivity” (CNPP)
is used to describe the age at which NPP reaches a maximum
carbon accumulation rate. Physiologically, peak productivity
occurs approximately at the age when the growing space in the
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TABLE 1 National Forests, sampling dates, and number of sample
plots used in our study.

National Forest FIA sampling
dates

Number of
sample plots

Gifford Pinchot, WA 2008–2019 626

Malheur, OR 2011–2019 758

Black Hills, SD 2013–2019 348

Chequamegon-Nicolet, WI 2013–2019 559

Green Mountain, VT and
White Mountain, NH

2013–2019 580

Appalachian National
Forests1

2013–2020 982

White River, CO 2010–2019 291

Flathead, MT 2010–2019 341

Arizona National Forests2 2010–2019 849

Central California National
Forests3

2011–2019 410

Arkansas National Forests4 2017–2021 427

1Pisgah (NC), Nantahala (NC), Cherokee (TN), Monongahela (WV), Jefferson (VA),
George Washington (VA).
2Coconino, Prescott, Tonto, Sitgreaves, AZ.
3Eldorado, Stanislaus, and Sierra, CA.
4Oachita, Ozark-St. Francis, AR.

ecosystem is fully covered by leaf area—i.e., tree canopy closure
reaches 100%. After this age, NPP either stays constant or
declines gradually, depending on tree species composition, and
other environmental factors such as nutrient availability (Kutsch
et al., 2009; He et al., 2012). Previous analyses of FIA data
indicate that peak NPP occurs at a relatively young stage of stand
succession, roughly 25—50 years following stand establishment
(Figure 2; He et al., 2012; Dugan et al., 2017; Birdsey et al., 2019).
Foresters have a similar metric, referred to as the “culmination
of mean annual increment” (CMAI), that is based on estimated

net volume increment (i.e., volume growth minus mortality) as a
function of age, rather than net productivity as a function of age,
which is more relevant to assessing forests potential to reduce
greenhouse gases. CMAI is calculated in the same way as CNPP,
except that the mean annual increment variable is net volume
increment instead of net primary productivity.

Larger trees are then defined as having a diameter at breast
height (dbh) that is equal to or greater than the median diameter
in forest stands at or near the age of stand-level CNPP. A range
of ages around the age of CNPP, taken to be the CNPP age plus
or minus one age class (30-year bin size), was used in order to
have sufficient FIA sampling plots (generally 100 or more) to
develop a tree diameter distribution for individual forest types.
Then the median diameter of the distribution is used as the
lower diameter threshold of maturity for the population of trees
in the CNPP age class.

Our approach involves clustering (post-stratifying) sample
plots by forest type and stand age class, and individual sample
trees by tree diameter class, and then calculating estimates
for the clusters (populations) as groups. Because most clusters
include a wide distribution of tree diameters, there can be
larger trees present in stands having ages below CNPP age, and
vice versa, stands with ages above CNPP age can have trees
with diameters below the lower diameter limit. The definitions
of mature stands and associated larger trees in this study is
conceptually consistent with stages of maturity derived from
classifying FIA sample plots (Stanke et al., 2020; USDA Forest
Service, 2022) and from an approach involving spatial data
(DellaSala et al., 2022a). Table 2 compares the terminology and
approaches of each.

To estimate the area of mature stands based on sample plot
characterization, we used the FIA stand-size variable coded as
“large diameter” (column 2 of Table 2) because our method is
not based on stand-scale variables alone but rather a crosswalk

FIGURE 1

Approximate locations of 11 National Forests in our study area.
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of stand and tree population variables. Large diameter stands
are defined by FIA as those with more than 50 percent of
the stocking in medium and large diameter trees, and with
the stocking of large diameter trees equal to or greater than the
stocking of medium and small diameter trees.

2.5. Estimation of carbon stock and
accumulation in living biomass

We used the age-to-diameter crosswalk to estimate live
above-ground carbon stocks and annual carbon accumulation
for larger trees in forests above the CNPP threshold. We focused
on live above-ground biomass since it is typically the largest
of the C pools (except for soil in some cases) and is the most
dynamic in terms of how carbon stocks and accumulation
change with age or tree size (Domke et al., 2021). The estimated
carbon in biomass of trees or stands is taken directly from the
FIA database and is based on measurements of dbh and height.
The current standard FIA approach to estimating biomass from

tree measurements uses the component ratio method (Woodall
et al., 2011). Unless stated otherwise, we use the term “carbon”
to refer to carbon in live-tree biomass, not the carbon in all
ecosystem carbon pools. Live-tree biomass includes the main
stem or bole of the tree, rough or rotten sections of the bole,
tree bark, branches, and leaves.

Estimation of the carbon accumulation rate is based on
remeasurement of the same grid of sample points and trees at
intervals ranging from 5 to 10 years depending on the state,
with generally shorter remeasurement cycles in the eastern U.S.
compared with the western U.S. (Table 1). Carbon in live-tree
biomass was estimated at the beginning and end of the time
period, and carbon accumulation was calculated as change in
carbon over the period divided by the number of years.

The uncertainty of estimates of carbon stock and carbon
accumulation was taken directly from the FIA data retrieval
system that reports sampling error with 67% confidence,
which we multiplied by 1.96 to report estimates with
95% confidence. These uncertainty estimates do not include
the uncertainty of using biomass equations to estimate

FIGURE 2

Net primary productivity (NPP) for selected forest types in the South (He et al., 2012). Culmination of NPP (CNPP) occurs at the stand age having
the greatest annual increment rate, typically at or just after the tree canopy closes. Younger stands are those with ages less than CNPP. Older
stands have ages greater than CNPP. CNPP is highly variable among forest types and geographic regions—in this example, from ages 23 to 45.
The He et al. (2012) paper includes detailed uncertainty analyses of these and other NPP curves.

TABLE 2 Successional stages of forest maturity or stand structure as defined by several studies.

Maturity or structural
stage

FIA stand-size1 Stanke et al. (2020)1 DellaSala et al.
(2022a)2

This study3

1 Small diameter Pole Young Young

2 Medium diameter Mature Intermediate
Mature

3 Large diameter Late Mature/Old-growth

Classifications across the rows are similar but not identical.
1Stand structural stage is classified based on the relative basal area of canopy stems in various size classes.
2Forest maturity model based on three spatial data layers of forest cover, height, and above-ground living biomass for all landownerships.
3Based on culmination of net primary productivity (CNPP) and median stand diameter at CNPP. Late succession or old-growth not distinguished from mature.
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tree carbon from diameter and height measurements or
from wood density.

2.6. Domains and filters

We filtered the data to include only sample plots that
were classified in the database as belonging to the national
forest or group of forests being analyzed. For estimating CNPP,
we screened out sample plots if they showed evidence of
logging or natural disturbance. The remaining “undisturbed”
stands, however, could still include some tree mortality and
loss of live biomass associated with aging and succession, or
small-scale disturbances. All plots including those disturbed
or harvested were included in final estimates of the carbon
stock and accumulation for the whole forest or for reserved
and unreserved areas within the National Forest. Reserved and
unreserved areas were defined by the FIA database variable
“reserved class.” The classification of reserved is not the same
as land defined as “protected” by the USGS GAP analysis project
(USGS, 2019). Reserved land is withdrawn by law(s) prohibiting
the management of land for the production of wood products,
though tree harvesting may occur to support other management
objectives. We use the classification “unreserved” as a proxy
for forest areas that are lacking protection from timber harvest,
while acknowledging that this definition of unreserved land
may not be consistent with other definitions of unprotected
land.

2.7. Model outputs

Estimates of carbon stock and accumulation are presented
separately for reserved and unreserved forest areas since the
target for future management policies may focus on carbon
stocks of older forests in areas that could be logged in the future.
Some additional details regarding definitions and calculation
protocols are available in the Supplementary material.

3. Results

3.1. National forest characteristics

Individual forests and groups of forests range in forest area
from about 0.4 to 2.0 million hectares (M ha), and the total
area of all forests analyzed is about 8.9 M ha (Table 3). The
carbon stock in above-ground biomass ranges from 9 to 113
million megagrams (Mg). There is a wide range of average C
density, with the lowest amount of 21 Mg ha−1 in Arizona
National Forests, and the highest amount of 166 Mg ha−1 in
the Gifford Pinchot National Forest in Washington. The total
carbon in the forest ecosystems, which includes above- and
below-ground biomass, dead wood, litter, and soil, is from 2
to 5 times the amount of carbon in above-ground biomass
alone (Domke et al., 2021). All but one of the national forests
studied (the Black Hills National Forest in South Dakota)
experienced an increase in above-ground carbon over the

TABLE 3 Biomass carbon stock and accumulation for all live-trees greater than 1 inch (2.54 cm), for each National Forest or group of
forests studied.

National Forest Total forest
area
(ha)

Total biomass
C stock

(Mg)

Total biomass C
accumulation1

(Mg yr−1)

Average C
density

(Mg ha−1)

Average C
accumulation2

(Mg ha−1yr−1)

Gifford Pinchot 508,502 84,233,113 878,348 166 1.73

Malheur 584,951 23,566,550 234,124 40 0.40

Black Hills 394,508 9,130,825 −32,622 23 −0.08

Chequamegon-Nicolet 583,050 30,777,312 607,023 53 1.04

Green and White
Mountains

478,285 35,572,874 299,164 74 0.63

Appalachian Forests 1,216,520 112,798,380 1,122,302 93 0.92

White River 685,869 30,887,524 N/D 45 N/D

Flathead 906,902 39,688,676 N/D 44 N/D

Arizona Forests 2,083,049 43,194,094 N/D 21 N/D

Central California
Forests

996,197 86,238,281 125,730 87 0.13

Arkansas Forests 454,986 64,714,071 1,498,668 142 3.29

Total 8,892,819 560,801,700 4,732,737 63 0.91

1Change in carbon stock over approximately the last 10 years.
2Average of national forests with available growth data from FIA database.
“N/D” means data were not available.
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remeasurement period, ranging from 0.13 (Central California)
to 3.29 (Arkansas) Mg ha−1yr−1. All of the national forests were
affected by disturbances—the most common being fire, insects
and logging—though the areas and mix of disturbance types that
occurred and the areas undisturbed are highly variable among
the forests (Supplementary Table 1). Natural disturbances can
result in significant tree mortality and transfer of carbon from
live to dead trees, and gradual net emissions over several decades
especially if the disturbances are of high severity (Birdsey
et al., 2019). In the case of logging disturbances, emissions are
significant both in the near term and over time, even when
accounting for the amount of carbon in the harvested live trees
that is initially transferred to the long-term harvested wood
product pool (Hudiburg et al., 2019).

3.2. Culmination of net primary
productivity and diameter limits

The estimated CNPP ages range from 35 to 75 years
among the 11 National Forests with an average age of 50 years
(Table 4) and are highly variable by forest type within each
forest (Supplementary Table 2). Productivity at CNPP ranges
from <1.0 to about 4.0 MgC ha−1yr−1, which is higher than
the average productivity among all age classes since it represents
the peak value. Typically, the productivity values after CNPP age
decline at a variable rate by region and forest type (Figure 2).
The estimates of CNPP age may be affected by sparse data points
for some age classes, different stand disturbance histories, and
other factors that influence tree growth rates over time such as
climate and topography. In this study, the age at CNPP is used
to define the lower age threshold for mature forests.

Determining the age threshold associated with CNPP
involves examining the distribution of biomass by diameter
(dbh) class for the stand-age class window around the age of
CNPP. In most cases, there is a clearly defined peak of biomass
at the median diameter of the distribution (Supplementary
Figure 1). Because of the diversity of stand conditions associated
with CNPP across the landscape, as well as uneven aged stand
conditions, there are rather wide distributions of tree sizes
associated with any particular CNPP (Supplementary Figure 1).
Since the FIA stand-age data we used were compiled into
diameter classes of 2 inches (5 cm), we used the upper end of
the range to define the diameter threshold. Typically, there is
more carbon stored in the population of trees with diameters
at and near the diameter at CNPP, though these trees can
grow to much larger sizes as indicated by the upper end of the
diameter distributions. For the national forests in this study,
the diameter limits ranged from a low of 4 inches (10 cm)
for Douglas-fir in the Flathead National Forest to a high of 18
inches (46 cm) for two forest types in the Central California
National Forests (Supplementary Table 2). Combining CNPP
with median diameter in a cross-tabulation results in identifying

TABLE 4 Average age and tree diameter at culmination of net primary
production (CNPP), all forest types combined on 11 National Forests
in our study area.

National Forest Average
CNPP age

(Years)

Diameter
threshold

(Inches/cm)

Gifford Pinchot 45 13/33

Malheur 45 12/30

Black Hills 75 14/36

Chequamegon-Nicolet 45 9/23

Green and White Mountains 35 12/30

Appalachian Forests 35 11/28

White River 55 6/15

Flathead 45 8/20

Arizona Forests 75 12/30

Central California Forests 50 16/41

Arkansas Forests 40 10/25

Average of all Forests 50 11/28

Tree diameters represent the lower age bound of mature forests (i.e., age at CNPP).
Detailed ages and tree diameters by forest type are shown in supplementary Table 2.

the carbon stocks in larger trees in mature forests for each
national forest, highlighted in yellow in the example table
(Supplementary Table 3).

3.3. Comparison of CNPP and CMAI

Evaluation of forest inventory data indicated that CNPP and
CMAI occur at about the same age (Supplementary Figure 2).
Some older studies based on different data, mainly from volume
growth and yield studies, associate CMAI with a greater age (e.g.,
McArdle, 1930). This difference is likely caused by several factors
such as management intensity, temporal changes in productivity
from environmental changes, and sampling protocols.

3.4. Carbon stocks and accumulation
of larger trees in mature stands

The total C stock and C accumulation of larger trees
in stands older than age at CNPP compared with all trees
and stands is highly variable among the different forests
analyzed (Table 5). Likewise, sampling errors are highly variable,
reflecting the total areas classified as mature and therefore
the number of FIA sample plots therein. Sampling errors for
C accumulation estimates are significantly higher than for C
stocks, mainly because the variability of accumulation rates
among sample plots is higher than the variability of stock
estimates.
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TABLE 5 Estimated area, carbon stock, carbon accumulation, and sampling errors for larger trees in mature stands within individual National Forests based on most recent forest inventory data (Table 1).

National Forest Area (ha) C Stock
(Mg)

C stock sampling
error1 (%)

Net C accumulation
(Mg yr−1)

Net C accumulation
sampling error1 (%)

C stock2 (% of
total NF)

Net C
accumulation2

(% of total NF)

Gifford Pinchot 440,005 68,148,420 5.5 380,998 22.7 80.9 43.4

Malheur 471,439 16,886,265 7.1 165,949 19.1 71.7 70.9

Black Hills 215,379 3,711,144 14.6 −15,167 82.2 40.6 −46.5

Chequamegon-Nicolet 303,176 20,625,499 6.9 281,034 11.9 67.0 46.3

Green and White
Mountains

301,884 15,786,690 7.9 60,593 141.7 44.4 20.3

Appalachian 1,033,833 83,571,980 6.2 675,970 15.3 74.1 60.2

White River 390,370 26,038,059 13.1 N/D N/D 84.3 N/D

Flathead 507,053 27,841,625 13.6 N/D N/D 70.2 N/D

Arizona National Forests 1,738,672 36,254,717 11.2 N/D N/D 83.9 N/D

Central California National
Forests

821,991 65,973,313 8.8 −66,370 52.2 76.5 −52.8

Arkansas National Forests 384,972 41,808,132 6.3 619,759 13.5 64.6 41.4

Total/mean 6,608,774 406,645,844 2,102,766 72.5 44.4

1With 95% confidence.
2Calculated by dividing values by those in Table 3. The percentages of carbon stocks and accumulation of larger trees in mature stands compared with all forests are also shown (last 2 columns). Larger trees in mature stands are the subset of the forest
population composed of trees greater than the median dbh associated with CNPP in stands greater than CNPP age (Figure 2). Areas of mature forests estimated by a proxy variable “stand-size class” from FIA (see methods).
“N/D” means data were not available.
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Of the 11 forests, the C stock of larger trees in mature stands
ranged from 41 to 84 percent of the total C stock of the forests,
whereas C accumulation ranged from −53 to 71 percent of
the total C accumulation. This difference between changes in C
stock and C accumulation reflects several underlying causes: (1)
younger forests can have higher NPP rates than mature forests
as illustrated in Figure 2; (2) increasing mortality as forests grow
older because some trees die from overcrowding or insects and
diseases; and (3) disturbances such as severe wildfire that kill
significant numbers of trees can reduce NPP, in some cases to
a negative number.

3.5. Carbon stocks and accumulation
in mature stands and larger trees in
unreserved forest areas

The methodology described above can be further refined
to separate out unreserved areas that could be designated for
protection of carbon stocks and accumulation on national forest
lands. In the 11 forests analyzed, unreserved C stocks of larger
trees from all tree species in mature stands ranged from 36
to 69 percent of total C stocks (Table 6 and Supplementary
Table 4). Unreserved C accumulation of such trees in mature
forests ranged from 12 to 60 percent of total C accumulation, not
including the Black Hills national forest where the unreserved
C accumulation was negative because of logging and natural
disturbances (primarily insects). Typically, one or a few species
comprise the main part of unprotected stocks and accumulation.
Generally, the percentage of unreserved C accumulation is less
than the percentage of unreserved C stock because the growth
rates of mature forests are somewhat lower than younger forests.

3.6. Potential protected carbon stocks
with variable diameter and age limits

The final stage of the analysis estimated the amount of C
in unreserved areas above variable diameter and age limits for
logging (Supplementary Table 5). These data further illustrate
the functionality and flexibility of the age to diameter association
that we developed for policy makers and land managers. The
impact of selecting either the diameter limit or the age limit, or
both, is highly dependent on the distribution of the estimated
C stocks by these factors. For example, the diameter limit for
Gifford Pinchot at a stand age of 80 years (20 inches; 51 cm dbh)
would protect 57% of the total above-ground C, and the age
limit of 80 years would protect 79% of the total above-ground
C. In contrast, the diameter limit for Chequamegon–Nicolet at a
stand age of 80 years (13 inches; 33 cm dbh) would protect only
27% of the total above-ground C, and the age limit of 80 years
would protect only 48% of the total above-ground C. Each of

the studied forests has a unique pattern of unreserved C based
on diameter or age limits.

4. Discussion

4.1. Summary of results

The average age of maximum carbon accumulation (CNPP)
ranged from 35 to 75 years for all forest types combined
(Table 4), and the ranges were wider for individual forest
types (Supplementary Table 2). Many factors contribute to
determining the CNPP age (e.g., tree species, competition,
site productivity, and climate). The lowest CNPP ages were
estimated for the eastern forests in the southern and northern
Appalachian regions, while the highest CNPP ages were found
in the West. Typical diameter thresholds that separate smaller
from larger trees (based on CNPP age) ranged from 6 to 16
inches (15–41 cm), with larger diameter thresholds found in the
Western forests. The unprotected carbon stock of larger trees
in mature stands ranged from 4 to 74 million MgC (Table 6),
representing between 36.0 and 68.3 percent of the total carbon
in the forest biomass. Forests with the highest percentage of
unprotected carbon stock in larger trees in mature forest stands
included Gifford Pinchot, Malheur, Chequamegon–Nicolet,
and Appalachian National Forests. The unprotected carbon
accumulation of larger trees in mature stands ranged widely
from 11.5 to 60.2 percent of the total carbon accumulation in
biomass, with one forest (Black Hills) showing a reduction in
biomass.

4.2. Diameter and age thresholds

Our approach to establishing mature forest definitions and
diameter thresholds for larger trees is rooted in a crosswalk of
stand age and tree diameter that integrates two variables used
to describe mature forests and trees. Both tree diameter and
stand age have been used independently in the past to identify
the lower bounds of maturity and provide guidance for on-the-
ground tree and forest management decision rules (Mildrexler
et al., 2020; Johnston et al., 2021). The two variables complement
each other because although age is a good indicator of stand
maturity, it can sometimes be difficult to determine a precise
stand age in the field especially for stands of multi-aged trees,
whereas tree diameter is an easily and accurately measured
variable in any forestry operation. While our approach lacks
complexity, it can form the foundation for more detailed
analyses needed to guide on-the-ground management decisions.

Our approach is based on the application of FIA data, a
standard source of detailed field inventory data for all forests of
the U.S. that is readily available to the public and continuously
updated. There are sufficient sample plots to evaluate most
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TABLE 6 Carbon stocks and accumulation in larger trees in mature stands in unreserved forest areas, all forest types, within 11 National
Forests in our study.

National Forest Unreserved C stock Unreserved C increment

Mg % of total C1 Mg yr−1 % of total C
increment1

Gifford Pinchot 57,074,409 67.8 378,553 43.1

Malheur 16,103,923 68.3 108,878 53.7

Black Hills 3,625,966 39.7 −22,597 −69.3

Chequamegon-Nicolet 19,949,333 64.8 271,540 44.7

Green and White Mountains 12,794,081 36.0 60,821 20.3

Appalachian 74,359,965 65.9 675,969 60.2

White River 17,767,821 57.5 N/D N/D

Flathead 18,383,736 46.3 N/D N/D

Arizona National Forests 23,540,573 54.5 N/D N/D

Central California National Forests 51,225,061 59.4 14,483 11.5

Arkansas National Forests 40,184,951 62.1 747,726 49.9

Total 335,009,819 59.7 2,235,373 47.2

1Calculated by dividing values by those in Table 3. Percentages of total forest C stock and accumulation are included. Detailed estimates by forest type are in supplementary Table 4.

National Forests individually or in groups, and different forests
or regions can be compared or aggregated using consistent
and high-quality data. Furthermore, FIA data have become a
standard for many other forest analysis tools and greenhouse gas
registries (Hoover et al., 2014), so consistency across platforms
is also feasible. Finally, there are developments underway to
integrate FIA-based ground data analysis with other approaches
based on remote sensing and mapping to support policy and
land management (Dugan et al., 2017; Harris et al., 2021; Hurtt
et al., 2022), which is the objective of future research building
directly on this study and related work (DellaSala et al., 2022a).

Moreover, using CNPP as the threshold for stand maturity is
an extension of and a refinement on prior work. The concept of
CNPP is closely related to CMAI, which has been used for many
decades to describe the point at which tree volume increment
is greatest in the maturation of a forest stand for assessing
return on investment in forestry operations (e.g., Assmann,
1970; Curtis, 1994) but more recently has been proposed as a
way to identify the minimum age of ecosystem maturity for
protection efforts (Kerr, 2020). Published CMAI estimates are
often derived from managed forests and plantations, which
limits their applicability to low-intensity management regimes.
Also, CNPP is more closely related than volume to the carbon
variables of interest (C and CO2) for analyses of climate
mitigation potential by the forest sector to reduce emissions
or remove atmospheric CO2. Considering the uncertainties of
establishing the exact age for forests that did not originate as
tree plantations, CNPP and CMAI often occur at similar ages
in the life of forests, that is, at or very near the age of crown
closure and the onset of tree physiological maturity (Burns and
Honkala, 1990; Groover, 2017).

4.3. Uncertainty and data limitations

Most forests or groups of forests studied had sufficient
sample plots to keep uncertainty of carbon estimates (described
in methods) within 15% of the estimated values (Tables 1, 5).
In contrast, the uncertainties of carbon accumulation estimates
were significantly larger and more variable, ranging from 13
to 142% of the estimated values (Table 5). Although the same
number of sample plots were available for both estimates, the
variability of C accumulation estimates was much higher in
some cases, most likely because C accumulation has higher
interannual variability if affected by natural disturbances, tree
mortality, and tree growth rates that can vary from year to year.
Although the reported uncertainty is related to sample size and
variability of the tree populations studied, there is additional
uncertainty associated with the biomass models used to estimate
above-ground biomass carbon. The error of biomass models
typically ranges from about 10–15% for large forest areas, with
95% confidence (US Environmental Protection Agency, 2021).

Our ecosystem C estimates only include above-ground
live biomass in trees greater than one-inch (2.4 cm) dbh. C
pools in standing and down dead wood, understory vegetation
including tree seedlings, litter on the forest floor, and soil
C account for significantly more C that could double or
quadruple the amount of estimated C stock depending on the
geographic location of the forest and other land characteristics
such as physiography and soil depth (Domke et al., 2021; US
Environmental Protection Agency, 2021). Above-ground live
biomass is typically the most dynamic of the C pools in forests,
though in some cases, particularly related to logging and natural
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disturbance, the dead wood and litter C pools may change
significantly over short periods of time (Domke et al., 2021).

Forest age is an important variable used to estimate when
NPP reaches a maximum value (CNPP) above which forests
are considered mature. However, forest age (or time since
disturbance) can be difficult to determine especially for uneven-
or multi-aged forests and is based on coring trees and counting
tree rings from just a few sample trees on a sample plot in the
FIA sampling protocol. It is likely that the sample trees that
are cored do not represent the population of larger and older
trees on a sample plot, meaning that the assigned age could
be biased to younger ages (Stevens et al., 2016). In some cases,
the NPP curve is rather flat at and around the age of CNPP,
making it difficult to identify the precise age associated with
CNPP. Despite these issues, age is an easily understood metric
that is closely related to forest maturity, and the approach of
identifying the median diameter associated with CNPP using a
30-year window of age classes helps to mask the uncertainty of
using age as a critical step in the methodology.

4.4. Policy and management
implications

Recent policy goals target “net zero” emissions for all sectors
by 2050 to arrest the global climate emergency. Since net zero
cannot be achieved by reducing fossil fuel emissions alone
(United Nations, 2015; Griscom et al., 2017), the potential of
nature-based climate solutions to contribute to this larger goal
is the subject of legislation and executive orders in the U.S.
The approach and methodology developed here are designed to
inform policy makers about federally managed mature forests
and their large and vulnerable C stocks and high rates of
accumulation of carbon from the atmosphere. Some recent
legislation and executive orders specifically call for increased
analysis of the current and potential role of mature forests
and large trees (White House, 2021, 2022b; U.S. Congress,
2022). The approach and methods presented here provide
options for policy makers to consider as the specific land
management rules are implemented by agencies for national
forest lands.

Our study further corroborates that large areas of mature
federal forests are significant carbon sinks that lack protection.
Results indicate that 10 of the 11 forests analyzed were
carbon sinks over the last decade or so, with the largest sinks
occurring in the Eastern U.S. Forests with less disturbance
and/or younger age-class distributions had greater increases
in above-ground carbon per area than forests with higher
rates of disturbance and/or older age-class distributions.
These observations reflect multiple factors: the past history
of management, trends in incidence and severity of recent
natural disturbances and logging, and the inherent age at
which the productivity of different forest types begins to

level-off or decline. We also note an important distinction
that rates of carbon accumulation tend to be higher in
younger forests while the largest amounts of stored carbon
are found in mature forests. Protecting these carbon sinks
and avoiding losses of carbon from logging would require a
policy shift to focus more on the potential role of federal
forests in climate mitigation (DellaSala et al., 2022a). Such
a shift requires considering how both natural disturbances
(exacerbated by climate change) and harvesting are emitting
carbon stored in larger trees across federal forest lands. In this
context, it is notable that national and regional estimates of
emissions from logging (direct plus lifecycle emissions) are 5–10
times greater than direct emissions from natural disturbances
(wildfire, insects, and wind combined) (Harris et al., 2016;
Law et al., 2018).

For operational land management practices, it is often
easier to apply a diameter limit in timber operations by
species than an age limit by forest type, because as noted
previously it can be challenging to determine a precise stand
age, whereas measuring tree diameter is simple and accurate
[although see DellaSala et al. (2022a) for an alternate approach
to stand maturity without age or dbh determinations]. The
diameter limits derived here are based on stand age at CNPP
and so have that element of maturity embedded in their
determination. And, as noted, this approach can be used
regardless of the age selected. For some forest types, stand
level characterization is obscured by their frequent association
with selective logging and/or natural disturbances like wildfire,
making larger trees the more appropriate component for
defining maturity.

The results presented here by region and forest type reveal
that there is a wide variation in CNPP age and associated tree
diameters reflecting variation in forest type/composition,
climate, competition for resources and soil moisture,
disturbance dynamics, site productivity, and geographic
region. This variability needs to be considered in developing
policies and management practices. It is also important to
consider risks of loss to stored C from natural disturbances,
and other values of forests that are tied to land management
objectives, which may or may not be compatible with increasing
C stocks and accumulation.

We developed an approach to assess mature forests and their
current carbon stock and accumulation benefits, and applied the
methods to 11 different case studies of individual or groups of
National Forests that can inform implementing the president’s
executive order. This method can be applied regardless of how
mature stands are defined (e.g., it is readily applicable to age
thresholds above CNPP). And this ground-based estimation
approach can be linked with remote sensing and mapping
approaches (e.g., DellaSala et al., 2022a) to provide a geographic
view of forest maturity as well as protected status beyond the
reserved/unreserved designation available in the FIA database.
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This work can also be extended to more clearly identify that
subset of mature forests that are truly old-growth, and estimate
the associated carbon stocks and accumulation. As forests get
older, they tend to have very large and increasing carbon stocks,
making them especially valuable as carbon reserves (DellaSala
et al., 2022a; Law et al., 2022). Even when threatened by
natural disturbances or climate change, there is substantial
evidence that old-growth forests can continue to maintain or
increase carbon stocks (Stephenson et al., 2014; Law et al., 2018;
Lesmeister et al., 2021; Begović et al., 2022). Building upon
our definition of mature forests, future research could further
inform management decisions by more clearly and consistently
identifying those mature forests that are truly old-growth or
that potentially could become old-growth, and estimating their
carbon stocks and accumulation.

5. Conclusion

Our study presents a framework for in-depth analysis and
management of larger trees and mature forests on federal lands.
The integration of basic data about stand age, tree diameter,
biomass carbon dynamics, and reserved status comprises the
main elements of the methodology. After applying the methods
to 11 national forests, we found that the unprotected carbon
stock in larger trees in mature stands ranged from 36 to 68%
of the total carbon in tree biomass. The unprotected annual
carbon accumulation in tree biomass of larger trees in mature
stands ranged from 12 to 60% of the total accumulation in all
trees. The potential climate impact of avoiding emissions from
logging larger trees and mature forests is thus significant. Key
discussion points focused on uncertainty, policy implications,
and land management practices. This work is highly relevant
to emerging policies regarding climate change, nature-based
climate solutions, and mature forests including the role
of larger trees.
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[1] We used a ground-based approach to compute the pyrogenic carbon emissions from
the Biscuit Fire, an exceptionally large wildfire, which in 2002 burned over 200,000 ha
of mixed conifer forest in southwestern Oregon. A combination of federal inventory
data and supplementary ground measurements afforded the estimation of preburn densities
for 25 separate carbon pools at 180 independent locations in the burn area. Average
combustion factors for each of these pools were then compiled from the postburn
assessment of thousands of individual trees, shrubs, and parcels of surface and ground
fuel. Combustion factors were highest for litter, duff, and foliage, lowest for live woody
pools. Combustion factors also increased with burn severity as independently assessed
from remote imagery, endorsing the use of such imagery in scaling emissions to fire area.
We estimate the total pyrogenic carbon emissions from the Biscuit Fire to be between
3.5 and 4.4 Tg C (17 and 22 Mg C ha!1) depending on uncertainty in our ability to
estimate preburn litter pools and mineral soil combustion with a central estimate of
3.8 Tg C (19 Mg C ha!1). We estimate that this flux is approximately 16 times
the annual net ecosystem production of this landscape prior to the wildfire and may have
reduced mean net biome production across the state of Oregon by nearly half in the
year 2002.

Citation: Campbell, J., D. Donato, D. Azuma, and B. Law (2007), Pyrogenic carbon emission from a large wildfire in Oregon, United
States, J. Geophys. Res., 112, G04014, doi:10.1029/2007JG000451.

1. Introduction

[2] Efforts to quantify carbon exchange between terres-
trial vegetation and the atmosphere have typically focused
on patterns of photosynthesis and respiration. While com-
plex in nature, basic mechanistic understanding of physiol-
ogy and soil processes has been used in models to predict
vegetation responses over broad spatial and temporal
domains. In contrast, pyrogenic releases of carbon from
vegetation to the atmosphere, while physically simple, are
inherently stochastic and therefore not typically included in
most process-based models [Schimel and Baker, 2002;
Arora and Boer, 2005].
[3] This deficiency in global vegetation modeling was

made apparent following the El Niño of 1997–1998 when
an anomalous two-fold increase in global atmospheric CO2

enrichment was attributed to pyrogenic emissions from
Southeast Asian wildfires [Page et al., 2002; van der Werf
et al., 2004]. Interest in this phenomenon, combined with
advances in remote detection of wildfire [Lentile et al.,
2006], concerns over fuel-driven increases in fire frequency
and severity in the western United States [Schoennagel et

al., 2004], and possible feedbacks between global warming
and wildfire frequency [Westerling et al., 2006] has resulted
in a number of large-scale, bottom-up efforts to quantify
pyrogenic emissions from Africa [Barbosa et al., 1999],
Alaska [French et al., 2002; Kasischke and Bruhwiler,
2002; French et al., 2004], Siberia [Soja et al., 2004],
China [Lü et al., 2006], and North America [Wiedinmyer et
al., 2006]. All of these studies use the same general
measure-and-multiply approach popularized by Seiler and
Crutzen [1980], where pyrogenic emissions are calculated
as the product of four parameters: area burned, fuel density
(biomass per unit area), combustion factor (fraction of
biomass consumed by fire), and emission factor (mass of
a given chemical species released per mass of fuel con-
sumed). For the most part, the area affected by fire can be
accurately assessed either remotely or from inventories and
there is general agreement on the emission factors for
carbon and other airborne pollutants. However, while most
studies recognize the need to vary the inputs of fuel density
by vegetation type and the combustion factors by fire
severity, the ground data needed to parameterize these
functions has been deeply lacking. This is especially true
for combustion factors that are compiled from a limited
source of widely varying data [see Peterson and Sandberg,
1988; Soja et al., 2004; Wiedinmyer et al., 2006] and simple
assumptions on how these factors vary with respect to an
operationally defined fire severity classification. To improve
our regional and global estimates of pyrogenic emissions, it
is necessary to improve the specificity and accuracy of our
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estimates of fuel density and combustion factors beyond
what is generally available [Houghton et al., 2000], espe-
cially for temperate ecosystems where quantification of fire
effects lags behind that of boreal systems.
[4] In this study we consider an exceptionally large

wildfire, the Biscuit Fire, which in 2002 burned over
200,000 ha of mixed conifer forest in southwestern Oregon.
Carbon emissions from a fire this large are likely to
contribute sizably to the annual carbon budget of the region
[Law et al., 2004]. Accurate quantification of this flux has
been limited by our understanding of the amount of fuel
present and the fraction actually combusted. Conveniently,
however, the Biscuit perimeter encompassed 180 systemat-
ically located U.S. Department of Agriculture (USDA)
Forest Service inventory plots. Structural measurements
made on these plots before and after the fire, combined
with biomass measurements on additional plots, now afford
an assessment of preburn fuel density and combustion
factors across a combination of forest types, ages, and burn
severities unprecedented for a single fire.
[5] Our objectives were to: (1) Determine combustion

factors (as a probability distribution) for each of 25 different
forest carbon pools representing different fuel types. (2)
Assess variation in the above combustion factors as a
function of remotely sensed burn severity. (3) Combine
the combustion factors with estimates of preburn fuel
densities and burn area by severity to estimate fire-wide
pyrogenic carbon emission. (4) Assess the utility of federal
inventory plots as a method of compiling much needed fuel
density and combustion factors. Results are then considered

in the context of regional carbon fluxes over time for the
same forest and throughout the region in the year of the fire.

2. Methods
2.1. Study Sites

[6] The Biscuit Fire burned at a mix of severities across
200,000 ha of forest in the Siskiyou Mountains of south-
western Oregon and northern California in the summer of
2002, making it the largest contiguous wildfire on record for
Oregon (see Figures 1 and 2). The Siskiyou Mountains are
characterized by a variety of forest types from Douglas-fir/
western hemlock/bigleaf maple communities on mesic sites,
to Douglas-fir/tanoak on drier sites, to Jeffrey pine on
ultramafic substrates [see Whittaker, 1960].
[7] Within the perimeter of the Biscuit Fire there are 180

regularly spaced permanent federal inventory plots (i.e.,
systematic sample design). In these one-hectare plots (re-
ferred to hence forth as inventory plots), metrics to quantify
biomass, composition, and various structural attributes have
been collected in approximate 10-year intervals since 1970
[see USDA, 1995]. The most recent measurements before
the Biscuit Fire were made between 1993 and 1997. A
2003–2004 measurement cycle in the years following the
fire was then conducted in which additional metrics quan-
tifying fire effects were collected [see USDA, 2003].

Figure 1. The Biscuit Fire. The Biscuit Fire burned at a
mix of severities over 200,000 ha of forest in the Siskiyou
Mountains of southwestern Oregon and northern California
in the summer of 2002 making it the largest contiguous
wildfire in Oregon history. The severity classes shown are
those of the remotely derived 2002 BAER classification.

Figure 2. Images from the Biscuit Fire showing (a) the
smoke plume drifting over the Pacific Ocean, (b) a forest
stand which burned at high severity, and (c) a forest stand
which burned at low severity. The black line on Figure 2a
denotes the final perimeter of the fire. Even in the most
severely burned stands in the Biscuit, where mortality
reached 100% and fine surface fuels were completely
combusted, tree boles and fine branches remained largely
intact. Typical low severity burn in the Biscuit was
characterized by bole scorching, minimal canopy mortality,
and partial consumption of understory vegetation and
ground fuels. Photo for Figure 2a provided by NASA
Visible Earth (http://visibleearth.nasa.gov/); photos for
Figures 2b and 2c courtesy of Joe Fontaine and Dan Donato.
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[8] While data from the inventory plots provided detailed
measurements of fire effects on the boles and crowns of
most trees, as well as most detritus pools, they did not
include fire effects on coarse woody detritus and smaller
woody stems killed in the fire. To assess the effects of the
Biscuit Fire on these carbon pools, we made pertinent
measurements (see below) in 2004 on 54 additional one-
hectare plots (referred to hence forth as supplementary
plots) randomly located within 54 independent forest stands
deliberately distributed across burn severities, including
areas unaffected by fire.

2.2. Pyrogenic Emissions

[9] Following the approach of Seiler and Crutzen [1980],
pyrogenic carbon emissions from the Biscuit Fire were
computed according to equation (1):

PE ¼
X

n

i¼1;j¼1
Ai Dij # CFij

! "

ð1Þ

where PE is pyrogenic emission in mass of carbon, A is the
area affected by burn severity class i, D is the preburn
carbon density in mass per unit area of carbon pool j
averaged across plots of burn severity i, and CF (hence forth
referred to as combustion factor) is the fraction of preburn
carbon pool j combusted in burn severity class i. In this
study we recognize four burn severities: high, moderate,
low, and unburned/very low; and 25 separate carbon pools
separated by tissue type, growth form, size class, and
mortality status.

2.3. Pool-Specific Combustion Factors

[10] The methods for calculating combustion factors
specific to various carbon pools are shown in Table 1. We
used two basic approaches for arriving upon combustion
factors: (1) a back-calculation method where combustion
factors are calculated solely from postburn measurements of
charring and perceived loss of foliage and branches, and (2)
a before-and-after method where combustion factors are
calculated as the difference between preburn and postburn
mass. As a general rule, the combustion factor of large
carbon pools and those that experience low fractional
combustion (i.e., live stem wood) are more precisely
assessed using the back-calculation method since the sam-
pling error associated with before-and-after comparisons
would result in unacceptably low signal-to-noise ratios.
Conversely, the combustion factor of smaller carbon pools
and those that experience high fractional combustion (i.e.,
fine woody debris and surface litter) are more precisely
assessed using the before-and-after method since postburn
measurements reveal little regarding the preburn pool size.
[11] For each separate carbon pool, combustion factors

were assessed at the finest possible scale (see Table 1). For
instance, since the impacts of fire on foliage, bark, and stem
wood were measured separately on each tree, combustion
factors for these pools were computed separately for each
tree. When measurements represented plot-level average
responses (e.g., downed wood), combustion factors were
computed at the plot level.
[12] Unlike tissue combustion in larger trees, much of the

losses in smaller trees (<7 cm DBH; diameter at 1.37 m

above ground) occurs as a result of complete tree combus-
tion. To quantify the incidence of complete combustion of
small diameter trees, the frequency of small conifers was
compared between burned and unburned plots. The appar-
ent deficit of small diameter trees in burned plots was
attributed to complete combustion (see Table 1). Similarly,
we investigated the need to account for complete combus-
tion of stumps and other coarse woody detritus, which was
not assessed in the postburn inventory. However, despite
anecdotal evidence of complete combustion of stumps and
logs, there was no detectable difference in these pools
between burned and unburned plots; consequently carbon
losses due to their complete combustion are believed to be
trivial.

2.4. Preburn Carbon Density

[13] Preburn carbon density for each recognized carbon
pool was computed for each inventory plot using preburn
survey data and a combination of allometric scaling equa-
tions appropriate for species in the region. Tree bole mass
was estimated with species- and site-specific allometric
equations relating stem diameter to volume and species-
specific wood density values [van Tuyl et al., 2005]. Foliage
and bark mass were estimated directly from species- and
site-specific allometric equations [Means et al., 1994]. The
mass of downed woody detritus was computed from line
intercept data using geometric scaling and species-specific
wood density values [Harmon and Sexton, 1996]. Biomass
of small hardwoods (including shrubs) was determined
using allometric equations derived empirically from tissue
harvests made in the region of the Biscuit Fire: stem mass in
g = 2203(1 ! exp(!0.0002(shrub volume in dm3))); foliage
mass in g = 6498(1 ! exp(!0.0001(shrub volume in
dm3))). Ocular estimates of total grass and forb coverage
was converted to biomass using 4.0 g m!2, which is the
average mass per unit coverage reported for common local
species [Means et al., 1994].
[14] Because litter and duff masses were not recorded on

the inventory plots prior to the fire, it was necessary to
estimate preburn masses for these pools from samples
collected in 2004 from locations distributed throughout
the Biscuit area but unaffected by fire. Recognizing that
these preburn carbon pools varied across the forests affected
by the Biscuit, we originally set out to collect unburned
litter and duff samples from a variety of cover types and
apply these cover type-specific masses to each inventory
plot according to the plot’s location on a cover type map.
However, upon collecting these samples it became apparent
that both inaccuracies in the cover type map and variability
in forest floor (soil O-horizon) depth within forest type were
leading to false accuracy. Considering this, we decided to
aggregate forest types on the Biscuit into the two most
distinct classes: (1) low biomass forests growing on ultra-
mafic (serpentine) substrates, and (2) higher biomass forests
growing on nonultramafic substrates. Sampling involved
the collection of six-inch-diameter parcels of forest floor
from 8 to 32 points from each of 43 independent plots
distributed throughout the Biscuit perimeter (11 in ultra-
mafic sites, 32 in nonultramafic sites). Samples were dried,
separated into duff and litter, and produced four separate
values: 1691 and 993 g m!2 for litter and duff on ultramafic
substrates, respectively; 2000 and 1399 g m!2 for litter and
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duff on nonultramafic substrates, respectively. To verify our
estimates of preburn litter and duff were reasonable, we
compared our numbers to modeled estimates using the
FCCS national fuel bed map and associated fuel loadings
[Sandberg et al., 2001; Ottmar et al., 2007] (http://
www.fs.fed.us/pnw/fera/fccs). As shown in Table 2, differ-
ences in cover type partitioning between that of our study
and that of the FCCS do not permit comparisons at scales
smaller then the entire fire. When comparing values across
the entire Biscuit, our values for duff mass were lower than
that of FCCS and our values for litter mass were higher than
that of FCCS suggesting a discrepancy in the operational

definition of litter and duff between the two methodologies.
However, the sum of litter and duff (i.e., forest floor) is in
general agreement between the two approaches with the
FCCS predicting only 30% more mass fire wide than we
estimated from our sampling.
[15] A considerable portion of the Biscuit reburned the

38,000-hectare 1987 Silver Fire, introducing the possibility
that fuel masses were different for these parts of the Biscuit.
However, the pre-Biscuit inventory was conducted between
1993 and 1997, 6–11 a after the Silver Fire; thus most such
differences were implicitly accounted for in the inventory
plot data. As for litter and duff masses, which were not

Table 1. Methods and Decision Rules for Computing Combustion Factors for Various Carbon Poolsa

Carbon Pool Method for Deriving Combustion Factor Sample Size and Source

Foliage (large live trees) The fraction of foliage reported missing from each tree
via ocular estimate was equated to the fraction combusted
and then corrected to account for foliage killed and
dropped but not combusted based on postburn measurements
of new litter accumulation.

13,000 trees in
inventory plots

Branch (large live trees) The fraction of branch and twigs reported missing from each
tree via ocular estimate in the inventory records was equated
to the fraction combusted.

13,000 trees in
inventory plots

Bark (large live trees) Computed for each tree as the product of: fraction of bole
surface charred (derived from fire scar measurements),
fraction of bark depth charred (determined through
supplementary measurements to average 0.29 independent
of fire severity), and fraction of mass loss resulting from charring
(assumed to be 0.9, 0.5, 0.4 for high, moderate, and low severity
plots, respectively crudely extrapolated from Czimczik et al.
[2002] and assuming a maximum bark temperature of 500!C).

13,000 trees in
inventory plots

Bole (large live trees) No bole wood consumption was reported in either the inventory
or supplementary plots for these larger live trees. Therefore,
combustion was assumed to be negligible.

not applicable

Bole, bark, branch, and foliage
(small live conifers)

Based on a comparison of density and size class distribution
between burned and unburned plots, complete combustion
of all tissues was determined to occur at a frequency of
0.6, 0.6, and 0.4 for high, moderate, and low severity plots,
respectively. Bark, branch, and foliage loss for trees not fully
combusted was assumed to be equal to that of larger trees.

430 trees in
supplementary plots

Bole, bark, branch, and foliage
(small live hardwoods)

Tissue combustion was determined for each stem as the difference
between postburn volume (computed allometricly from basal
diameter and stem height) and preburn volume (extrapolated
allometricly from postburn basal diameter).

480 trees in
supplementary plots

Bole, bark, branch,
(standing dead trees)

Tissue combustion was computed by the same methods used for live
trees except that in cases where bark was absent surface char was
assessed as wood rather than bark combustion. Field records of char depth,
while variable, indicate no difference between live and dead trees.

1,200 trees in
inventory plots

Downed dead wood (large) A lack of data on char severity for large downed wood prevented direct assessment.
Instead the combustion factors for large downed wood was assumed to
be twice that of standing dead wood.

not applicable

Downed dead wood
(medium and small)

Fraction combusted was determined for each plot as the difference between
preburn and postburn debris volume (determined line intercept transects).

180 inventory plots

Litter (Oi-horizon, including
leaf litter and
woody fragments
<0.51 cm diameter)

Computed occular estimates of burn effects on 13.5m2 plots as (a + 0.5b)/c where,
a is the sum area of all sublitter surfaces indicating total litter combustion
(light and deeply charred duff, mineral soil and rock), b is the area over which
litter was reported as lightly charred, and c is total area believed to be covered
by litter prior to the fire (the sum of all surfaces covered by uncharred litter,
lightly charred litter, and all sublitter surfaces showing some charring).

720 inventory
subplots

Duff (Oe and Oa - horizon) Computed from postburn surveys with the same equation used for litter substituting
duff char values for that of litter and referring only to subduff layers
as indicators of duff loss.

720 inventory
subplots

Mineral soil (A and
B - horizon including fine
roots to 10 cm)

Combustion of mineral soil C was assessed only when postburn surveys
reported either a deeply charred mineral surface (in which case all C in the
top 4 cm of soil was presumed combusted) or a moderately charred mineral
surface (in which case all C in the top 2 cm of soil was presumed combusted).

720 inventory
subplots

aLarge refers to >7.62 cm DBH for trees and fragment diameter for dead wood; Small refers to <7.62 cm DBH for trees and fragment diameter for dead
wood. Sample size refers to the number of independent events assessed across the fire. For details regarding postfire samplinmg procedures, see USDA
[2003].
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measured in the pre-Biscuit inventory and were derived
from our supplementary sampling, the absence of unre-
burned Silver Fire area prohibited direct sampling of this
condition to assess forest floor masses in those stands prior
to reburning. We addressed this issue by collecting forest
floor samples from the nearby Galice Fire, which burned the
same year as the Silver Fire but did not reburn in the
Biscuit. Litter and duff masses in the Galice were not
discernibly different from those collected from unburned
sites, suggesting that the forest floor in the Silver area had
recovered to preburn levels by the time the Biscuit burned.
[16] An estimate of the carbon present in the top 10 cm of

mineral soil throughout the area affected by the Biscuit was
based on a rock-free soil carbon fraction of 0.10, a rock-free
soil bulk density of 0.89 g cm!3, a fine root mass of 0.01 g
cm!3, (determined from 96 soil cores taken on 3 unburned
plots) and a rock fraction of 0.50 by volume chosen to
represent both the typical and highly skeletal substrates
present in the Siskiyou mountains. We assumed the carbon
content of all pools to be 0.50 by mass (a standard
approximation) except for the litter and duff pools which
we assumed to be 0.40 (based on Dumas combustion of 36
field samples producing an average of 0.40 and a standard
deviation of 0.08).

2.5. Binning of Data by Burn Severity

[17] To assess carbon combustion as a function of burn
severity, each of the study plots was classified as one of four
burn severities (e.g., high, moderate, low, or unburned/very
low) based on an overlay of the Biscuit BAER (Burned
Area Emergency Rehabilitation) fire severity map. The
levels of severity in the BAER map were based on classi-
fication of the differenced normalized burn ratio (dNBR), a
widely used index of burn severity derived from Landsat
data [Miller and Yool, 2002; van Wagtendonk et al., 2004;
Key and Benson, 2005]. dNBR is a measure of prefire to
postfire change in the ratio of near- to short-wave infrared
spectral reflectance [Key and Benson, 2005]. BAER assess-
ments are used by federal land management agencies for
remediation reconnaissance and are independent of any of
the measurements used to compute combustion in this
study. Then each of the approximately 60,000 separate
combustion computations made for individual trees, plots
of ground cover, or debris transects were binned by the burn
severity of the plot in which the record was taken and

averaged to produce the values CFij in equation (1). This
approach allowed us to assess the ability of BAER severity
classification to detect within-fire variability in the com-
bustion of various carbon pools and therefore the utility of
BAER severity in scaling combustion factors for other fires.
Similarly, to account for possible interaction between pre-
burn carbon density and subsequent burn severity, the
preburn carbon densities of each for each plot were aver-
aged by BAER severity classification to produce the values
Dij in equation (1). Finally, the total area affected by each
burn severity class in the Biscuit Fire perimeter (value Ai in
equation (1)) was determined from the BAER severity map
to be 32, 46, 84, and 41 thousand ha for the high, moderate,
low, and unburned/very low severities, respectively. While
several different burn severity maps are available for the
Biscuit, we chose BAER because it is among the most
readily available and widely used burn severity classifica-
tion for wildfires in the western United States.

3. Results
3.1. Combustion Factors

[18] The combustion factors estimated for each carbon
pool and burn severity class are shown in Table 3. Discrep-
ancies between mean and median values indicate a right
skew in the event probability in high severity plots and a left
skew in the lower severity plots. In other words, while
combustion scales to the landscape according to the average
of that experienced by individual trees or specified patches
of litter, most individuals in low severity plots are affected
by fire to a much lesser degree than the average of
individuals located in low severity plots. Conversely, most
individuals in high severity plots are affected by fire to a
much greater degree than the average of individuals located
in high severity.
[19] Nearly all 25 carbon pools show a monotonic in-

crease in combustion factor as burn severity increases from
the unburned-very low class through to the high severity
class (Table 3). Such a consistent trend for ground, surface,
and canopy fuels is an endorsement of the BAER severity
classification for distinguishing the fraction of carbon
combusted from different pools. Such trends are especially
clear in the highly combustible ground and surface pools
such as litter and fine woody detritus. This relationship
between remotely assessed fire severity and ground and

Table 2. A Comparison of Modeled Forest Floor Mass to That Measured for This Study

Forest Cover Type Fraction of Biscuit Area

Preburn C Pool, kg C ha!1

Litter Duff Total Forest Floora

Modeled from FCCS databaseb

(2) W.hemlock/W.redcedar/Douglas-fir 0.53 4000 21075 25075
(7) Douglas-fir/Sugar pine/Tanoak 0.15 1277 21523 22800
(28) Ponderosa pine savanna 0.09 986 4078 5064
(38) Douglas-fir/Madrone/Tanoak 0.09 3193 8291 11484
(10,24,47,48,52,53,59) All others 0.14 2426 38596 41022
All combined and weighted by class 1.00 2989 19663 22652

From field measurements in this study
Forest on nonultramafic substrates 0.72 10001 6993 16994
Forest on ultramafic substrates 0.28 8455 4966 13421
All combined and weighted by class 1.00 9562 6417 15979
aThe sum of litter amd duff.
bNumber codes correspond to mapped FCCS fuel bed types.
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surface fuel combustion was not a foregone conclusion, as
fire effects on the ground can often be decoupled from fire
effects in the canopy [Pyne et al., 1996; van Wagner, 1977].
While litter, duff, and small woody detritus combustion was
lowest in the unburned-very low severity plots, the fact that
the values still average 60% combustion indicate just how
prevalent surface fire was across all of the Biscuit Fire.
Field records confirm that, of the 41 inventory plots that
were remotely classified as unburned-very low, only two
showed no sign of surface fire.
[20] Combustion factors also varied expectedly among

carbon pools. Pools with larger surface to volume ratios
(e.g., foliage, small stems, and litter) showed consistently
higher combustion factors than those with lower surface to
volume ratios (e.g., large tree boles). This is consistent with
most fire behavior models which equate fuel fragment size
inversely to their propensity for desiccation and combusti-
bility [Reinhardt et al., 1997].

3.2. Preburn Carbon Pools

[21] Preburn carbon mass for each pool and burn severity
class is shown in Table 4. As is the case with most mature
forest landscapes, biomass is concentrated in the largest
trees. Differences in biomass among burn severities reflect
the tendency for stands with more small trees and fewer
large trees to burn at higher severity, a finding consistent

with that of Azuma et al. [2004]. Notably, this trend is
reversed for dead wood in that higher severity plots had
consistently lower amounts of coarse woody detritus prior
to the fire. To aid in comparison with other wildfire research
[e.g., Ottmar et al., 2007], preburn carbon pools were also
summarized according to conventional fuel categorization
and expressed in total dry mass per unit area along with
corresponding combustion factors in Table 5.

3.3. Total Pyrogenic Emissions and Sources

[22] Using equation (1) to combine the combustion fac-
tors of Table 3, the preburn carbon pools of Table 4, and the
area exposed to each burn severity class (see methods
above) yields a Biscuit-wide pyrogenic emission of 3.8 Tg
C. Here, the two largest sources of pyrogenic emissions
were both from the forest floor. As shown in Table 6, 31%
of the total pyrogenic emissions arose from combustion of
the litter layer and another 26% arose from combustion of
the underlying duff and mineral soil layers. The next largest
source was the combustion of dead wood which contributed
19% to total emissions. The relative contribution of differ-
ent pools to total emissions was largely the same when
carbon losses were computed separately by burn severity
class, with the litter and duff pools being the largest
contributors. However, as burn severity decreases there is
a slight shift in major combustion sources from the canopy

Table 3. Average (and Median) Combustion Factors by Carbon Pool and Burn Severity

Forest Carbon Pool
(Fuel Type)

Combustion Factora

High Severity Moderate Severity Low Severity
Unburned and

Very-Low Severity

Foliage
Large conifers 0.69 (0.98) 0.27 (0.01) 0.08 (0.00) 0.02 (0.00)
Large hardwoods 0.58 (0.87) 0.29 (0.00) 0.12 (0.00) 0.03 (0.00)
Small conifers 0.89 (1.00) 0.76 (1.00) 0.44 (0.07) 0.01 (0.00)
Small hardwoods 1.00 (1.00) 0.80 (1.00) 0.50 (0.00) 0.00 (0.00)
Grass and forbs 1.00 (1.00) 0.76 (0.88) 0.75 (0.87) 0.70 (0.83)

Branch
Large conifers 0.05 (0.08) 0.02 (0.00) 0.00 (0.00) 0.00 (0.00)
Large hardwoods 0.05 (0.06) 0.02 (0.00) 0.01 (0.00) 0.00 (0.00)
Small conifers 0.64 (1.00) 0.69 (1.00) 0.41 (0.00) 0.00 (0.00)
Small hardwoods 0.79 (0.81) 0.63 (0.65) 0.40 (0.41) 0.00 (0.00)

Bark
Large conifers 0.20 (0.26) 0.06 (0.03) 0.03 (0.01) 0.01 (0.01)
Large hardwoods 0.22 (0.26) 0.11 (0.15) 0.03 (0.00) 0.01 (0.00)
Small conifers 0.70 (1.00) 0.70 (1.00) 0.42 (0.05) 0.01 (0.01)
Small hardwoods 0.79 (0.81) 0.63 (0.65) 0.40 (0.41) 0.00 (0.00)

Bole
Large conifers 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Large hardwoods 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Small conifers 0.61 (1.00) 0.68 (1.00) 0.40 (0.00) 0.00 (0.00)
Small hardwoods 0.79 (0.81) 0.63 (0.65) 0.40 (0.41) 0.00 (0.00)

Dead wood
Large standing 0.12 (0.07) 0.04 (0.03) 0.02 (0.01) 0.02 (0.00)
Small standing 0.61 (1.00) 0.68 (1.00) 0.40 (0.00) 0.00 (0.00)
Large downed 0.24 (0.14) 0.08 (0.06) 0.04 (0.02) 0.04 (0.01)
Medium downed 0.79 (1.00) 0.73 (0.83) 0.67 (0.76) 0.62 (0.67)
Small downed 0.78 (0.83) 0.58 (0.62) 0.61 (0.70) 0.62 (0.69)

Forest floor and soilb

Litter 1.00 (1.00) 0.76 (0.88) 0.75 (0.87) 0.70 (0.83)
Duff 0.99 (0.99) 0.51 (0.64) 0.54 (0.75) 0.44 (0.50)
Soil to10 cm 0.08 (0.05) 0.04 (0.01) 0.04 (0.01) 0.02 (0.00)
aFraction of preburn mass lost to combustion.
bLitter is Oi horizon, duff is Oe and Oa horizon, soil is all mineral soil to a depth of 10 cm including fine roots. For live trees, small is <7.62 cm DBH;

large is >7.62 cm DBH. For dead wood, small is 0.51–2.54 cm, medium is 2.54–7.62 cm, and large is >7.62 cm diameter.
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to the ground and surface, reflecting the shift in fire
behavior from a crown fire (which in most cases included
ground and surface combustion as well) to a surface fire.

3.4. Uncertainty Assessment

[23] The sources of uncertainty in our estimates of pyro-
genic emissions range from measurement uncertainty in the
field, to sampling error at both the plot and landscape level,
to the various quantitative assumptions regarding allometric
scaling of preburn carbon pools and mass losses, to decision
rules regarding the partitioning of carbon pools. Consider-

ing the difficulty in estimating combustion of subsurface
carbon and that 65% of the total fire-wide carbon emissions
may come from the combustion of litter, duff, and mineral
soil carbon, we contend that most of the uncertainty in our
estimate of total pyrogenic emissions arises from uncertainty
in combustion of these pools.
[24] In the case of litter and duff, we are reasonably

confident that our sample means for preburn mass for both
that of ultramafic and nonultramafic substrates approach the
true Biscuit-area means. Likely, most of the uncertainty
arises from the assumption that combustion factors for litter

Table 4. Average Carbon Density by Forest Carbon Pool and Burn Severitya

Forest Carbon Pool

Carbon Density, kg C ha!1

High Severity Moderate Severity Low Severity Unburned Very Low Severity All Burn Severities

Foliage
Large conifers 2853 3045 3397 3670 3242
Large hardwoods 1152 234 1594 3813 1698
Small conifers 1172 3272 1746 1260 1863
Small hardwoods 378 397 431 461 417
Grass and forbs 3 2 2 3 2

Branch
Large conifers 11421 6725 9886 11399 9858
Large hardwoods 2759 565 3964 10113 4350
Small conifers 105 117 2152 64 609
Small hardwoods 505 432 831 549 579

Bark
Large conifers 8759 7279 12171 16587 11199
Large hardwoods 2779 565 4053 10694 4523
Small conifers 99 89 2148 52 597
Small hardwoods 18 115 67 76 69

Bole
Large conifers 40650 38509 65120 85396 57419
Large hardwoods 19331 3991 28727 70943 30748
Small conifers 347 365 236 202 288
Small hardwoods 188 1127 711 772 700

Dead wood
Large standing 6791 2877 7338 6701 5927
Small standing 869 554 2148 2998 1642
Large downed 6179 9003 12145 7201 9324
Medium downed 1388 1422 1933 2196 1798
Small downed 1055 1414 1499 2028 1543

Forest floor and soil
Litter 9228 9096 9743 9929 9499
Duff 5979 5806 6655 6898 6335
Soil and roots to 10 cm 45500 45500 45500 45500 45500
aValues are the average of 26, 41, 66, and 43 inventory plots for high, moderate, low, and unburned-very low severity study plots, respectively, except

that one Biscuit-wide value was used for soil and roots. For live trees, small is <7.62 cm DBH; large is >7.62 cm DBH. For dead wood, small is 0.51–
2.54 cm, medium is 2.54–7.62 cm, and large is >7.62 cm diameter. Litter is Oi horizon; duff is Oe and Oa horizon.

Table 5. Preburn Fuel Mass and Combustion Factors by Alternative Conventiona

Fuel Category Fuel Mass, Mg dry mass ha!1
Combustion Factor (Fraction Combusted)

High Severity Moderate Severity Low Severity Unburned Very Low Severity

Trees 263.2 0.08 0.07 0.03 0.00
Snags 15.7 0.18 0.14 0.11 0.01
Shrubs 3.7 0.86 0.66 0.42 0.00
Nonwoody fuel <0.1 1.00 0.76 0.75 0.70
1 h surface fuels 6.1 1.00 0.76 0.75 0.70
10 h surface fuels 3.1 0.24 0.08 0.04 0.04
100 h surface fuels 3.6 0.79 0.73 0.67 0.62
1000+ h surface fuels 18.6 0.78 0.58 0.61 0.62
Litter 13.0 1.00 0.76 0.75 0.70
Duff 12.8 0.99 0.51 0.54 0.44

aShrubs include all hardwoods <7.6 cm DBH; unlike elsewhere in paper, here litter excludes all woody fragments. Other categories follow the FCCS fuel
category definitions.
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and duff computed for each of the 180 plots did not covary
with the actual preburn litter and mass. For instance, if
conditions were such that ground fuel consumption was
moisture-limited, more litter and duff masses may equate to
lower fractional combustion due to greater moisture reten-
tion. Conversely, if conditions were such that ground fuel
consumption was continuity-limited rather than moisture-
limited, lower litter and duff masses may equate to lower
fractional combustion.
[25] While our estimate of preburn mineral soil carbon

(including roots) was crudely based on samples from only
three study plots, by far the most uncertain parameter was
the presumed depth to which all carbon was combusted
below exposed mineral surfaces identified in the inventory
data as either ‘‘moderately’’ or ‘‘deeply’’ charred. Our best
estimate of 2.0 and 4.0 cm, respectively, was based on the
assumption that surface temperatures during the Biscuit in
some cases exceeded 700!C (Bormann, personal communi-
cation), that soil temperatures during fire attenuate rapidly
with depth, and that soil carbon begins to combust at 100!C
[Agee, 1993]. However, it is also reasonable to believe that
soil carbon could have completely combusted to depths of
up to 5 cm or that complete combustion never exceeded
2 cm.
[26] To quantify the potential uncertainty stemming from

assumptions regarding litter, duff, and mineral soil combus-
tion, we computed an alternative maximum and minimum
value for total pyrogenic emissions across the Biscuit. An
alternative maximum value of 4.4 Tg was arrived upon by
matching the higher litter and duff combustion factors to
higher preburn litter and duff masses (i.e., a positive
interaction effect), and assigning deep maximum soil C
consumption depths of 3 cm and 5 cm for mineral surfaces
identified as moderately and deeply charred, respectively.
Similarly, an alternative minimum value of 3.5 Tg was
arrived upon by matching the higher litter and duff com-
bustion factors to lower preburn litter and duff masses (i.e.,
a negative interaction effect), and assigning shallow maxi-
mum soil C consumption depths of 1 cm and 2 cm for
mineral surfaces identified as moderately and deeply
charred, respectively. The litter and duff component of the
analysis was performed by first identifying the percentile of
each combustion record from the entire distribution, then
multiplying each litter and duff combustion record by a
preburn mass selected from the same percentile of its
distribution (for maximum value), and finally multiplying
each litter and duff combustion record by a preburn mass
selected from the reverse percentile (100-x) of the preburn
mass distribution (for minimum value).

[27] Because the combustion data come from a regular
sampling scheme, and because the severity map was used
only to bin (not measure) combustion factors, the particular
burn severity classification used to bin the plots has little
influence on our estimate of fire-wide emissions. The effect
of burn severity classification on the estimate of fire-wide
emissions arises only from potential covariance between
burn severity and preburn carbon density. To investigate this
source of uncertainty, we computed an alternative estimate
of fire-wide emissions using all the same combustion data
but treating all plots as a single burn severity class (equation
(1) without the i designation). The resulting estimate of fire-
wide pyrogenic emissions was different by only 10%.
Because any alternative severity classification would likely
have more in common with the BAER classification than no
classification at all, it is reasonable to assume that the use of
an alternative severity classification would result in a
discrepancy in total pyrogenic emissions much smaller than
10%.

4. Discussion
4.1. Comparisons With Other Studies

[28] Overall, the combustion factors reported here for
litter and duff (0.70–1.00 for litter and 0.40–1.00 for duff
depending on fire severity) are similar to those reported or
used by others modeling fire emissions. Wiedinmyer et al.
[2006] used litter combustion factors of 0.8 to 0.9 depend-
ing on tree cover when modeling combustion across North
America, Soja et al. [2004] used litter combustion factors of
0.2 to 1.0 depending on fire severity when modeling
combustion across Siberia, and Michalek et al. [2000] used
combined litter and humus combustion factors of 0.2 to 0.9
depending on fire severity when modeling combustion for a
black spruce forest in Alaska.
[29] Our combustion factors for tree stems (<0.01–0.03

for stems >7.6 cm DBH and <0.01–0.71 for stems <7.6 cm
DBH, depending on fire severity) are somewhat lower than
values commonly used by modelers. Wiedinmyer et al.
[2006] used a woody fuel combustion factor of 0.30 when
modeling high severity combustion across North America,
Soja et al. [2004] used a tree combustion factor of 0.30
when modeling high severity combustion across Siberia,
and Lü et al. [2006] used a tree combustion factor of 0.10
for temperate forests of China. While the definition of
woody fuel varies among these studies, the application of
these combustion factors to the Biscuit Fire would lead to a
large overestimation of pyrogenic emissions, in part because
a significant portion of the biomass is in large trees that
experience very little wood combustion. Notably, the com-

Table 6. Pyrogenic Carbon Emissions by Carbon Pool and Burn Severity Class

Forest Carbon Pool

Combusted Carbon, Mg ha!1

Fire-Widea Combustion, Tg CHigh Severity Moderate Severity Low Severity Unburned Very Low Severity

Litter 7.4 5.5 5.8 5.4 1.00–1.24
Duff, soil and roots 8.3 4.2 4.6 3.5 0.79–1.48
Dead wood 4.8 3.1 3.7 2.9 0.72
Live wood and bark 4.1 2.1 3.0 0.4 0.49
Live foliage 4.1 3.7 1.4 0.2 0.43
Total 28.6 18.6 18.6 12.4 3.83

aCalculated by weighting the emissions from each burn class by the area of that burn class over the fire perimeter. Ranges shown for litter, duff, and soil
reflect uncertainty in parameter estimates as described in text.
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bustion factors we report here for high severity fire are very
similar to those reported for western Washington state,
United States, by Fahnestock and Agee [1983], who, using
no more than expert knowledge, estimated combustion
factors to be 0.05, 0.10, 0.75, 0.30, and 0.80 for stems,
branches, understory vegetation, dead wood, and forest
floor, respectively, in high-severity wildfire.
[30] The latest AP-42, a document used by the U.S.

Environmental Protection Agency in estimating air pollu-
tion, reports values for fuel loading (mass of fuel typically
consumed by wildfire) of 135 and 40 Mg ha!1 for Oregon
and California forests, respectively. Applying the former of
these two values to the Biscuit would yield a total pyrogenic
emission of about 14 Tg C (four times that reported in this
study). However, applying the latter of these two values to
the Biscuit would yield a total pyrogenic emission of about
4 Tg C (just outside our upper estimate). The discrepancy
between values for Oregon and California can be traced to
Yamate [1973], who first compiled fuel loading values for

forests of the United States from what were regionally
different approaches to estimating forest fuels.

4.2. Utility of Inventory Data

[31] Only through the use of federal inventory data were
we able to assess pool-specific carbon losses over an area as
large and diverse as that affected by the Biscuit Fire. The
addition of fire-related measurements to the normal suite of
inventory metrics was done primarily to predict delayed
mortality, validate fire behavior models, and monitor the
effects of fire on soil. These measurements also proved very
useful in making estimates of pyrogenic emissions. The
largest limitation to the inventory data used in this study is
the absence of preburn litter and duff mass. While one can,
as we did, use cover type to assign each plot a regional
average value, only by matching observations of combus-
tion to preburn measurements made at the same location can
one confidently account for interactions that may exist
between preburn mass and the subsequent combustion
factor. The addition of litter and duff depth to the standard
inventory protocol would go a long way toward improving
our ability to estimate carbon losses.
[32] The second most valuable addition to inventory

measurement with respect to pyrogenic emissions would
be to extend the measurement of dead trees to include those
less than 7.6 cm DBH. As determined from data collected in
our supplementary plots, a great deal of the mortality and
combustion occurred in this smaller size class. If the
purpose of postburn inventory is to be expanded to include
estimates of pyrogenic emissions of carbon or any another
chemical species, it would be highly recommended to
modify federal inventory protocols to include assessment
of the smaller fire-killed trees. As interest grows in moni-
toring the effects of and recovery from fire in forests of the
western United States, it is likely that federal inventory data
will be increasingly relied upon.

4.3. Regional Significance of Biscuit Emissions

[33] One way to consider the importance of pyrogenic
emissions from the Biscuit Fire is to compare it to fluxes
from the same parcel of ground prior to the fire. As
illustrated in Figure 3a, the estimated 3.8 Tg of C released
as a result of combustion during the fire is nearly equal to
the annual gross primary production, and approximately
18 times the annual net ecosystem production, simulated for
an equal area of forest in the same Klamath-Siskiyou
ecoregion (data from simulations by Turner et al. [2007]).
Clearly pyrogenic emissions from a disturbance of this
magnitude are an important part of any forest carbon
budget. Nevertheless, one must realize that over 60% of
the combustion comes from litter, foliage, and small
downed wood, all of which are believed to have mean
residence times of 10–20 years [Law et al., 2001]. While
some fraction of the combusted surface fuels would, without
fire, find its way into long-term soil carbon pools, a sizable
fraction of the pyrogenic emissions may be thought of as
being destined for biogenic emission (i.e., through decay)
within 1 to 2 decades with or without fire. Moreover, the
proportion of these higher turn-over pools that is combusted
should equate to a subsequent reduction in the heterotrophic
respiration of these pools until they become recharged by
new litter and branch fall. Conversely, carbon pools with

Figure 3. Pyrogenic carbon emissions from the 2002
Biscuit Fire (PE) compared with simulated ecosystem fluxes
from (a) the forest present prior to the fire and (b) simulated
biome fluxes across Oregon. GPP is Gross Ecosystem
Production, NEP is Net Ecosystem Production, ER is total
Ecosystem Respiration, and harvest is the sum of both forest
product and crop removals. Data for all grey bars are from
simulations by Turner et al. [2007] averaging the years
1996–2000 except fossil emissions which represent 2000
values from Blasing et al. [2004]. Error bar on Biscuit PE
covers the upper alternative estimate described in this study.
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longer residence times, such as the stems of larger trees,
contributed proportionally less to the pyrogenic emissions.
[34] Preliminary calculations suggest that the biomass

killed but not combusted by the Biscuit Fire approaches
11 Tg C. As this material decays, the protracted biogenic
emissions initiated by the Biscuit Fire should eventually
exceed the one-time pyrogenic emission. However, consid-
ering that the majority of this fire mortality is in the form of
large tree boles, uncertainties in the aerial decay rates of
fire-killed trees, the rates at which these trees fall to the
ground, and any decompositional effects of charring make it
difficult to predict just how this biogenic loss will play out.
[35] Another way to consider the importance of pyrogenic

emissions from the Biscuit Fire is to compare this one-time
flux to regional fluxes in the same year. As illustrated in
Figure 3b, the 3.8 Tg C estimated to have been released by
the Biscuit Fire in this study is equal to approximately one
third of the 10.8 Tg C reported to be released annually
through fossil fuel burning in Oregon [Blasing et al., 2004].
Furthermore, our estimate pyrogenic emission from the
Biscuit Fire reduces estimates of Net Biome Production in
Oregon (Net Ecosystem Production minus timber and crop
harvest removals minus average fire emissions) in 2002 by
more than half from 6.2 to 2.4 according process simula-
tions made by Turner et al. [2007].

4.4. Future Research

[36] In this paper we estimate the pyrogenic carbon
emissions from a particularly large fire in Oregon primarily
for the purpose of determining the significance of this
historical disturbance event to the carbon balance of the
region, but also to explore the utility of federal inventory to
do so. Undoubtedly, the most reliable way to extend these
computations to future wildfires in the region would be to
conduct similar ground measurements on these fires. How-
ever, the vast majority of fires in the western United States
do not burn large enough to affect an appropriately large
number of inventory plots that cover a range of variability in
severity and preburn carbon pools. So, in the short term,
combustion factors reported here could be applied to other
Oregon fires with the assumption that they would be more
accurate than other literature values that are derived largely
from boreal fires. The observation that BAER severity
classification consistently ranked the combustion factors
of nearly all 24 preburn carbon pools (Table 3) suggests
that it, as well as other classifications derived from remote
imagery, may scale combustion factors across fires on
comparable forests with acceptable accuracy. Only addi-
tional ground studies will be able to confirm this.
[37] One important direction for future work is to better

quantify combustive losses from litter, duff, and mineral soil,
as this was a primary source of uncertainty in our computa-
tions. Especially valuable would be repeated measures of
litter and duff mass at the same sample points before and after
a fire, as only these studies would reveal any covariance
between preburn mass and fraction combusted (a potentially
important interactive term not accounted for in equation (1)).
Quantifying carbon combustion from mineral soil poses its
own challenges. In a meta analysis including eight forest
wildfire studies, Johnson and Curtis [2001] found substantial
variability in the impacts of wildfire on A-horizon carbon
content with an overall tendency for this pool to increase

following wildfire, which was attributed to additions of
charcoal and hydrophobic organic matter. The potential for
wildfire to enrich soil carbon, combined with uncertainty
surrounding postburn erosion and the sampling error ubiq-
uitous to soil carbon quantification, unfortunately renders the
before-after approach for assessing carbon combustion from
mineral soil less tractable than it is for litter and duff. For
these reasons the mechanistic modeling of soil carbon com-
bustion from fire temperature (as done very crudely in this
study) holds more promise than empirical approaches quan-
tifying pyrogenic emissions from forest soils.
[38] Fine scale estimates of fuel loads, fuel consumption,

and carbon production across the continental United States,
Hawaii and Alaska continue to be improved by the FCCS
(Fuel Characteristic Classification System) and fire behavior
modles such as Consume 3.0 [Sandberg et al., 2001;Ottmar et
al., 2007] (http://www.fs.fed.eu/pnw/fera/research/smoke).
Future efforts to assess pyrogenic losses will likely be carried
out through the use of process-based fire behavior models
parameterized with these or similar fuel load layers, and
driven by the sort of high precision remote imagery that can
measure the intensity and duration of surface energy flux
during the course of a wildfire [Riggan et al., 2004]. These
sophisticated approaches will still require independent esti-
mates of fuel consumption like those that can be provided by
prefire and postfire inventory.
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Mature and old-growth forests (MOG) of the conterminous United States

collectively support exceptional levels of biodiversity but have declined

substantially from logging and development. National-scale proposals to

protect 30 and 50% of all lands and waters are useful in assessing MOG

conservation targets given the precarious status of these forests. We present

the first coast to coast spatially explicit MOG assessment based on three

structural development measures—canopy height, canopy cover, and above-

ground living biomass to assess relative maturity. MOG were displayed by

major forest types (n = 22), landownerships (federal, state, private, and

tribal), and Gap Analysis Project (GAP) management status overlaid on

the NatureServe’s Red-listed Ecosystems and species, above-ground living

biomass, and drinking water source areas. MOG total ∼67.2 M ha (35.9%)

of all forest structural classes and were scattered across 8 regions with

most in western regions. All federal lands combined represented the greatest

(35%) concentrations of MOG, ∼92% of which is on national forest lands

with ∼9% on Bureau of Land Management (BLM) and ∼3% on national

park lands (totals do not sum to 100% due to minor mapping errors in the

datasets). MOG on national forest lands supported the highest concentration

of conservation values. However, national forests and BLM lands did not meet

lower bound (30%) targets with only ∼24% of MOG in GAP1,2 (5.9 M ha)

protection status. The vast majority (76%, 20.8 M ha) of MOG on federal

lands that store 10.64 Gt CO2 (e) are vulnerable to logging (GAP3). If

federal MOG are logged over a decade, and half their carbon stock emitted,

there would be an estimated 0.5 ppm increase in atmospheric CO2 by

2030, which is equivalent to ∼9% of United States total annual emissions.

We recommend upper bound (100%) protection of federal MOG, including

elevating the conservation status of Inventoried Roadless Areas. This would

avoid substantial CO2 emissions while allowing ongoing carbon sequestration
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to act as natural climate solutions to aid compliance with the Paris Climate

Agreement and presidential executive orders on MOG and 30% of all lands

and waters in protection by 2030. On non-federal lands, which have fewer

MOG, regulatory improvements and conservation incentives are needed.

KEYWORDS

United States, mature forests, biodiversity, carbon, drinking water

Introduction

Forest conservation in the United States has for decades
centered on protection and ecological restoration of forests
in the later stages of stand structural development because
of their irreplaceable biodiversity and ecosystem services (e.g.,
Davis, 1996; Strittholt et al., 2006). Terms like primary forest,
late-successional forest, mature forest, old-growth forest, and
ancient forest are routinely used, sometimes interchangeably
(Mackey et al., 2014). However, verifiable metrics for national-
scale inventory and conservation target setting for these forests
are lacking.

Precisely when a forest is considered to be in the
later structural development is typically based on several
diagnostic features such as the age, height, and diameter-at-
breast height (dbh) of the dominant-codominant trees; canopy
and understory complexity (vertical and horizontal layering);
large standing dead (snags) and down trees (logs); and large
trees with broken and highly branched tops. These structural
characteristics vary among regions, major forest types, and site
conditions (e.g., productive vs. slow growing sites). In particular,
gap-phase dynamics, the result of tree death (singular or in
cohorts), and blow-down along edges and exposed ridgelines,
are important drivers of structural development in later forest
development stages. When gaps are formed, the resultant
increased light and nutrient levels release suppressed trees to
fill the gaps over time (e.g., in the eastern forests, Davis, 1996;
Pacific Northwest, Franklin and Van Pelt, 2004; Spies, 2004). The
lack of severe stand-level disturbances over extended periods
allows trees to acquire impressive stature and old ages associated
with increasing biological complexity.

Old-growth forests (the most structurally advanced stage)
generally have exceptional levels of biodiversity compared
to logged forests (the least structurally advanced) (Luyssaert
et al., 2008; Keith et al., 2009; Lindenmayer et al., 2012,
2014; Cannon et al., 2022). However, because of the timber
value of older trees they are declining globally (Lindenmayer
et al., 2012, 2014; Mackey et al., 2014). The loss of old-
growth forests is coupled with changes to the global climate
(Lawrence et al., 2022), reducing opportunities for natural
climate solutions (Griscom et al., 2017; Moomaw et al., 2019).
In the United States, conservation importance of old-growth
forests has been recognized in every forested region, including

Alaska (DellaSala, 2011; Orians and Schoen, 2012; Vynne et al.,
2021; DellaSala et al., 2022), Pacific Northwest (Strittholt et al.,
2006; Krankina et al., 2014), West (Rockies, Pacific Southwest,
Southwest collectively: Kauffman et al., 1992, 2007), Central
(Shifley et al., 1995), Great Lakes (Alverson et al., 1994; Carleton,
2003), Southeast (Hanberry et al., 2018), and Northeast (Davis,
1996; Leak and Yamasaki, 2012; Ducey et al., 2013).

Old-growth forest importance can also be described along
a spatial gradient from individual trees within a stand to their
context within watersheds and landscapes. At the tree level, the
largest trees in old-growth forests may represent just 1% of all
stems yet store at least 40% of the above-ground carbon as
carbon stock increases with tree size as trees age (Stephenson
et al., 2014; Lutz et al., 2018; Mildrexler et al., 2020). At the
stand level, old-growth forests store 35 to 70% more carbon,
including in the soils, compared to logged stands (Keith et al.,
2009; Mackey et al., 2014; Mayer et al., 2020). Old-growth forest
stands may also act as a natural buffer against extreme climate
conditions (De Frenne et al., 2013; DellaSala et al., 2015; Frey
et al., 2016; Betts et al., 2017). At the watershed level, old-
growth forests maintain hydrological cycles (Perry and Jones,
2016; Crampe et al., 2021). In the Pacific Northwest, old-growth
forests may function as fire refugia in large wildfire complexes
(Lesmeister et al., 2021).

Aside from select portions of the West, most old-growth
forests in the conterminous United States were eliminated
decades-centuries ago as logging and development proceeded
from east to west coast. What remains is largely on federal lands
where the government has untapped policy options for stepped-
up conservation. Some of the remaining old-growth forests
on national forest land are within Inventoried Roadless Areas
(IRAs) that are at least 2,000 ha. Road building and most forms
of logging are prohibited within IRAs but only administratively
and not by an act of Congress, meaning protections are
not inviolate or permanent (i.e., classified as GAP3 multiple
use management). Importantly, significant portions of eastern
forests are approaching maturity (100 + years, Gunn et al.,
2013). As mature forests with advanced structure recover from
historical logging, they could develop old-growth characteristics
within just a few decades.

Primary and old-growth forests generally have received
increased attention internationally as natural climate solutions
(DellaSala et al., 2020; IUCN, 2020; Law et al., 2021),

Frontiers in Forests and Global Change 02 frontiersin.org

https://doi.org/10.3389/ffgc.2022.979528
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-979528 September 27, 2022 Time: 6:58 # 3

DellaSala et al. 10.3389/ffgc.2022.979528

including from policy makers1 (e.g., March 22, 2022) and
conservation non-governmental organizations (NGOs) in the
United States2; 3 (accessed May 15, 2022). Article 5.1 of the
Paris Climate Agreement calls on governments to protect and
enhance “carbon sinks and reservoirs,” while Article 21 of
the UNFCCC COP26 Glasgow Climate Pact emphasizes “the
importance of protecting, conserving and restoring nature
and ecosystems, including forests. . . to achieve the long-
term global goal of the Convention by acting as sinks and
reservoirs of greenhouse gases and protecting biodiversity. . .”
(UNFCCC, 2021). Furthermore, the United States was one of
140 nations at COP26 that pledged to end forest degradation
and deforestation by 2030 (United Nations Climate Change,
2021). Also, the Summary for Policy Makers (SPM.D.4)
in the Intergovernmental Panel on Climate Change [IPCC]
(2022) report mentions safeguarding biodiversity and ecosystem
integrity as fundamental to climate resilient developments.
Attention to mature and old-growth forests can inform
implementation of these policy commitments.

Large-scale conservation proposals for all land and waters
have increasingly relied on 30 percent (i.e., 30% protected by
2030 or 30× 30; Dinerstein et al., 2019; Carroll and Noss, 2021;
Carroll and Ray, 2021; Law et al., 2021, 2022; One Earth Global
Safety Net4; accessed May 28, 2022) and 50 percent (Half Earth)
protection targets that involve triage approaches (Noss et al.,
2012; Wilson, 2016). Large-scale target setting also has policy
relevance, as exemplified by President Joe Biden’s January 2021
executive order directing federal agencies to develop 30 × 30
targets for all lands and waters in the United States (White
House, 2021). An April 2022 executive order from the President
also directed federal agencies to inventory and assess threats
to both mature and old-growth forests nationwide for possible
protections (White House, 2022). Moreover, regionally specific
proposals, such as the 79M ha of proposed protected areas in
a five state area (OR, WA, ID, MT, and WY; Bader, 2000), a
portion of which includes congressionally proposed wilderness
additions in the Northern Rockies Ecosystem Protection Act
(S.1276), have not assessed the amount of mature and old-
growth forests nor its management status (i.e., how much
protection is needed?). In all cases, it is vital that these forests
are clearly defined, assessed, and mapped at multiple spatial
scales (regional to national) to advise decision makers and
NGOs on how best to meet climate and biodiversity policies and
conservation targets.

Our objectives are to examine the contribution of mature
and old-growth forests in the conterminous United States to:

1 https://ktvz.b-cdn.net/2022/02/2022-02-17-DOI-and-USDA-Old-
Growth.pdf

2 https://www.climate-forests.org/

3 https://forestcarboncoalition.org/

4 https://www.oneearth.org/the-global-safety-net-a-blueprint-to-
save-critical-ecosystems-and-stabilize-the-earths-climate/

(1) conservation of at-risk forest ecosystems and species based
on IUCN Red List criteria (Comer et al., 2022); (2) source
catchments for drinking water (Mack et al., 2022); and (3)
above-ground living biomass (Harris et al., 2021). We also
applied conservation target setting developed for continental
scale assessments to determine the contribution these forests
could make to 30% (i.e., 30 × 30, Dinerstein et al., 2019) (lower
bound), 50% (i.e., Half Earth; Noss et al., 2012; Wilson, 2016)
(mid bound), and 100% (upper bound) protections. For our
study, we are using estimates of forest structure that correlate
with stand development collectively referred to as mature-old
growth forests (MOG) to capture both the mature stage that is
approaching old growth condition and the most advanced old
growth stage as well. We also consider old growth a subset of
primary forest defined as any forest stage lacking commercial
logging or other industrial-scale developments that impairs
ecosystem functions (Mackey et al., 2014). To our knowledge,
this is the first comprehensive and spatially explicit assessment
of MOG in the conterminous United States.

Materials and methods

Forest structure mapping

We mapped the relative level of forest structural maturity
using three published spatial data sets that include forest canopy
cover, canopy height, and above-ground living biomass derived
from modeled satellite data (Table 1). These data were stratified
by United States Ecoregions Level III (n = 28) (Omernik and
Griffith, 2014) and Forest Types Groups (n = 85) (Ruefenacht
et al., 2008) to account for the influences of variation in life
history traits governing tree longevity and local environmental
conditions on plant growth and ecosystem processes, as well
as differing human and natural disturbance regimes. We used
field measurements of canopy height and biomass from the
Forest Inventory and Analysis plot database (FIA, 2022) to
compare with our modeled forest maturity map and to aid in
the interpretation of the map. We used a time series of available
spatial data to examine the extent to which forests that were
mapped as relatively less structurally advanced coincided with
the footprints of severe natural disturbances. Further details on
the methodology are provided in the Supplementary.

Expert workshops
A series of regional zoom workshops were conducted from

September to November 2021 to consult with ecological and
forest conservation experts (Supplementary). In total, 40 experts
attended with each workshop focused on a major forested
region within their region of interest. Key workshop objectives
are listed in the Supplementary, including using participants
to provide feedback on the initial modeling results for fine
tuning. Expert consensus was that the appropriate level of forest
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ecosystem classification was the 28 Forest Types Groups—which
comprise aggregations of more finely defined forest types—
spatially modeled from FIA inventory plot data at a 250-m pixel
resolution (Ruefenacht et al., 2008) and for Level III ecoregions
(Omernik and Griffith, 2014).

Spatial analysis
The three spatial structural data layers of forest cover,

canopy height, and above-ground living biomass were made
available for the conterminous United States (Table 1). Spatial
analyses were undertaken using Google Earth Engine (Gorelick
et al., 2017). As the three data layers were generated using the
Global Land Analysis and Discovery’s (GLAD) Landsat Analysis
Ready Data (ARD), they shared the same 30-m pixel resolution.

An overview of the workflow to create a seamless
conterminous-United States wide spatial data layer of relative
forest maturity is provided in Figure 1. This included creating a
spatial vector file of each Forest Type Group for each Level III
Ecoregion. Spatial data layers were generated based on spatial
coverage for the Forest Type Groups found in each Level III
Ecoregion, resulting in a total of 782 unique combinations. For
each pixel, we quantified quartile values for the three structural
variables (canopy cover, canopy height, and biomass) within
each of the 782 combinations. A score was then calculated for
each pixel as follows: (a) the lowest quartile value for each
metric was given a score of 0 and the highest a score of 3;
then (b) the three metric scores were summed giving a range in
possible values from 0 (lowest quartile for the three variables)
to 9 (highest quartile for the three variables), representing 10
ordinal forest maturity classes. Based on expert feedback, we
then produced a simplified structural class map by classifying
pixels with a score of 0 as “indeterminant, those with scores of

1–3 as “Young,” scores 4–6 “Intermediate” and scores of 7–9 as
“Mature.” Using a global spatial data set (Petersen et al., 2016),
we analyzed the modeled forest maturity map to identify how
much of each maturity class was plantation rather than naturally
regenerating forest and excluded plantations from analysis.

Calibration analysis
We used FIA plot data as an independent data source

for calibration off the modeled forest maturity structure map.
Of the three variables, only canopy height could be used for
validation as the input biomass layer used FIA biomass data.
The spatial units of analysis (SUA) for comparison with the
FIA plot data were generated from the intersection of the
map of 85 United States Ecoregion Level III with the maps
of the 28 Forest Type Groups. Those SUAs were analyzed for
which there were at least 10 FIA plots for each of the three
FIA Structural Stage Classification levels (Pole, Mature, Late)
(n = 41). For each of these 41 SUAs, we calculated aggregate
statistics from the quartiles and median values for canopy height
and biomass from a random sample of pixels within each of
the three modeled structure levels (Young, Intermediate, MOG)
with 1.5–5% of pixels sampled. Further details are provided in
the Supplementary.

Land ownership and gap analysis
project status

The extent and management status of MOG was assessed
using spatial data provided by government agencies. We used
the forest ownership dataset produced by Sass et al. (2020) for
the USDA Forest Service based on 2017 data. Each ownership

TABLE 1 Details for the spatial data layers used in the forest maturity modeling and the attribution and validation analyses.

Layer Description Data type and
scale/resolution

Calibration data/validation
approach

Source

Tree canopy
cover

Percent tree canopy cover where trees defined as
all vegetation taller than 5 m. forest extent in the
year 2000 similarly to Hansen et al., that is, any
30-m Landsat pixel that met a tree canopy
threshold of at least 30% with trees taller
than 5 m.

Raster (30 m) Training data to relate to the Landsat
metrics were derived from very high
resolution image interpretation
methods

Hansen et al.
(2013) updated
to 2010 (GLAD)

Forest height Forest canopy height Raster (30 m) Vegetation structure data collected
using airborne lidar instruments
(ALS) and GEDI field plots

Potapov et al.,
2021

Forest biomass Modeled estimates of above-ground living
biomass

Raster (30 m) Based on machine learning of satellite
band ratios, plot measurements of
biomass, and environmental variables

Harris et al.,
2021

Ecoregions
(Levels III)

Areas of similar ecosystems vector data layer (at or
above 1:24,000 scale)

Field verification trips across 30
United States

Omernik and
Griffith, 2014

Forest Type
Groups

Aggregation of forest types into 28 categories Raster (250 m) Spatial distribution models based on
correlations between FIA inventory
plot data (2022) and spatial
environmental data layers

Ruefenacht
et al., 2008
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FIGURE 1

Workflow showing main steps in the calculation of the forest maturity structure model for conterminous United States, along with the validation
analysis. The three 30-m resolution spatial data sets for forest cover, canopy height, and biomass were analyzed within 872 spatial units of
analysis (SUA) defined by the intersection of ecoregions and major forest types. Forest Inventory Analysis (FIA, 2022) plot data were used for a
validation analysis. Further details in Supplementary Information—Methods.

category was used as a mask to determine the extent of MOG
within different tenures across the conterminous United States.
The only additional aggregation made was the combination
of the two FIA 41 categories, TIMO/REIT and private that
were combined into a single masking layer. The Gap Analysis
Project (GAP) management status codes (GAP1–4) was applied
to MOG using the PAD-US Spatial Analysis Data provided
by U.S. Geological Survey [USGS], and Gap Analysis Project
[GAP] (2020). GAP 1 (e.g., Wilderness, National Parks) and
GAP2 (e.g., National Monuments) were considered protected
lands. GAP3 was multiple use management and GAP4 was no
protection. The flattened version of the dataset was an important
component of the analysis for determining the protected status
of MOG. Inventoried roadless areas (IRAs) were filtered from
the dataset and classified in our study as GAP2.5—that is—even
though IRAs are given GAP3 status in the PAD-US dataset,
we gave some credit to IRAs for administrative protections
from most forms of logging. To ensure consistency among
datasets, we compared the IRA layer to the 2001 Roadless
Rule Feature layer provided by the USDA5 for cross validation.
We also assessed additional ownership and management of

5 https://data.fs.usda.gov/geodata/edw/datasets.php?xmlKeyword=
roadless

MOG including National Forests (National Forest System Land
Units6), National Parks7 and BLM (Derived from PAD-US8).
The metadata9 for landownerships did create some minor
overlap problems where IRAs were inadvertently present in the
dataset as within other ownerships even though this designation
applies only to national forests. Those are recognized in each of
the applicable tables as IRA misclassifications. The five western
state regional example (79 M ha) that includes the Northern
Rockies Ecosystem Protection Act was mapped after Bader
(2000).

Biomass calculation

To determine the estimated amount of above-ground
living biomass stored within MOG, spatial data produced by
Harris et al. (2021) was used as an input layer. Calculating the

6 https://data.fs.usda.gov/geodata/edw/datasets.php

7 https://irma.nps.gov/DataStore/Reference/Profile/2224545?lnv=
True

8 https://www.usgs.gov/programs/gap-analysis-project/science/
pad-us-data-download

9 https://www.fs.usda.gov/rds/archive/products/RDS-2020-0044/
_metadata_RDS-2020-0044.html
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amount of biomass involved firstly warping the dataset to ensure
a 30-m pixel size using GDAL and later masking to the extent
of determined mature forest. The R program exactextractr was
then utilized to sum the total amount of biomass within the
forests. Due to the discrepancy between the input data being at
a 30-m resolution and scaled to Mg/ha, the total value was then
converted to produce overall biomass weight in tons.

At risk forest ecosystems and species

The IUCN Red List of Ecosystems (RLE) is an emerging
global standard that integrates data and knowledge to document
the relative risk status of ecosystem types. RLE criteria were
used to assess 655 terrestrial ecosystems in temperate and
tropical North America, including 182 forest and woodland
ecosystem types in the conterminous United States using
the U.S. National Vegetation Classification (Comer et al.,
2022). We mapped these ecosystem types nationally using
inter-agency LANDFIRE (2016) map products at 30-m pixel
resolution with remote sensing data from approximately 2011.
The RLE indicators that gauge the probability of range wide
ecosystem collapse were measured for each criterion to address:
trends in ecosystem extent (A); relative restricted nature of its
distribution (B); extent and relative severity of environmental
degradation (C); and extent and relative severity of disruption
of biotic processes (D). Based on these measures, we categorized
ecosystems as Collapsed, Critically Endangered, Endangered,
Vulnerable, Near Threatened, Least Concern, Data Deficient,
or Not Evaluated. Some 119 (65%) of the 182 United States
forest ecosystem types were listed as threatened in some form
(i.e., either Critically Endangered (CR) [6.5%], Endangered
(EN) [24%], Vulnerable (VU) [24%], or Near Threatened (NT)
[10%]).

We also overlaid our MOG map with the modeled
distributions of the threatened forest and woodland types
to quantify their relative representation within managed and
protected lands.

At-risk forest-associated species

We used a database containing an analysis of the habitat
requirements for species of conservation concern, including
their co-occurrence with standard ecosystem classification units
and vegetation structural attributes (Reid et al., 2016). This
database includes over 6,000 plant and animal taxa known
to occur throughout the conterminous United States. At-risk
status was provided using both NatureServe conservation status
ranks (Stein et al., 2000) and for listing status under the
United States Endangered Species Act (i.e., for species listed as
Threatened or Endangered, as well as Candidate or Proposed).
We documented relationships through map overlays of species

locations with mapped ecosystem type distributions. While
incomplete, mapped distributions of forest types provide an
initial indication of where MOG may support at-risk forest-
associated species.

Drinking water source areas

The USDA Forest to Faucets assessment provides a relative
index summarizing the importance of forested land for the
provision of surface drinking water based on biophysical and
demographic data (Mack et al., 2022). These data were available
at the scale of subwatersheds delineated by the USGS, of which
there were approximately 100,000 in the United States (USGS
et al., 2013). We masked these data by the MOG pixels to
provide a spatial layer showing the relative importance of MOG
to surface drinking water. We also calculated MOG area for
four classes representing each quartile of the relative importance
to surface drinking water index and summarized by area for
each GAP status and land tenure. Classes ranged from 1
(lowest importance, 0–25% relative importance) to 4 (highest
importance, 76–100% relative importance) based on the relative
importance to surface water index defined by the USDA Forest
Service.

Results

Forest structure classes

Three categories of structural development were identified
based on the ten ordinal i.e., ranked categorical classes: young—
or least advanced structurally (scores of 1–3)—totaled 41.4 M ha
(22.1%); intermediate (scores of 4–6) totaled 78.5 M ha (42.0%);
and MOG –most advanced structurally (scores of 7–9)—totaled
67.2 M ha (35.9%) with a grand total of 187.0 M ha of mapped
structural classes (Supplementary Figure 1). The percentage
area of young, intermediate, and MOG within United States
Ecoregions Level II is also detailed in Supplementary Figure 2.
The comparisons of FIA plot based estimates of biomass,
canopy height and relative structural maturity are provided in
Supplementary Figure 3 for the 41 spatial units of analysis were
there were sufficient plot data.

Mature and old-growth forests spatial
extent

The spatial distribution of MOG within the conterminous
United States is shown at a national scale (Figure 2) and with a
zoom-in to eight forested regions where these forests are widely
scattered, including the Pacific Northwest (1), Pacific Southwest
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FIGURE 2

Distribution of modeled mature and old-growth forests (MOG) for the conterminous United States. Forest regions with MOG are numbered.

(2), Rockies (3), Southwest (4), Great Lakes (5), South Central
(6), Northeast (7), and Southeast (8) (Figure 3).

Example photographs of general MOG structural features
for major forest types of the conterminous United States
illustrate anticipated variability in structural development of
these forests (Figures 4A–F).

Using the western states regional MOG assessment example,
MOG represent ∼7.60 M ha (9.6%) of the 79.1 M ha within
the five-state area that includes the Northern Rockies Ecosystem
Protection Act under consideration in the United States
Congress (Figure 5). Only 20% of MOG are in GAP1 and 2
status with 30% in IRAs having intermediate protections (GAP
2.5) (Table 2), meaning the vast majority of MOG in this
proposal is vulnerable to development pressures.

Mature and old-growth forests major
forest types

Mature and old-growth forests were located within 22
forest groups spanning conifer and hardwood types in the
conterminous United States (Table 3). Nearly all MOG types
had their greatest percentages in unprotected status (GAP3, 4;
no classifications) with only 14.7% overall in GAP1 and 2 and

7.1% in GAP2.5. Only two forest types, Fir (Abies sp.)/Spruce
(Picea sp.)/Mountain Hemlock (Tsuga mertensii) (33.1%) and
Other Western Softwoods (41.3%) met the lower bound (30%)
target. Percentages would improve for several forest groups
if IRAs (GAP2.5 status) received higher protection status.
Importantly, FIA major forest classifications inappropriately
lump longleaf (Pinus palustris) with slash pine (Pinus elliottii)-
dominated communities as one equivalent forest type, thereby
obscuring the imperiled conservation status and biodiversity
of longleaf pine wiregrass (Aristida stricta) communities. For
instance, there are five distinct longleaf pine ecosystem types
mapped nationally and assessed under the IUCN Red Listing
criteria (Comer et al., 2022), with two listed as Critically
Endangered, and three as Endangered that do not show up on
the FIA dataset.

Mature and old-growth forests land
ownership and GAP analysis project
status

Federal lands (36%) have the highest proportion of MOG, of
which, National Forests have most (∼92%) of the federal total
(Table 4). Approximately 24% of MOG on national forest lands
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FIGURE 3

Regional zoom-ins of mature and old-growth forests of the conterminous United States. Panels show Pacific Northwest (1), Pacific Southwest
(2), Rockies (3), Southwest (4), Great Lakes (5), South Central (6), Northeast (7), and Southeast (8).

are in GAP1 and 2 (Table 4). An additional 22% of MOG is
within IRAs (GAP2.5). If IRAs received elevated conservation
status, that would increase MOG protections in National Forests
to 46%, which is within reach of the mid-level 50% target.
Supplementary Table 1 has a breakdown of MOG by GAP
status for every national forest.

The rest of MOG on federal lands are held by the National
Parks (∼3%) and BLM (∼9%) (categories overlap some due to
mapping errors in the datasets). BLM lands in particular are
mostly non-forested with some notable exceptions such as in
southwest Oregon. However, like National Forests, only ∼24%
of MOG on BLM lands have GAP1 and 2 status (Table 4). Of
non-federal lands, MOG were highest on family private (55%)
and lowest on tribal (∼4%). Interestingly, state lands (41%) were
the only non-federal category where a lower bound 30% target
was met but they did not have much MOG overall. All other
non-federal tenures were well below even the lowest 30% target.

Mature and old-growth forests
above-ground living biomass

Aggregate above-ground living biomass values in MOG are
by far highest on national forests, which contain 45% of the

total above-ground living biomass for all ownerships (Table 5).
For non-federal lands, family private has the most (52%) above-
ground living biomass and tribal (4%) the least. The ratio of
carbon to above-ground living biomass is typically taken to be
0.5 (i.e., about 50% of the dry weight of biomass is carbon)
though globally the ratio can range from 0.4–0.6 (Keith et al.,
2010).

Mature and old-growth forests red list
of ecosystems

Of the 182 forest and woodland ecosystem types assessed
with criteria from the IUCN RLE in the United States,
119 (65%) were categorized from near threatened (NT) to
critically endangered (CR); collectively considered here as
“threatened” (Figure 6). The 102 types categorized as vulnerable
(VU) through critically endangered (CR) occurred on 38% of
current forest area. Critically endangered and endangered forest
ecosystems were concentrated in the eastern states; mostly in
areas with the longest and most intensive land use histories.
Types found there included Southeastern Interior Longleaf Pine
Woodland, Atlantic Coastal Plain Fall-line Sandhills Longleaf
Pine Woodland, and West Gulf Coastal Plain Sandhill Oak and
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FIGURE 4

Examplary photographs of mature and old-growth forests in the United States. (A) Mixed-conifer forest, Sequoia National Park, CA,
United States (B. Bryant). (B) Mature Eastern Hemlock (Tsuga canadensis) stand, Huron Mountain Club Upper Peninsula, MI, United States (B.
Boucher). (C) Bottomland hardwood forest, Congaree National Park, SC, United States (J. Maloff, Old Growth Network). (D) North-Central
Interior Dry-Mesic Oak Forest and Woodland (B.S. Slaughter). (E) Hardwood hammock forest, Starkey Park, FL, United States (D. DellaSala). (F)
Top ten largest bald cypress (Taxodium distichum) in Florida, Upper Pithlachascotee River Preserve (D. DellaSala). Nearly all old growth cypress
was logged in the 1930s.

Shortleaf Pine Forest and Woodland (Supplementary Table 2).
Forest type descriptions are maintained for public access on
NatureServe Explorer10 (accessed September 4, 2022).

Large proportions of MOG under GAP1 to GAP 3
status include types categorized by the IUCN RLE as Least
Concern (Table 6). About 39.4 M ha (394,000 km2) of

10 https://explorer.natureserve.org/

all at-risk (NT-CR) forests and woodlands occurred within
area mapped as MOG. While current area of critically
endangered forests was quite limited overall, most at-risk
forest mapped as MOG was categorized as Near Threatened,
Vulnerable, or Endangered. These were commonly located
on either federal land, predominately national forests, or

family private (Table 6). Importantly, ∼12.1 M ha (18%) of
MOG with threatened status were located within GAP3 status
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FIGURE 5

Distribution of mature and old-growth forests within the proposed five state protection area (OR, WA, ID, MT, and WY) including the Bader
(2000) and Northern Rockies Ecosystem Protection Act (2021) by GAP classifications. GAP2.5 refers to Inventoried Roadless Areas (IRAs) that are
not fully protected.

under multiple use management. These were, for example,
North Pacific Maritime Mesic-Wet Douglas-fir (Pseudotsuga
menziesii)-Western Hemlock (Tsuga heterophylla) Forest (VU)
in the Pacific Northwest, and Southern Rocky Mountain
Ponderosa Pine Woodland (VU) in the southern Rocky
Mountains (Figure 6). The other large proportion of threatened
MOG occurred on family private land, mostly throughout the
eastern states (Figure 6). Examples included Ozark-Ouachita
Dry Oak Woodland (EN), Allegheny-Cumberland Dry Oak
Forest and Woodland (EN [VU-EN]), or Southern Piedmont
Mesic Forest (EN [VU-EN]).

Mature and old-growth forests and
at-risk species

Using documented relationships between species of concern
and forests, there were 97 mapped forest ecosystem types
known to support at-risk species (Supplementary Table 2)
and the listed species are maintained for public access on the
NatureServer Explorer (see text footnote 10; accessed September
5, 2022) under individual forest type summaries. MOG was
present in 29.2 M ha of these mapped forest ecosystem
types. Species considered “at-risk” within forest types using
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TABLE 2 Mature and old-growth forests area (%) within the proposed
five state protection area (OR, WA, ID, MT, and WY) that includes
Northern Rockies Ecosystem Protection Act by GAP status.

GAP status Area (ha) Area (%)

GAP 1 1 174 117 15.4

GAP 2 342 516 4.5

GAP 2.5 2 331 074 30.7

GAP 3 5 033 750 66.2

GAP 4 295 733 3.9

Outside of GAP 755 909 9.9

Total area of mature forest 7 602 025 100

Total project area 79 173 694 −

Outside of GAP are areas with no GAP status, mostly on private lands.

NatureServe conservation status ranks included Vulnerable
(G3), Imperiled (G2) or Critically Imperiled (G1) (Stein
et al., 2000). From 1 to 64 of these at-risk species were
associated with the 97 mapped forest types. Forest types
with the most MOG that also included at-risk species were,
for example, Laurentian-Acadian Northern Hardwood Forest
(37,644 km2 and 12 at-risk species), South-Central Interior
Mesophytic Forest (16,046 km2 and 50 at-risk species), and

Southern Appalachian Oak Forest (10,190 km2 and 48 at-
risk species). Using United States Endangered Species Act
(i.e., Threatened or Endangered, as well as Candidate or
Proposed) as another measure of at-risk species status, 1
to 15 at-risk species were documented for their association
with these 97 forest types. Among those supporting >1 at-
risk species and with the extensive area in MOG were,
for example, North Pacific Maritime Dry-Mesic Douglas-
fir-Western Hemlock Forest (10,370 km2 and 4 at-risk
species), East Gulf Coastal Plain Large River Floodplain Forest
(4,295 km2 and 13 at-risk species), and Atlantic Coastal Plain
Blackwater Stream Floodplain Forest (2,417 km2 and 8 at-risk
species).

Of the 97 forest ecosystem types with habitat relationships
documented for at-risk species, 70 were considered
threatened (IUCN NT, VU, EN, or CR) themselves.
Threatened forest types support at-risk species (based
here on NatureServe Conservation status ranks) with the
most extensive area mapped as MOG in South-Central
Interior Mesophytic Forest (EN) (16,046 km2 and 50 at-
risk species), Northeastern Interior Dry-Mesic Oak Forest
(EN) (15, 327 km2 and 12 at-risk species), and Southern
Appalachian Oak Forest (VU) (10,190 km2 and 48 at-risk
species) (Supplementary Table 2).

TABLE 3 Area (×1000 hectares) and percent (%) of mature and old-growth forest within each Forest Inventory and Analysis (FIA) forest type group.

Forest type group GAP 1 GAP 2 GAP 2.5 GAP 3 GAP 4 Outside of GAP Total

Alder/Maple 1.1 (0.7) 5.9 (3.5) 0.8 (0.5) 46.3 (27.6) 7.9 (4.7) 106.4 (63.5) 167.6

Aspen/Birch 84.8 (2.5) 629.5 (18.9) 288.3 (8.7) 864.5 (26) 221.3 (6.6) 1 528.8 (45.9) 3 328.9

California Mixed Conifer 185.7 (13.8) 58.4 (4.3) 139.9 (10.4) 783.9 (58.3) 10.7 (0.8) 304.9 (22.7) 1 343.6

Douglas-fir 654.3 (11.1) 217.6 (3.7) 1 112.9 (18.9) 3 946.9 (67) 235.1 (4) 840 (14.3) 5 893.9

Elm/Ash/Cottonwood 11.7 (1.2) 139.9 (13.8) 1 (0.1) 46.1 (4.6) 75 (7.4) 738.9 (73) 1 011.6

Fir/Spruce/Mountain Hemlock 1 308.2 (29.6) 154.8 (3.5) 1 298.5 (29.4) 2 688.9 (60.8) 86.3 (2) 182.2 (4.1) 4 420.4

Hemlock/Sitka Spruce 127 (26.2) 15.8 (3.3) 55.3 (11.4) 287.6 (59.4) 12.5 (2.6) 41 (8.5) 483.9

Loblolly/Shortleaf Pine 41.5 (0.6) 555.8 (8.1) 9.7 (0.1) 562 (8.2) 229.3 (3.3) 5489 (79.8) 6 877.6

Lodgepole Pine 413.5 (22) 101.4 (5.4) 681.8 (36.3) 1 258.7 (67) 38.3 (2) 67.9 (3.6) 1 879.8

Longleaf/Slash Pine 19.3 (1) 90 (4.8) 3.2 (0.2) 308.7 (16.6) 72.7 (3.9) 1 365.5 (73.6) 1 856.2

Maple/Beech/Birch 65.6 (1.3) 868.6 (16.6) 29.2 (0.6) 523.7 (10) 302 (5.8) 3 484.3 (66.4) 5 244.2

Oak/Gum/Cypress 126.9 (4.1) 398.6 (13) 1.5 (0) 303.1 (9.9) 108.2 (3.5) 2138.7 (69.5) 3 075.5

Oak/Hickory 280.8 (1.6) 1173.9 (6.9) 153.2 (0.9) 1 810.3 (10.6) 1 363.4 (8) 12 421.7 (72.9) 17 050.1

Oak/Pine 23.1 (1.1) 147.6 (7) 7.1 (0.3) 167.6 (7.9) 66.3 (3.1) 1 711 (80.9) 2 115.6

Other Western Hardwoods 28.1 (23.4) 5.2 (4.4) 31.7 (26.4) 61.8 (51.5) 5.5 (4.6) 19.5 (16.2) 120.1

Other Western Softwood 86.9 (35.2) 15 (6.1) 102.1 (41.3) 119.3 (48.3) 16.7 (6.8) 9.1 (3.7) 247

Pinyon/Juniper 405.5 (10.5) 346 (9) 483.6 (12.5) 2 076.4 (53.7) 552.4 (14.3) 485.3 (12.6) 3 865.6

Ponderosa Pine 135.1 (4.2) 103 (3.2) 174.2 (5.4) 1817.3 (56.7) 412.6 (12.9) 738.2 (23) 3 206.2

Redwood 7.2 (9.4) 8.3 (10.9) 0.1 (0.1) 7 (9.2) 11.7 (15.3) 42.1 (55.2) 76.3

Spruce/Fir 31.4 (2) 312.7 (20.1) 16.9 (1.1) 264.5 (17) 153.6 (9.9) 790.9 (50.9) 1 553.1

Tanoak/Laurel 12 (5.9) 17.2 (8.4) 5.7 (2.8) 46.5 (22.6) 23.1 (11.2) 106.6 (51.9) 205.4

Tropical Hardwoods 1 (5) 4.7 (22.3) 0 (0) 7.4 (35.4) 0.3 (1.5) 7.5 (35.9) 20.9

Total 4 212.6 5 632.4 4 751 18 610.1 4 125.5 33 425.3 67 183

GAP2.5 refers to Inventoried Roadless Areas (IRAs). IRAs outside national forests are classification errors in the database. Outside of GAP are areas with no GAP status, mostly on private
lands. Percentages are calculated by totaling each forest type group across rows.
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TABLE 4 Total area of mature and old-growth forests (×1000 ha) and percent (parenthesis) for the conterminous United States by
GAP and ownership.

Ownership and tenure GAP 1 GAP 2 GAP 2.5 GAP 3 GAP 4 Total per owner

National Parks 822.3 (96.1) 24.5 (2.9) 0.7 (0.1) 3.3 (0.4) 4.4 (0.5) 855.6 (100)

National Forests 2 995.1 (13.7) 2 322.5 (10.6) 4 775.1 (21.9) 14 120.5 (64.7) 137.2 (0.6) 21 834.3 (100)

BLM 161.1 (7.1) 394.5 (17.4) 29.9 (1.3) 1 706.9 (75.4) 0.1 (0) 2262.6 (100)

State 11 5 (2.2) 2 086.3 (39) 4.9 (0.1) 2 054.9 (38.5) 430 (8) 5 343.7 (100)

Federal 4 014.9 (17.1) 2 906.7 (12.4) 4 756.2 (20.2) 15 731.6 (66.9) 402.4 (1.7) 23 514.5 (100)

Corporate private 13.5 (0.1) 215.4 (1.9) 3 (0) 232.4 (2.1) 645.2 (5.7) 11 223.5 (100)

Family private 32.5 (0.1) 296 (1.3) 5.2 (0) 350 (1.6) 1 067.7 (4.8) 22 467 (100)

Tribal 0.4 (0) 13.2 (0.8) 0.2 (0) 7.6 (0.5) 1 481.2 (94.6) 1 566 (100)

Total per GAP 4 239 (6.3) 5 686.8 (8.5) 4 784.2 (7.1) 18 736.3 (27.9) 4 198.1 (6.2) 67 183 (100)

Percentages are calculated across rows. GAP2.5 refers to Inventoried Roadless Areas (IRAs). IRAs outside national forests are classification errors of input datasets.

TABLE 5 Total-above ground living biomass within mature and old-growth forests (×1 M tons) by GAP and ownership.

Ownership and tenure GAP 1 GAP 2 GAP 2.5 GAP 3 GAP 4 Total per owner

National Parks 281 (94.9) 10 (3.4) 0 (0) 1 (0.3) 3 (1) 296 (100)

National Forests 933 (15.7) 425 (7.1) 1 203 (20.2) 4 095 (68.8) 26 (0.4) 5 956 (100)

BLM 31 (5.3) 64 (11) 7 (1.2) 484 (83.4) 0 (0) 580 (100)

State 17 (1.9) 295 (33.4) 1 (0.1) 397 (45) 74 (8.4) 883 (100)

Federal 1 241 (19.3) 509 (7.9) 1203 (18.7) 4 539 (70.5) 60 (0.9) 6 441 (100)

Corporate private 3 (0.2) 35 (1.8) 0 (0) 42 (2.1) 89 (4.5) 1 970 (100)

Family private 6 (0.2) 47 (1.4) 0 (0) 56 (1.7) 123 (3.7) 3 325 (100)

Tribal 0 (0) 3 (1.1) 0 (0) 1 (0.4) 254 (93.4) 272 (100)

Total per GAP 1 285 (9.6) 920 (6.9) 1 203 (9) 5 091 (38.1) 626 (4.7) 13 351 (100)

Percentages (in brackets) are calculated across rows. GAP2.5 refers to Inventoried Roadless Areas (IRAs). IRAs outside national forests are classification errors of input datasets.

TABLE 6 Area of land (×1000 ha) and percentage area (parentheses) for each of the identified Red Listed Ecosystem (RLE) risk status by
GAP and landowner.

Not
evaluated

Data
deficient

Least
concern

Near
threatened

Vulnerable Endangered Critically
endangered

Total by
GAP

GAP status

GAP 1 1.9 (0) 28.4 (0.5) 3 129.2 (60.3) 1 220.9 (23.5) 623 (12) 181.9 (3.5) 5.1 (0.1) 5 190.4 (100)

GAP 2 1.8 (0) 74.5 (1.5) 1 685.4 (35) 616.6 (12.8) 1 340.4 (27.9) 1 026.4 (21.3) 67.3 (1.4) 4 812.4 (100)

GAP 2.5 0 (0) 0.4 (0.1) 247.1 (81) 46.5 (15.2) 11.2 (3.7) 0 (0) 0 (0) 305.2 (100)

GAP 3 10.4 (0) 139 (0.6) 9 198.4 (42.9) 6 875.9 (32.1) 3 874.3 (18.1) 1 268.1 (5.9) 86.3 (0.4) 21 452.3 (100)

GAP 4 1.4 (0) 76.6 (1.8) 1 040.5 (24.2) 550.5 (12.8) 2 073.2 (48.3) 538.9 (12.5) 13.3 (0.3) 4 294.4 (100)

Landowner

National Parks 1.5 (0.2) 8.3 (0.8) 558.4 (57.1) 195.2 (19.9) 200.1 (20.4) 15 (1.5) 0 (0) 978.6 (100)

National Forests 12 (0) 93.9 (0.4) 11 963.5 (46.6) 7 327.5 (28.5) 4 359.2 (17) 1 762.5 (6.9) 175.5 (0.7) 25 694 (100)

BLM 0 (0) 5.8 (0.2) 520.3 (19.9) 1 456.9 (55.7) 631.9 (24.1) 2.1 (0.1) 0 (0) 2 617.1 (100)

State 2.8 (0.1) 105.7 (2.6) 1 390.2 (34.4) 326 (8.1) 1 252.2 (30.9) 948.8 (23.5) 20.1 (0.5) 4 045.9 (100)

Federal 11.3 (0) 115 (0.4) 12 454.2 (45.1) 8 369 (30.3) 4 869.4 (17.6) 1 677.8 (6.1) 148.4 (0.5) 27 645.1 (100)

Corporate private 3.6 (0) 419.8 (5.3) 1 618 (20.3) 969.3 (12.1) 2 651.3 (33.2) 2 111.4 (26.4) 213.9 (2.7) 7 987.4 (100)

Family private 15 (0.1) 450.8 (2.7) 2 701.1 (16) 827.7 (4.9) 7 176.4 (42.5) 5 493.9 (32.5) 224.1 (1.3) 16 889 (100)

Tribal 0 (0) 16.4 (1) 738.3 (43.9) 447.1 (26.6) 457.4 (27.2) 21.2 (1.3) 0.2 (0) 1 680.6 (100)

Total by risk status 34.5 (0.1) 1 152.9 (1.9) 19 513.9 (32.4) 11 055 (18.4) 17 009.3 (28.3) 10 762.5 (17.9) 630 (1) 67 183 (100)

Percentages are calculated across rows. GAP2.5 refers to Inventoried Roadless Areas (IRAs). IRAs outside national forests are classification errors of input datasets.

Frontiers in Forests and Global Change 12 frontiersin.org

https://doi.org/10.3389/ffgc.2022.979528
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-979528 September 27, 2022 Time: 6:58 # 13

DellaSala et al. 10.3389/ffgc.2022.979528

FIGURE 6

Current distribution of 182 forest and woodland ecosystem type categories under the IUCN Red List of Ecosystems (Comer et al., 2022). Nearly
all these distributions include mature and old-growth forests (Supplementary Table 2).

TABLE 7 Mature forest area (ha) in each relative importance to surface drinking water class by GAP status and land tenure, with percentage of total
mature and old-growth forest in the respective GAP/Tenure.

Class 1
(0–25%)

Class 2
(26–50%)

Class 3
(51–75%)

Class 4
(76–100%)

Total

GAP Status

GAP 1 1,188,095 (28.2) 1,021,604 (24.2) 1,218,859 (28.9) 790,612 (18.7) 4,219,170 (100)

GAP 2 1,804,722 (31.8) 915,163 (16.1) 1,541,173 (27.2) 1,411,752 (24.9) 5,672,810 (100)

GAP 2.5 1,646,869 (34.4) 1,220,674 (25.5) 1,355,166 (28.3) 561,520 (11.7) 4,784,229 (100)

GAP 3 5,922,561 (31.6) 4,494,644 (24) 4,720,470 (25.2) 3,598,512 (19.2) 18,736,188 (100)

GAP 4 1,178,791 (28.1) 773,969 (18.4) 1,370,386 (32.7) 873,587 (20.8) 4,196,733 (100)

Outside GAP 6,077,230 (20.6) 3,883,699 (13.2) 7,433,106 (25.2) 12,130,797 (41.1) 29,524,833 (100)

Land Tenure

National Forests 5,713,619 (26.2) 5,498,207 (25.2) 6,119,473 (28) 4,501,227 (20.6) 21,832,525 (100)

National Parks 257,648 (30.1) 145,354 (17) 214,784 (25.1) 237,857 (27.8) 855,644 (100)

Federal Land 7,144,748 (30.4) 5,709,127 (24.3) 6,217,105 (26.5) 4,421,747 (18.8) 23,492,727 (100)

State Lands 1,704,860 (32.0) 803,361 (15.1) 1,360,235 (25.5) 1,463,130 (27.4) 5,331,587 (100)

Family Private Lands 4,381,601 (19.5) 3,208,018 (14.3) 6,200,135 (27.6) 8,666,291 (38.6) 22,456,045 (100)

Corporate Private Lands 3,081,796 (27.5) 1,815,543 (16.2) 2,672,084 (23.8) 3,653,002 (32.6) 11,222,425 (100)

Tribal Lands 611,203 (39) 384,502 (24.6) 517,106 (33) 53,000 (3.4) 1,565,810 (100)

BLM Lands 1,245,174 (55.6) 415,190 (18.5) 358,263 (16) 220,752 (9.9) 2,239,379 (100)

Total 17,818,269 12,309,753 17,639,160 19,366,781 67,133,962
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Mature and old-growth forests and
drinking water

Based on the USDA drinking water source area dataset,
MOG with the highest drinking water value (Class 4) were
mostly on Federal lands with surprising large areas on
family private and corporate private (Table 7). Importantly, a
substantial (4.5 M ha, >39%) amount of the highest quality
drinking water comes from MOG within GAP3 and 4 status,
and much more (12.1 M ha) is outside GAP status all together.
Any loss of these forests due to logging and development would
potentially impact drinking water supplies.

Discussion

Mature and old-growth forest
structure and spatial analysis

Forest age and level of stand development are typically
measured through tree ring analysis (e.g., core drill samples
from living trees) and diameter distributions of dominant trees
but can also be assessed using models based on measurements
of forest structure—canopy height, canopy cover, biomass, as in
our study. Other forest structural development characteristics
indicative of the later stages of forest development include
vertical vegetation layering and coarse woody debris (not
measured in our study). Differences in the longevity, life history
traits and niche requirements of tree species means that in many
ecosystem types, the taxonomic composition of the dominant
canopy species can reflect stages progressing from early to
late seral. Gap-phase dynamics are diagnostic of the most
structurally advanced old-growth. Furthermore, environmental
factors that regulate plant growth, ecosystem processes rates
and site productivity—thermal, moisture, radiation and nutrient
regimes—result in variation within the ecosystem type of forest
structure classes in terms of tree height, canopy density, and
above-ground woody biomass.

Pan et al. (2011) used 2006 FIA plot data and remote sensing
data at 1-km resolution to produce an age class distribution
map in discrete age intervals of North American forests. Our
inventory provides an updated and continuous-based structure
map at 30-m resolution for tracking future changes in ecological
development and management of MOG that can be updated
as new datasets and advancements in monitoring technologies
become available. We estimate 67.2 M (∼36% of all structural
classes) of MOG are scattered across eight geographic regions in
the conterminous United States that provide options for stepped
up national and regional conservation. With the exception of
IRAs, MOG are mostly not large contiguous blocks as they are
nested within a highly fragmented matrix that has contributed to
edge effects and diminished ecosystem functions (see Heilman
et al., 2002).

Federal lands

Combined federal lands represented ∼35% of the total
MOG structural classes with most (∼92%) on national forests
and a fraction managed by National Parks (∼3%) and BLM
(9%) (some overlap in mapping datasets). MOG on federal
lands have the highest conservation values reflective of their
above-ground living biomass, at-risk ecosystems and species,
and drinking water source areas. However, only 24% of MOG on
national forest and BLM lands each are fully protected, which is
below even the lowest bound 30% target. Our analysis supports
100% of federal MOG for inclusion in protected areas based
on their superior climate, water, and biodiversity associated
values. We note that adding ∼20.8 M ha of unprotected federal
MOG to the United States protected areas network would still
fall far short of the 30% target for all lands and waters given
only 12% of all types are protected nationally. To achieve a
near tripling of protections nationally on top of 20.8 M ha of
proposed MOG protections would still require another 125 M
ha of new protections from all types and landowners (National
Geographic, 2021).

An alternative scenario is that the unprotected federal MOG
in GAP2.5, 3, and 4 status is logged and then regrown. The
consequences of this logging on exacerbating climate change
can be assessed in terms of the projected emissions and their
effect on the atmospheric CO2 concentration. A comparison of
protected vs. logged federal MOG allows the mitigation benefit
of protecting MOG to be further evaluated in terms of carbon
emissions avoided. The area of 20.8 M ha at-risk MOG on
federal lands currently stores ∼5.8 Gt of above-ground living
biomass (Federal land GAP 2.5 + 3 + 4; Table 5), which is
equivalent to 10.64 Gt CO2. It is assumed that 50% of the
carbon that had been stored in the biomass of logged MOG is
emitted to the atmosphere due to combustion or decomposition
of waste and short-lived wood products (Brown et al., 1997;
Keith et al., 2014). This represents a carbon stock loss from
the biosphere and a stock gain by the atmosphere. Logging
emissions would remain in the atmosphere for decades and are
partially removed by sinks. This can be calculated as the fraction
of the airborne CO2 from each pulse of emissions that decreases
over time by removals from the natural land and ocean sinks
and the regrowth of the forest (Keith et al., 2022). Carbon stock
remaining in the atmosphere as the airborne fraction of the
emissions was estimated for 2030 (after 8 years) and 2050 (after
28 years) to comply with global emissions reduction targets and
for assessing the mitigation potential of full protection. By 2030,
74% of logging emissions would remain in the atmosphere, and
by 2050, 54% would remain (Keith et al., 2022). This carbon
stock remaining in the atmosphere also can be converted to parts
per million by volume (ppm) as the common unit to express
atmospheric CO2 concentration (1 ppm = 7.8 Gt CO2) (CIDAC,
1990). If 74% of the CO2 emitted remains in the atmosphere
by 2030, then 10.54 Gt CO2 emissions are required to raise the
atmospheric CO2 concentration by 1 ppm. Logging emissions
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would consequently result in 0.5 ppm increase in atmospheric
CO2 concentration by 2030 and 0.37 ppm by 2050.

The quantity of logging emissions also can be compared
with the total United States emissions that were 5.8 Gt CO2e in
202011 (accessed September 5, 2022), which would be 0.532 Gt
CO2 from MOG logging per year, the equivalent to 9.2% of the
total annual United States emissions.

We note while such an accelerated increase in logging may
be logistically unrealistic due to a number of factors (e.g.,
clearcut vs. selection logging, congressional appropriations,
timber sale economics) not the least of which is accessibility
of remaining MOG that becomes increasingly costly as easy
to access sites are initially logged. However, the Trump
administration issued an executive order in 2019 designed to
greatly ramp up logging by 72% on national forests.12 According
to conservation groups, at least some of those sales under
the Trump administration are ongoing13 (accessed September
5, 2022). Additionally, legislation is routinely introduced in
Congress to greatly increase federal lands logging at the expense
of forest protections14. Logging unprotected MOG would also
contribute to total United States emissions and make President
Biden’s stated goal of emissions reduction of 50–52% by 2030
far more difficult to achieve. Conversely, not logging these
unprotected MOG would avoid the decadal logging equivalent
of ∼0.5 ppm CO2 (5.32 Gt CO2) or ∼9% of United States total
annual emissions, which would make a meaningful mitigation
contribution to the world as natural climate solutions (Griscom
et al., 2017; Moomaw et al., 2019; Keith et al., 2022). It is this
current decade that is critical for mitigation actions to avoid
emissions and not to add to the atmospheric CO2 concentration,
including those from the land-use sector.

The IRA component of MOG represents what remains of
intact blocks on national forests. Elevating the conservation
status of IRAs to GAP2 would increase MOG protections on
national forests to that approaching the mid-bound (50%)
target. However, that would take either an act of Congress or
administrative changes that remove exemptions for logging and
other development projects (e.g., hydroelectric development,
mining) along with new regulations making it difficult to
overturn roadless protections in general. The national roadless
conservation rule has sustained 14 legal challenges upheld in
appellate courts, was overturned twice on the Tongass National
Forest in Alaska by pro-development administrations (i.e.,
George W Bush and Donald Trump), and was substantially
changed by state petitions to the federal government in Idaho
and Colorado. Increasing administrative or congressional IRA
protections is key to elevating the conservation status of IRAs

11 https://www.epa.gov/climate-indicators/climate-change-
indicators-us-greenhouse-gas-emissions

12 https://www.usda.gov/sites/default/files/documents/usda-
strategic-plan-2018-2022.pdf

13 https://www.climate-forests.org/worth-more-standing

14 https://www.congress.gov/bill/115th-congress/house-bill/2936/
text/ih?overview=closed&format=txt

so they can be considered GAP2. While there is no comparable
roadless policy for BLM lands, MOG could be nominated to
the National Landscape Conservation System15 (accessed May
15, 2022). The BLM oversees 14 M ha of mostly iconic lands
and waterways designated by Congress or presidential executive
order mainly for conservation purposes that includes national
monuments and other protective designations.

Regional

Federal forests in the Eastern region are maturing from
logging that eliminated all but a fraction (1–2%) of the old-
growth forests over a century ago (Davis, 1996). Most mature
forest types in this region lack protections, many are not
on federal lands, and most are fragmented especially given
that large IRAs are mostly in western regions. Additionally,
the USDA Forest Service (2022) revised its 20-year forest
management plans for the 416,000 ha Nantahala and Pisgah
National Forest in western North Carolina claiming that they
needed to log mature forests to create a diversity of seral
stages even though classic old-growth forests are still well
below historical levels (Davis, 1996). A combination of federal
protections, improved forestry practices, and conservation
incentives on non-federal lands are needed in this region to meet
conservation targets for MOG.

Under the Trump administration, the USDA Forest Service
removed protections for large diameter (>50 cm dbh, up to
150 years old) trees on national forests in eastern Oregon and
Washington that were in place for over two decades, even
though large trees remain below historical levels (Mildrexler
et al., 2020). We recommend restoring those protections. The
five state western proposal that includes the Northern Rockies
Ecosystem Protection Act also contains nearly 11 M ha of MOG
with only 20% in GAP1 and 2 status and another 30% in IRAs
(GAP2.5). Recent policy and management decisions underscore
the importance of increasing MOG protections in this region
as well.

Non-federal lands

Family forest owners are a group of nearly 10 million
families, trusts, and estates representing the largest landowner
category in the United States with one-third of the total forest
ownership (vonHedemann and Schultz, 2021). Substantial area
of at-risk ecosystems, at-risk species, and drinking water also
occur on these lands mostly in the eastern states where federal
lands are scarce. Family landowners generally tend to manage
their forests for aesthetics, wildlife, conservation, and family
ownership legacy providing opportunities for conservation
investments (Butler et al., 2016).

15 https://www.blm.gov/programs/national-conservation-lands
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State lands are under state regulatory authorities and these
vary widely in the extent to which they have as either policy or
practice the protection of MOG. Aside from state parks, most
forested states grant preference to intensive forest management
over forest protections. Large corporate landowners manage
forests mainly to maximize their return-on-investment by
cutting trees when they approach culmination of mean annual
increment (just before they reach maturity). MOG therefore
are often looked at as a financial liability to be converted into
fast growing monocultural plantations on short-timber rotation
cycles. Many tribal lands also have timber objectives. In the
Great Lakes, however, larger Indian reservations contain more
MOG, higher biomass, and better sustain biodiversity than
surrounding public lands (Waller and Reo, 2018).

In general, for all non-federal lands, a combination of
regulatory improvements and incentives could retain more
MOG (Dreiss and Malcolm, 2022). This might include
conservation easements, fee-title acquisitions, and carbon
offsets that result in verifiable conservation gains over status
quo management. Our MOG assessment may also provide
procurement guidance to the private sector regarding avoiding
logging in older forests, as, for example, a recent shareholder
resolution at the Home Depot chain to purchase wood not
coming from old-growth forests16 (accessed May 20, 2022).

Data and model limitations

A limitation of our modeled forest structural maturity is
that it does not directly provide a measure of forest stand age.
Such an effort would need to cross-walk our modeled MOG
areas with on-the-ground forest plot metrics derived from the
FIA dataset. However, our structural maturity levels (Young,
Intermediate, and MOG) overlap well with the FIA Structural
Stage Classification levels (Pole, Mature, and Late) and are
reasonably indicative of forest age classes.

We assumed that for a given Forest Type Group in a given
ecoregion, the level of maturity would be monotonically related
to increasing canopy cover, canopy height and biomass. An
initial visual inspection of the modeled forest maturity map
identified two landscape settings where the forest was likely
erroneously assigned a younger structural class. One was forests
bordering the alpine zone that naturally have a sparser and
shorter canopy and support lower biomass stocks compared
to a similar type at a lower elevation. Less obviously, are
forests in climatically drier ecoregions on exposed topographic
positions that naturally would be sparser, shorter and have
less biomass than similar forest types nearby with higher site
productivity (McKenney and Pedlar, 2003). The Oak/Hickory
Forest Type Group also had some anomalous results with lower-
than-expected areas of Young forest. This is likely the result

16 https://ir.homedepot.com/~/media/Files/H/HomeDepot-IR/2022/
2022%20Proxy%20Statement%20-%20Final.pdf

of substantial wildfire suppression in these fragmented forests
across their range (Nowacki and Abrams, 2008).

The Forest Type Groups, stratified by United States
Ecoregions Level III, were used to represent the major
differences in forest ecosystems. However, as these Groups
are only intended to indicate broad distribution patterns of
forest cover in the United States, modeled with an overall
accuracy of 65% (Ruefenacht et al., 2008). They represent a
highly generalized level of ecological organization within which
resides a rich forest biodiversity that encompasses a range of
natural variability in tree growth rates due to local physical
environmental conditions that means in some locations there
can be a mismatch between stand development and forest
structure.

Discretion should be taken when interpreting the MOG
water overlay given the differing spatial scale of input datasets.
The relative importance to surface drinking water dataset
is provided at the scale of subwatersheds, which vary in
size and shape as their bounds are largely determined by
topographic and hydrologic features of the landscape (USGS
et al., 2013). So, while we presented the water importance
overlay at 30-m resolution, the masked values are from the
coarser dataset, meaning there may be some fine-scale variation
missed. There may also be some correlation between MOG area
and areas highly valuable for surface drinking water, as the
layer incorporates forest metrics including forest cover, forest
ownership and insect and disease risk (Mack et al., 2022). Given
that the index incorporates many other non-forest variables, the
impact of this correlation is likely minimal.

Finally, we did not assess the critical landscape and climate
refugia role that larger and more continuous MOG (e.g., IRAs)
play in a rapidly changing climate, including enabling species
movements (i.e., connectivity up and down elevation, northern
latitudinal shifts) and providing minimum critical areas for apex
predators and other area and climate sensitive species.

Conservation recommendations

President Biden’s Executive Order (White House, 2022) for
forests aims to “institutionalize climate-smart management and
conservation strategies that address threats to mature and old-
growth forests on Federal lands.” Mature forests, which include
the old-growth forest class, provide superior values compared
to logged forests as natural climate solutions (Griscom et al.,
2017; Moomaw et al., 2019) in meeting both White House (2021,
2022) executive orders. Moreover, the 30 × 30 executive order
includes all lands and waters—and not just federal—that require
a combination of conservation measures to achieve this target
(e.g., in regions with little federal lands such as the eastern
region). However, the current status quo management of MOG
and low protection levels on all lands presents unacceptable
risks at a time when the global community is seeking ways
to reduce the rapidly accelerating biodiversity and climate
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crises (Ripple et al., 2021). While our analysis presented three
target scenarios of 30, 50, and 100% protection, there are
climate, biodiversity, and drinking water benefits for choosing
the upper bound 100% target for MOG on federal lands with
additional measures on non-federal lands to compliment a
federal reserve system anchored in MOG. The IRA component
of MOG includes remaining relatively intact forest blocks that
would benefit from elevating the GAP status of IRAs through
enhanced protective measures. One way to do this would be
to introduce national rulemaking that protects all remaining
federal MOG in and out of IRAs. We note that the White
House (2022) also calls for prioritizing the restoration of old-
growth forests as “climate-smart forest stewardship.” In our
view, this can include allowing mature forests to grow into
old growth structurally over time as in the Eastern region in
order to begin restoring the national and regional deficits in
old-growth forests. It can also mean restoring the beneficial role
of wildfires in maintaining diverse understories in fire-adapted
older forests such as many dry mixed conifer, oak-hickory, and
open pine systems (e.g., long-leaf pine wiregrass). Typically,
MOG that have experienced severe natural disturbance are
logged, including within administrative reserves (such as
late-successional reserves under the Northwest Forest Plan
in the Pacific Northwest) and even within IRAs. However,
we recommend protections extend through post-disturbance
successional stages to allow forests to recover carbon stocks
(proforestation, Moomaw et al., 2019) and because most carbon
in severe disturbances simply transfers from live to dead pools
and soils (Law et al., 2021).

A large-scale effort to protect MOG nationwide, including
all primary and old-growth forests within the highest end of
the mature forest spectrum, would help the United States meet
a range of multilateral commitments related to protecting and
restoring ecosystem integrity. Ecosystem integrity has long been
a bedrock principle in the United Nations, recognized in both
the Rio Declaration and Agenda 21, and were agreed to in
1992 at the United Nations Conference on Environment and
Development (UNCED) (the ‘Earth Summit’). The UNFCCC’s
Paris Agreement (UNFCCC 1/CP.21), agreed in 2015, carried
forward the concept of ecosystem integrity in its preamble,
and more recently the Intergovernmental Panel on Climate
Change’s 6th Assessment Report made numerous references
to the fundamental importance of primary forests, ecological
restoration and ecosystem integrity (Intergovernmental Panel
on Climate Change [IPCC], 2022). Similarly, the Convention on
Biological Diversity also recognizes the importance of primary
forests and ecosystem integrity via decisions 14/5 and 14/30
agreed in 2018 at its 14th Conference of the Parties. The
United Nations Strategic Plan for Forests 2030 (ECOSOC
Resolution 2017/4), which builds on the 2007 UN Forest
Instrument (A/RES/62/98 and A/RES/70/199), emphasizes
ending deforestation and preventing forest degradation as
key globally priorities. The United Nations global decade on
restoration was launched in 2021, following on the 2011 Bonn

Challenge, with a target of 350 million ha of restoration,
including a pledge of 15 million ha from the United States. The
UN Sustainable Development Goals also has a goal of halting
and reversing land degradation (United Nations, 2022). Finally,
95 nations, including the United States, recently agreed to
support the 30× 30 initiative as part of their COP15 Convention
on Biological Diversity obligations in June 2022. Mature and
old-growth forest inventories (White House, 2022) provide a
foundation for introducing much needed policies that are based
on the upper bound full protection for MOG, which would allow
the United States to fulfill its international obligations as a leader
in the global effort to end forest degradation and deforestation.
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Abstract
Substitution of wood formore fossil carbon intensive buildingmaterials has been projected to result
inmajor climatemitigation benefits often exceeding those of the forests themselves. A reexamination
of the fundamental assumptions underlying these projections indicates long-termmitigation benefits
related to product substitutionmay have been overestimated 2- to 100-fold. This suggests that while
product substitution has limited climatemitigation benefits, to be effective the value and duration of
the fossil carbon displacement, the longevity of buildings, and the nature of the forest supplying
buildingmaterialsmust be considered.

Introduction

Forest ecosystems represent important stores of global
terrestrial carbon and are the focus of possible climate
mitigation strategies [1–3]. Along with that stored in
forest ecosystems, carbon can be stored in wood
products in-use and after disposal [4, 5]. Another way
forests could mitigate climate change is through
product substitution, a process whereby products
from the forest substitute for others (i.e. concrete and
steel)which, if used, would result inmore fossil carbon
release to the atmosphere [6–16]. While wood-based
buildingmaterials generally embody less fossil-derived
energy in their manufacture than steel and concrete,
resulting in a net displacement of fossil carbon, its
effectiveness as a climate mitigation strategy depends
on the amount of carbon displaced and its duration.
Current estimates of climate mitigation benefits of
product substitution are generally based on three
critical, often unstated assumptions: (1) the carbon
displacement value remains constant [8–16], (2) the
displacement is permanent and therefore of infinite
duration [12–16] which implies no losses via cross-
sector leakage, and (3) there is no relationship between
building longevity and substitution longevity [10].
Below, each of these assumptions is reviewed.

Although most analyses of product substitution
benefits implicitly assume a constant displacement

value over time [8–16], it is subject to change. Schla-
madinger and Marland [12] hypothesized energy sub-
stitution displacement values increase over time
because of increased efficiencies. For product substitu-
tion, I hypothesize it will likely move in the opposite
direction for three reasons. First, changing manu-
facturing methods impact embodied energy: for
example, as long as it is available, the addition offly ash
could lead to a 22%–38% reduction in embodied
energy required for concrete reducing the displace-
ment value [17]. At the same time, increased proces-
sing of wood to create materials suitable for taller
buildings (e.g. cross laminated timbers) would likely
lead to a lower displacement value given laminated
beams have 63%–83% more embodied energy than
sawn softwoods [9, 17]. Second, the increases in
energy efficiency hypothesized by [12] related to rising
energy costs and recycling [9, 18, 19] and as noted by
[8, 16] would also result in a decrease in product sub-
stitution displacement because the key relationship
involves the difference in emissions and not the ratio
as in energy substitution [20] (see supplemental infor-
mation is available online at stacks.iop.org/ERL/14/
065008/mmedia for detailed analysis of the displace-
ment formula). Finally, changing themix of fossil fuels
used to generate energy can also substantially change
the amount of carbon released per unit energy con-
sumed and if natural gas continues to increase relative
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to coal, as has been observed [21], then the displace-
ment value would likely decline in the future. The
same is true if non-fossil energy sources such as solar,
wind, or hydropower are increasingly used as pro-
jected [22].

One possible mechanism leading to permanent
displacement is that fossil carbon not used by the
building sector is also not used in any other sector in
the future. However, this seems unlikely given carbon
leakage [20, 23–25]. While the rate of product sub-
stitution-related leakage is difficult to estimate (in part
because the form and location of the fossil carbon is
not specifically known), it is unlikely to be zero given
fossil carbon-based fuels are expected to be depleted in
the next 107–235 years [26, 27] (see supplemental
information). Even if these depletion time estimates
are off by centuries, the duration of the displacement is
not infinite and the claim that ‘saved fossil emissions
are forever’ [12] is untenable. I hypothesize that with-
out a mechanism to prevent its use, that fossil carbon
displaced by product substitution will gradually be
released by other sectors andwill not be excluded from
depletion as implied by [10, 12].

The key assumption of no relationship between
product longevity and product substitution longevity
has been asserted [10], but not fully explained. If there
always is a preference for non-wood building materi-
als, then avoiding their use avoids fossil carbon emis-
sions, hence the displacement would continue to
accumulate [20]. However, if wood is preferred then
the use of wood does not necessarily increase cumula-
tive displacement [20]. Despite differences in regional
preferences for wood [28], most if not all assessments
of product substitution tacitly assumewood is not pre-
ferred and that preferences never change. As a con-
sequence, the product substitution store never
saturates and implying there is no negative feedback in
the net cumulative displacement. In all other forest-
related carbon pools, a negative feedback exists
between pool size and output (i.e. they are donor con-
trolled systems): the larger the pool size, the larger the
output flow. This causes these pools to saturate in time
as long as the input remains constant. It is striking that
this behavior is true for wood products, but not for
product substitution (see supplemental information).
In [12] product and energy substitution are treated the
same. However, I believe they are quite different. In
the case of energy, once energy is used it does not have
a lifespan or store per se. However, in the case of wood
products when the product lifespan is exceeded it has
to be replaced with either wood-based or some other
materials. If it is the former, the fossil carbon displace-
ment continues, but does not necessarily increase [20]
(see supplemental information). If it is the latter, the
fossil carbon that was displaced is released to the
atmosphere [20]. I therefore hypothesize that when
wood is or becomes the preferred building material
the product substitution pool has a negative feedback
directly related to building longevity.

The objective of this study is a sensitivity analysis
of these three assumptions and their impact on pro-
jected climate mitigation benefits. In addition to
examining each assumption separately, I examined
how they might work together to determine whether
product substitution carbon benefits eventually
become as large relative to the forest ecosystem and
harvested materials as previous analyzes suggest
[10–15]. To perform this analysis I used a relatively
simple landscape model assuming an idealized, regu-
lated system and focused on conditions in which
product substitution benefits would be highest (i.e.
clear-cut harvest, high manufacturing efficiency, and
maximum use of products in buildings). The cases
examined are therefore illustrative of the kinds of
behavior the assumptions create, but not an exhaus-
tive analysis of all forest ecosystems, management or
manufacturing systems. Nor does the analysis try to
identify the most likely values of displacement factors,
carbon leakage, or product lifespans: e.g. [29, 30].

Methods

Each of the three assumptions was examined individu-
ally and then jointly for three contrasting initial
conditions using a simple landscapemodel1 that tracks
the stores for the live, dead, and soil carbon pools in
the forest ecosystem, the products in use and disposal,
and the virtual carbon stores associated with product
substitution. Each of these pools was modeled as a
simple input–output, donor controlled sub-model
following first order dynamics inwhich the outputwas
regulated by a rate-constant describing the fraction
lost per year. For product substitution, the fossil
carbon displaced was the input, and losses were
associated with use of fossil carbon by other sectors
(hereafter called leakage losses) and those associated
with the replacement of wooden buildings (hereafter
called replacement losses). All simulations were con-
ducted for a 300 year period as in [8] using a 50 year
harvest cycle.

Displacement decline
In this set of simulations I assumed no losses
associated with leakage or building replacement. The
initial displacement value of 2.1 Mg C per 1 Mg C
wood use [20] was reduced by 25%, 50% and 100%
over either a 25, 50, or 100 year period. The 100%
decline represents the possibility that fossil carbon will
be completely replaced as a source of energy in the
location of manufacture. As a control, the displace-
ment valuewas assumed to not decline.

1
A more complete description of the model and parameters are

available as supplemental information online.
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Leakage losses
In this set of simulations I assumed the displacement
value remained 2.1 Mg C per 1 Mg C wood use and
there were no losses associated with building replace-
ment. To examine the sensitivity of substitution
benefits to cross-sector leakage, I simulated five
possible scenarios: (1) no leakage, (2) 12%, (3) 6%, (4)
3%, (5) 1.5%, (6) 0.75, and (7) 0.375% yr−1. In these
scenarios leakage via other sectors was assumed to be
continuous and not a one-time phenomenon. While
expressed as a constant percentage lost per year, these
values imply depletion times ranging between 25 and
800 years, which are 71%–340% of the currently
estimated range of 35–235 years [26, 27].

Replacement losses
In this set of simulations I assumed the displacement
value remained 2.1 Mg C per 1 Mg C wood use and
there were no losses associated with cross-sector
leakage. I varied the average building life-span to be
25, 50, 100, and 200 years, which bracket current
estimates2. To provide a comparison to past studies, I
reduced replacement losses to zero since this para-
meterization mimics the consequences of assuming
no relationship between building longevity and
product substitution longevity (see supplemental
information).

Overall effect
To assess the overall effect of product substitution
assumptions I examined a clear-cut system for three

possible initial conditions: (1) an old-field planted to a
production forest, (2) a production forest that origi-
nated from an old-growth forest landscape that began
conversion 100 years ago, and (3) an old-growth forest
converted to a production forest. In each case I
assumed that 65% of the live carbon would be
harvested, that 75%of that harvest would be converted
into buildings. To explore the sensitivity of the
assumptions on their overall impact I used the
displacement and leakage loss parameter values that
gave the minimum, median, and maximum effect
based on the earlier simulations. In the case of
replacement losses, I assumed an average building
lifespan of either 50 years, 100 years, or an infinite
number of years. The various combinations resulted
in 47 simulations per initial condition. The model
parameterization was based on a productive forest in
the Pacific Northwest, a major source of wood
buildingmaterials andUS carbon stores [31].

Results

Displacement decline
There was a direct relationship to the total product
substitution virtual store and the degree displacement
declined, although the faster the decline in the
displacement, the lower the final value (figure 1). For
example, a 25%decline in 25, 50, and 100 years led to a
final reduction in the product substitution virtual store
of 24.3%, 23.6%, and 22.3%, respectively. This
suggests that while the timing of the decline had an
effect, themajor response was to the level. The product
substitution virtual store saturated only for the cases in
which displacement went to zero and even if this took
100 years, product substitution stores estimates at
300 years were reduced by≈89%.

Figure 1.Accumulation of product substitution carbonwhen displacement is reduced 25%–100%over a 25–100 year period for a
50 year clear-cut harvest interval. For these simulations losses via leakage and replacement were zero3.

2
Estimates of housing longevity are highly variable with exponential

rate-constants ranging from 0.0069/y to 0.03/y [12–16]. In some
cases building longevity has been modeled as a step function, with
rapid losses after 80 years [10–11]. These estimates give an average
lifespan or turnover time of 33–144 years. I explored a range of 25 to
200 years to bracket this uncertainty. Note that the average lifespan
is not the same as themaximum lifespan of buildings: for an average
lifespan of 50 years, themaximum lifespanwould be over 230 years.
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Leakage losses
Regardless of the time required for cross-sector leakage
to occur, this process substantially limited the product
substitution virtual store relative to the case without
leakage (figure 2). With a leakage as low as 0.375% yr−1

(≈one-third the current estimate of the minimum
depletion rate [27]) the store at 300 years was ≈40%
lower thanwhen therewas no leakage. If the leakage rate-
constant was 12% yr−1, then≈97% less would be stored
relative to the no leakage scenario. Moreover, if the
current range of depletion times (i.e. 35–235 years) is
correct, then cross-sector leakage would reduce the
estimates by 78%–96%. This indicates that leakage via
other sectors may substantially undermine any attempt
to displace fossil carbonusingproduct substitution.

Replacement losses
For an average building longevity of 50 years the
product substitution store at 300 years was ≈17% of

that of the case in which product substitution behaved
as if it had infinite lifespan (figure 3). Even when
average building lifespan was 200 years, this store at
300 years was ≈52% that of when product substitu-
tions behaved as if they had an infinite lifespan. This
indicates that assuming no relationship between
product substitution lifespan and building lifespan
overestimates benefits.

Overall effect
Product substitution, estimated using past assump-
tions regarding displacement decline, leakage, and
relationship to building longevity, increased for each
initial condition; increasing the most when old-
growth forests were harvested (figure 4). When alter-
native assumptions about product substitution were
used, the shape of the product substitution accumula-
tion curve varied: generally increasing for the old-field
conversion to an asymptote, decreasing or increasing

Figure 2.Accumulation of product substitution carbonwhen the time for displacement to be lost via leakage varies from25 to
800 years for a 50 year clear-cut harvest interval. Displacementwas assumed constant and replacement losses zero3.

Figure 3.Accumulation of product substitution carbonwhen the average longevity of building varies for a 50 year clear-cut harvest
interval. For these simulations displacementwas constant and therewere no leakage losses3.

4
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to an asymptote for the plantation system depending
on replacement assumptions, and for most combina-
tions reaching a peak at 10–40 years for the old-growth
forest converted to a plantation scenario. This analysis
indicates that to increase the overall amount of carbon
stored in the system, that conversions of old-growth
forests in the Pacific Northwest to plantations should
be avoided, whereas creation of plantations on old-
fields should be encouraged. Moreover, existing plan-
tation systems are unlikely to increase their carbon

stores unless building longevity is substantially
increased (figure 4(e)).

Regardless of the initial conditions, product substitu-
tion was lower when alternative assumptions regarding
displacement decline, leakage, and relationship to build-
ing lifespan were used, ranging from virtually zero to
80% of the past assumptions at year 300 depending on
the parameter values assumed (tables S-2 to S-4). At the
very least this suggests product substitution estimates are
extremely uncertain.However, 85%of the 141 combina-
tions examined were <50% than currently estimated.
Those few exceeding 50% involved the assumption that
substitution replacement losses were zero (i.e. an infinite
lifespan) and had either an unrealistically low rate of

Figure 4.Accumulation of ecosystem, products in-use and disposed, and product substitution carbon stores for a 50 year clear-cut
harvest interval in the PacificNorthwest for three possible scenarios: a plantation forest established on an agricultural field (A), (D); a
production forest system that is continued (B), (E); an old-growth forest replaced by a forest plantation (C), (F). For past assumptions
there was no decline in displacement value, therewas no leakage, and buildings were assumed to have an infinite lifespan3,4.

3
Seefigures S-7 to S-10 for detailed view of thefirst 50 years.

4
See supplemental text and figure for similar results for a productive

SoutheasternUS forest.
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leakage (i.e. less than one-third that indicated by the
maximum depletion time) or a minimal decline in dis-
placement. Moreover, although past assumptions would
indicate product substitution forms a large share of car-
bon stores at year 300 (74%–80% depending on the
initial conditions), 90% of the alternative combinations
examined indicated it was less than 50%. The combina-
tions in which product substitution stores comprise the
majority share of stores assumed an infinite lifespan and
either minimal displacement decline or extremely low
cross-sector leakage rates (tables S-2 to S-4).

Discussion

Past analyses suggest product substitution benefits at
the landscape level continue to increase at a constant
rate into the future [6–16]. Moreover, they imply that
while a carbon debt can be created in some situations
(e.g. harvest of primary forests), that this debt is
eventually paid back via product substitution
[10, 12, 32]. While I examined only a few illustrative
cases, in the case of product substitution, these debts
would not be paid back if the displacement declines or
there are losses via cross-sector leakage or related to
product replacement. That is because negative feed-
backs associated with losses can prevent product
substitution from accumulating forever. These nega-
tive feedbacks could exist regardless of the forest
ecosystem, the harvest system, and the efficiency of
processing harvests into products as well as the
proportion allocated to buildings. Thus, while I did
not examine the effect on a wide range of ecosystems,
or alternative harvest systems, or systems in which
buildings are minor faction of harvested carbon, these
underlying relationships would not be altered for these
new situations4.

The assumption that the product substitution
benefit has no losses (e.g. [10]) results in at least two
sets of untenable predictions: (1) if fossil fuel carbon
is stored each time a wooden building is con-
structed, then theoretically it would be possible for
fossil fuel carbon to be stored long after this carbon
has been depleted by other sectors; hence this
assumption may violate the conservation of mass;
(2) this assumption also views the following as the
same: (a) harvest that completely replaces wood
building losses, (b) harvest that does not replace
wood building losses, (c) harvest that exceeds wood
building losses leading to more wood buildings, and
(d) wood buildings that are not replaced. These
cases clearly differ [20] (see supplemental informa-
tion). This assumption also introduces a logical
inconsistency: products appear to have different
lifespans depending on whether their direct carbon
(finite) or substitution carbon (infinite) effects are
being considered (figure S-4).

Although displacement decline over time influ-
ences the accumulation of product substitution bene-
fits, its effect is smaller than leakage or replacement
losses. In contrast, leakage loss has as dramatic effect as
longevity even if it occurs at a very slow rate implying
the effect of product substitution is to delay eventual
fossil carbon release, but not to stop it altogether. This
may be important because it buys time, but this is not
the same as the displaced fossil carbon never being
released as suggested by [10, 12].

Collectively the past assumptions commonly used
to assess the mitigation benefits of product substitu-
tion lead to a carbon pool that does not saturate caus-
ing the product substitution pool to eventually exceed
the carbon stores in the forest ecosystem and in the
associated wood products. Moreover, because there
are no losses from the products substitution pool, its
highest rate of increase occurs for the harvest interval
providing the highest yield, typically a very young age
relative to the forest ecosystem carbonmaximum [32].
With no relationship to building longevity, there is no
relationship to the size of the wood products pool
despite the fact that more wooden buildings would
implymore success in displacing fossil carbon. Finally,
this set of assumptions makes product substitution
benefits relatively insensitive to the initial conditions
of the forest ecosystem because product substitution
benefits always increase over time.

The alternative set of assumptions explored here
suggests that the highest overall climate mitigation
may not necessarily be achieved by maximizing the
harvest yield using short rotation forestry [33]. More-
over, if product substitution is the primary climate
mitigation strategy, wood building materials need to
keep their carbon advantage by maintaining or
increasing their displacement value. This suggests
that while wood can be used in buildings taller than
the general current practice, this may have less miti-
gation value than anticipated if these materials
embody more fossil energy than current wood-based
materials. Given the strong potential relationship
between building and product substitution longevity,
increasing the life-span of buildings or reusing build-
ing materials could potentially help meet future
demand and increase mitigation benefits. Without a
policy to assure that fossil carbon displaced by one
sector is not used by another sector, product sub-
stitution benefits could be quite limited. While it is
unlikely any policy could completely eliminate cross-
sector leakage, designating long-term reserves might
delay releases until their climate impacts are reduced
to acceptable levels.

Conclusions

Despite its general and limited nature, this sensitivity
analysis found that product substitution benefits
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have likely been overestimated for many scenarios
and are generally smaller than those related to the
forest ecosystem and their derived products. This
new analysis suggests that if product substitution is to
be used as part of a climate mitigation strategy, then
more attention will have to be paid to maintaining
the amount of carbon displaced, reducing the rate of
carbon cross-sector leakage, and increasing the long-
evity of buildings. This new analysis also suggests that
the best strategy for forest-related climate mitigation
for an important timber region, the Pacific North-
west, is largely determined by the initial conditions of
the management system. Afforestation leads to an
increase in carbon stores in the ecosystem, wood
products, and substitution benefits formany decades.
On existing production forests, substitution benefits
could be maintained by continuing the current
system or increased by harvesting more (but only as
long as ecosystem carbon stores do not decline) and/
or increasing the longevity of buildings. Conversion
of older, high carbon stores forests to short rotation
plantations would over the long-term likely lead to
more carbon being added to the atmosphere despite
some of the harvested carbon being stored and
production substitution occurring [33].
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Abstract
Atmospheric greenhouse gases (GHGs)must be reduced to avoid an unsustainable climate. Because
carbon dioxide is removed from the atmosphere and sequestered in forests andwood products,
mitigation strategies to sustain and increase forest carbon sequestration are being developed. These
strategies require full accounting of forest sectorGHGbudgets. Here, we describe a rigorous approach
using over onemillion observations from forest inventory data and a regionally calibrated life-cycle
assessment for calculating cradle-to-grave forest sector emissions and sequestration.We find that
WesternUS forests are net sinks because there is a positive net balance of forest carbon uptake
exceeding losses due to harvesting, wood product use, and combustion bywildfire.However, over
100 years ofwood product usage is reducing the potential annual sink by an average of 21%, suggesting
forest carbon storage can becomemore effective in climatemitigation through reduction in harvest,
longer rotations, ormore efficient wood product usage. Of the∼10 700millionmetric tonnes of
carbon dioxide equivalents removed fromwest coast forests since 1900, 81%of it has been returned to
the atmosphere or deposited in landfills.Moreover, state and federal reporting have erroneously
excluded some product-related emissions, resulting in 25%–55%underestimation of state total CO2

emissions. For states seeking to reachGHG reductionmandates by 2030, it is important that state CO2

budgets are effectively determined or claimed reductions will be insufficient tomitigate climate
change.

Introduction

Heat trapping greenhouse gases (GHGs) are being
added to the atmosphere at an accelerating rate by
fossil fuel combustion and land use change. Climate
change consequences were recently described by
the Intergovernmental Panel on Climate Change
(IPCC) and theUnited States National Climate Assess-
ment (USGCRP 2018). The IPCC Special Report
(IPCC 2018), Global Warming of 1.5 °C, concludes
that to keep global average temperature below 1.5 °C
by 2100, it is essential to reduce fossil fuel emissions by

45% by 2030, while substantially increasing the
removal of atmospheric CO2. Both reports emphasize
the need to increase atmospheric CO2 removal strate-
gies by forests in addition to sustaining current forest
carbon uptake (Houghton and Nassikas 2018). Some
states in theUShave set targets for reducingGHGs that
include forest climate mitigation options (Anderson
et al 2017, Law et al 2018), yet consistent, rigorous
accounting methods are required for evaluating
options. Challenges include determining the extent
that forests, harvest operations, and wood products
affect GHGbudgets and emissions accountability.
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The most recent global carbon budget estimate
indicates that land-based sinks remove 29%of anthro-
pogenic emissions (including land use change) with a
significant contribution from forests (Le Quéré et al
2018). However, none of the agreements or policies
(IPCC 2006, NRCS 2010, Brown et al 2014, Doe 2017,
EPA 2017, Duncan 2017) provides clear and consistent
procedures for quantitatively assessing the extent for-
ests and forest products are increasing or reducing car-
bon dioxide concentrations in the atmosphere.
Assessments are challenging because they involve
components that require multiple types of expertise
and accounting methods (i.e. forest ecosystem pro-
cesses, wood products, and inherently uncertain sub-
stitution credits). Methods are often in disagreement
over the wood product Life Cycle Assessment (LCA)
assumption of a priori carbon neutrality, where bio-
genic emissions from the combustion and decomposi-
tion of wood is ignored because the carbon released
from wood is assumed to be replaced by subsequent
tree growth in the following decades (EPA 2016).
Despite a multitude of analyses that recognize that the
assumption is fundamentally flawed (Harmon et al
1996, Gunn et al 2011, Haberl et al 2012, Schulze et al
2012, Buchholz et al 2016, Booth 2018), it continues to
be used in mitigation analyses, particularly for wood
bioenergy.

Forests are sustainable net sinks as long as forest
carbon uptake from the atmosphere exceeds emis-
sions from harvesting, wood product use and decom-
position, and wildfire. Wood products ultimately
release CO2 to the atmosphere as they are manu-
factured, disposed of, and decompose or are burned.
However, because of concerns about double-count-
ing, significant emissions associated with harvest and
wood product use have not been counted for any sec-
tor (EPA 2018). These emissions are often not inclu-
ded in state CO2 budget estimates (Brown et al 2014,
Oregon Global Warming Commission 2017), even
when they are included in national budgets
(EPA 2017) (table S1 is available online at stacks.iop.
org/ERL/14/095005/mmedia). If US states intend to
use forests for mitigation strategies, theymust account
for all contributing sources and sinks of forests and
forest-derived products (Stockmann et al 2012,
IPCC2014).

By focusing on a region with sufficient informa-
tion to conduct a meaningful LCA, we demonstrate
how a quantitative assessment of forests, management
practices and wood products can assess the actual role
played by forests and forestry practices in managing
atmospheric CO2.We calculate the regional forest car-
bon balance (from 2001 to 2016) using observations
from over 24 000 forest inventory plots in Washing-
ton, Oregon, and California (states with GHG reduc-
tion mandates). Net forest sector carbon balance is
quantified using an improved LCA including harvest,
transportation, manufacturing, wood product pool
storage and decay, emissions associated with fire, and

substitution for both building construction and
energy production. We specifically consider global
warming potential associated with carbon dioxide and
do not include additional GHGs such as nitrous oxide
and methane. Our aim is to provide an accurate cra-
dle-to-grave, transparent and transferable accounting
method of all forest-derived carbon for other states
and countries with GHG reduction mandates
(figure 1; box 1;figure S1; tables S2–S6).

Results

WesternUS forest ecosystemCO2balance
(2001–2016)
Forest carbon uptake and release (net ecosystem
production (NEP); figure 1(a)) controlled by ecosys-
tem biological processes is calculated as the balance
between forest carbon uptake (net primary production
(NPP)) and forest carbon release through the decom-
position of dead organic matter (heterotrophic
respiration; Rh). In this study, a negative number
indicates a net carbon sink (removal from the atmos-
phere) and a positive number indicates a net carbon
source (addition to the atmosphere). The coastal
Western US states together are a strong forest carbon
sink with NEP of −292±36 million metric tonnes
(MMT) CO2e per year (−857 g CO2e m−2 yr−1)
(table 1; table S1), and account for approximately 60%
of totalWesternUS forest NEP (coastal, southwestern,
and intermountain regions).

In addition to NEP, disturbances from harvest and
wildfire influence estimates of net ecosystem carbon
balance (NECB=NEP minus losses Chapin et al
2006; figure 1(a)). In the Western US states, the sig-
nificant carbon losses from the forest are primarily
from removals of wood through harvest, decomposi-
tion or burning of aboveground and belowground
harvest residues, and wildfire (Law andWaring 2015).
Significant harvest has been occurring in the western
US since the early 20th century (figure S2). Up to 40%
of the harvested wood does not become a product and
the products themselves decay over time, resulting in
product accumulation much smaller than the total
amount harvested (figure 2(a); solid line) (Harmon
et al 1996, Dymond 2012, Williams et al 2016,
EPA 2017). Emissions include combustion of wood
that does not become a product, combustion for
energy, decomposition and/or combustion at end-of-
life (table 1; rows 5, 6, 9, and 10). When these carbon
losses are accounted for, these forests remain sig-
nificant carbon sinks at −187±33 MMT CO2e per
year (−551 g CO2e m

−2 yr−1), with the largest sink in
California (40%) followed by Oregon (33%) and
Washington (27%). Despite California having twice
the fire emissions of the other states (∼10 versus
∼5 MMT CO2e yr−1 per state) the ranking is due
to much lower harvest removals in California
(∼12MMT CO2e yr

−1) compared to almost double in
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Washington (∼20MMTCO2e yr
−1) and triple in Ore-

gon (∼31 MMT CO2e yr
−1). Fire emissions are a third

of harvest removals region-wide.
Building on our earlier work (Harmon et al 1996,

Hudiburg et al 2011, Law et al 2018), we developed a
modified cradle-to-grave model (Forest-GHG) for
combining the balance of carbon captured in forest
ecosystems, wood product use, lifetime emissions, and
eventual return to the atmosphere or long-term sto-
rage in landfills. Forest-GHG tracks emissions asso-
ciated with harvest of wood and manufacturing,
transport and use of wood products. Harvest removals
result in immediate (combustion of residues on-site or

as mill residues with and without energy recapture),
fast (short-lived products such as paper), decadal
(long-lived products such as wood) and centuries-long
(older buildings and land-filled) timeframes before
emissions are released back to the atmosphere
(figures 1(b) and S1). Our model includes seven pro-
duct pools and temporally dynamic recycling and
landfill rates. Most importantly, we now include a
more mechanistic representation of longer-term
structural wood in buildings, by moving beyond a
simple half-life with exponential decay (figure 3 and SI
methods and SI tables 2–6). Our new building
cohort-component method tracks decay of short- and

Figure 1.Conceptual diagramof Forest-GHG (a) describes the natural, land-based forest carbon sinkwhere the net of growth and
decomposition is net ecosystemproduction (NEP), and after accounting for removals fromfire and harvest, the balance is net
ecosystem carbon balance (NECB), (b) describes the cascade of wood products until eventual deposition in landfills or the atmosphere
and shows the pathway of emissions.
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long-lived building components annually, and the lag
time associated with these losses (figure S3). Our wood
bioenergy substitution credits (Sathre and O’Connor
2010) include wood waste from harvest, mill residues,
and wood products displacement of more fossil fuel
intensivematerials.

Using our component tracking LCA, we found
that of the ∼10 700 MMT CO2e of wood harvested in
all three states since 1900 (figure 2), only 2028 MMT
CO2e are currently stored in wood products with half
stored in Oregon (1043 MMT CO2e). In just over 100
years, Oregon has removed the equivalent of all live
trees in the state’s Coast Range forests (Law et al 2018),
and returned 65% to the atmosphere and transferred
16% to landfills. Even though these are some of the
most productive and carbon dense forests in the world

(Hudiburg et al 2009), the carbon accumulated in
much of the removed biomass took up to 800 years to
accumulate—and cannot be recovered if currentman-
agement practices continue.

Forest harvest-related emissions have averaged
107 MMT CO2e annually from 2001 to 2016 (table 1;
row 5, 6, 9, and 10). Emissions are highest from decay
of the wood product pool that has been accumulating
for over 100 years (table 1 row 10; figures 3 and S3).
This is after accounting for recycling and semi-perma-
nent storage in landfills. Structural wood product
decay for long- and short-term components (wood in
buildings; figure 3) account for about 30%–35% of
wood product and landfill decomposition while paper
and non-building wood products account for about
65%–70%. Under this complete accounting, the

Figure 2.Woodproduct inputs and outputs from1900 to 2016 forWashington, Oregon, andCalifornia. (A)Cumulative production
inMMTCO2e per year assuming no losses over time (dotted grey line) versus the realized in-usewood product pool over time after
accounting for decay (losses). (B)Yearly product inputs over time (blue line) that represents the fraction of harvest (removedwood)
that becomes a product versus the decay emissions from the pool over time (red line).

Table 1.Average annual total fluxes by state and region from2001 to 2016. All units are inmillionMTCO2e.Negative numbers indicate a
carbon sink (CO2 is being removed from the atmosphere). Themore negative the number, the stronger the sink. Grey shading is used to
indicate net values that represent carbon sink strength both before and after removals are accounted for.

Ecosystem Washington Oregon California Total

1. Forested area (million hectares) 9.7 12.4 11.9 34.0

2.Net ecosystemproduction (NEP) −89.9 −102.0 −99.8 −291.6

3. Fire emissions 5.1 5.3 10.3 20.7

4.Harvest removals 18.5 30.5 11.5 60.5

Net ecosystem carbon balance (NECB) (sumof rows 1 through 4) −66.4 −66.2 −78.0 −210.5

Forest industry Washington Oregon California Total

5.Harvest residue combustion (onsite) 3.9 6.5 2.5 12.9

6.Harvest, transportation,manufacturing (FFE emissions) 2.8 4.6 1.6 9.0

7.Wood product pool annual inputs −18.5 −30.5 −11.5 −60.5

8. Landfill annual inputs (fromproducts) −6.8 −11.9 −4.2 −22.9

9.Woodmanufacturing losses 3.9 6.5 3.9 14.3

10.Wood product and landfill decomposition 21.4 36.2 13.3 71.0

Net forest sector carbon balance (NECB+sumof rows 5 through 10) −59.5 −54.7 −72.4 −186.6

11.Wood product substitution (wood) −3.0 −4.9 −1.6 −9.4

12.Wood product substitution (energy) −1.8 −3.0 −1.8 −6.6

Net forest sector carbon balance (with credits; NECB+sumof rows 5 through 12) −64.3 −62.6 −75.8 −202.7
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lowest contribution to overall emissions is from fossil
fuel usage during harvest, transportation, and manu-
facturing, i.e. less than 10% of total wood product-
related emissions in the three states.

We found that wood-related substitution for con-
struction materials (0.54 fossil fuel carbon emissions
avoided per unit carbon of wood; table 1 row 11) and
energy (0.68 fossil fuel carbon emissions avoided;
table 1 row 12)may offset 18% of forest industry emis-
sions. This assumes 50% of wood-derived construc-
tion products are substituted for a non-wood product
and that 75% of mill residues are substituted for fossil
fuel energy (Berg et al 2016).

We varied the maximum average life spans of the
wood products used in construction (e.g. buildings) to
examine its effect on emissions estimates. Emissions
areminimally reduced by 2%–4% in each state when a
longer average maximum lifespan is used (100 years)
for the long-term building components and mini-
mally increased by 2%–3% when a shorter average
maximum lifespan is used (50 years, which is themean
lifetime of buildings in theUS EPA 2013).

Combined, the US west coast state forest sector
(cradle-to-grave) is a net carbon sink, removing
∼187 MMT CO2e annually from the atmosphere and

potentially reducing fossil fuel emissions by up to
another 20 MMT CO2e through product and energy
substitution. Harvest-related emissions reduce the
natural sink (NEP—Fire) by 34, 46, and 27% for
Washington, Oregon, and California, respectively.
When substitution credits are included, this changes
to reductions of 27%, 37%, and 23%. Harvest rates
have been highest in Oregon (table 1), contributing to
increasing wood product emissions and the largest
reductions to forest sink capacity.

Discussion

NECB is a good estimate of ecosystem carbon uptake,
e.g. for carbon offsets programs (Anderson et al 2017),
and can be compared spatially with changing environ-
mental conditions or disturbances, but is an incom-
plete calculation of the entire forest sector emissions.
It does not include emissions from wood products
caused by machinery, transport, manufacturing and
losses—emissions that can equal up to 85%of the total
versus 15% from fire, insects, and land use change
(Williams et al 2016). Nor does it account for the
storage and subsequent release of carbon in varying

Figure 3.Conceptualmodels of the Forest-GHGcohort-componentmethod for: (a)mass loss in a cohort of buildings with a 75 year
average life span that accounts for the short and long-termportions of buildings and (b)mass remaining in a single building cohort
over time (with replacement). Data presented is based on the 1900 cohort of single-family homes built inOregon.
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end uses with varied product lifetimes. Given that not
all harvested wood is an immediate source to the
atmosphere and very little harvested wood is stored in
perpetuity, it is essential to track associated emissions
over time. For state- or region-level carbon budgets, a
cradle-to-grave carbon LCA should be combined with
the ecosystem carbon balance (NEP and NECB) to
account for howmuch the forestry sector is contribut-
ing to or offsetting total carbon emissions.

If wood buildings are replaced by wood buildings,
substitution is not occurring, and because wood is pre-
ferred for construction of single-family housing in
North America, some of our substitution values are
overestimated (Sathre and O’Connor 2010). Wood
products store carbon temporarily, and a larger wood
product pool increases decomposition emissions over
time (figure 3). This emphasizes that increasing the
wood product carbon sink will require shifts in pro-
duct allocation from short-term to long-term pools
such as reclaimed (re-used) wood products from
demolition of buildings, and reduction of product
manufacturing losses (EPA 2016). Clearly, there is
potential for climate mitigation by using forests to
sequester carbon in biomass and reduce losses asso-
ciatedwith thewood product chain (Law et al 2018).

It is argued that there may be reductions in fossil
carbon emissions when wood is substituted for more
fossil fuel intensive building materials (e.g. steel or
concrete) or used as an alternative energy source
(Butarbutar et al 2016). Substitution is a one-time
credit in the year of the input. Studies have reported a
range of substitution displacement factors (fromnega-
tive to positive displacement; Sathre and O’Connor
2010, Smyth et al 2017), but we found no study that
has tracked the actual amount of construction product
substitution that is occurring or has occurred in the
past in the United States. This makes substitution one
of the most uncertain parts of this carbon budget. It
may be more easily tracked in the fossil fuel sector
through a decrease in emissions because of reduction
in product supply, in which case it would be double
counting to then include it as a credit for the forest sec-
tor.We show results with and without the substitution
credit (a decrease in forest sector emissions) because it
cannot be verified.We show the potential impact it has
on the overall forest sector carbon sink, even though
the displacement factor may be unrealistically high
(Smyth et al 2017, Dugan et al 2018). For forest sector
emissions assessments, the uncertainty suggests exclu-
sion of the credit.

Currently, state’s GHG accounting budgets are
incorrect because they are not full cradle-to-grave esti-
mates of all CO2 emissions associated with forest nat-
ural processes and human influences. For accurate
GHG accounting, these emissions should be included
in the forestry sector as they are not accounted for by
state’s energy and transportation sectors (IPCC 2006)
(table S1). The US EPA reported average fossil fuel
CO2 emissions of 491 MMT CO2e yr

−1 for the three

states combined (2013–2016). Forest industry harvest,
transportation, and manufacturing fossil fuel emis-
sions are included in this total. However, it is unclear
to what extent wood product decay and combustion
emissions are also counted in state budgets. In Ore-
gon, they are not included at all, resulting in state CO2

emissions that have been underestimated by up to
55% (Oregon Global Warming Commission 2017,
Law et al 2018). Washington includes combustion
emissions from the current year’s harvest (table 1;
Manufacturing losses; row 9), but not fromwood pro-
duct decay, resulting in up to a 25% underestimation
of state CO2 emissions. Because California’s emissions
from other sectors are so high (76% of regional total),
and harvest rates have been historically lower than in
Oregon and Washington, the impact of not including
these emissions is very small as a proportion of the
total. Although fire in California has received much
attention, it only accounts for 3% of the state’s total
fossil fuel CO2 emissions.

These underestimates are especially alarming for
Oregon where GHG reduction targets are to be 10%
below 1990 levels by 2020 and at least 75% below 1990
levels by 2050 (Pietz and Gregor 2014). California and
Washington emissions are to be reduced to 1990 levels
by 2020 (Nunez 2006), and 80% and 50% below 1990
levels by 2050 (Washington State 2008), respectively.

In contrast, the US EPA reports emissions from
wood product decay and landfills (EPA 2017) per the
IPCC guidelines (IPCC 2006) (table S1). However,
combustion emissions from logging and mill residues
are not reported (EPA 2017). Moreover, ecosystem
carbon losses are indirectly estimated through changes
in biomass pools with measurement uncertainty that
can be greater than the change (Ferster et al 2015). So
even at the national level, emissions (as a fraction of
fossil fuel emissions)would be underestimated by 10%
and 24% in Washington and Oregon, respectively.
Undoubtedly, there are implications for reduction
mandates when the magnitude of emissions them-
selves are incorrect.

Conclusions

The goal for all societies and governments as stated in
Article 2 of the United Nations Framework Convention
on Climate Change (Oppenheimer and Petsonk 2005)
should be ‘Kstabilization of GHG concentrations in the
atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system.’
The Paris Climate Agreement (UNFCCC 2015) aims to
keep global average temperature from rising by nomore
than 2 °C above preindustrial levels, and if possible no
more than 1.5 °C. Forests are identified as part of the
strategy (UNFCCC2015).

Although some US states have attempted to quan-
tify a portion of forest-related emissions, improved
estimates are essential to track emissions to meet
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reduction goals. We identified the main components
that should be part of the forest sector state estimates.
We found that emissions have been underestimated by
up to 55% in Oregon and 25% in Washington, and
that at present, these emissions are not reported in
state GHG reporting guidelines. The accuracy of forest
sector emissions estimates can be improved with sub-
regional data on residential and commercial building
lifespans, recycling, verifiable substitution benefits
and accurate monitoring of growth rates of forests.
However, verifiable substitution of one material for
another may be more readily quantified in the fossil
fuel sector.

The 2006 IPCC GHG guidelines provide three dif-
ferent approaches for calculating emissions from har-
vested wood products (IPCC 2006) (including
reporting ‘zero’) and reporting of this component is
not required by UNFCCC. To complicate accounting
further, several studies have shown that using the dif-
ferent recommended approaches results in emissions
that differ by over 100% (Green et al 2006, Dias et al
2007). Moreover, according to IPCC and UNFCCC,
emissions of CO2 from forest bioenergy are to be
counted under land use change and not counted in the
energy sector to avoid double counting. However, this
provides a ‘loophole’ leading to their not being coun-
ted at all.

The United States government currently requires
all federal agencies to count forest bioenergy as carbon
neutral because the EPA assumes replacement by
future regrowth of forests somewhere that may take
several decades or longer (EPA 2018). While it is theo-
retically possible that a replacement forest will grow
and absorb a like amount of CO2 to that emitted dec-
ades or a century before, there is no guarantee that this
will happen, and the enforcement is transferred to
future generations. In any rational economic analysis,
a benefit in the distant future must be discounted
against the immediate damage associated with emis-
sions during combustion. Furthermore, the goal for
climate protection is not climate neutrality, but rather
reduction of net GHGs emissions to the atmosphere to
avoid dangerous interference with the climate system.
Allowing forests to reach their biological potential for
growth and sequestration, maintaining large trees
(Lutz et al 2018), reforesting recently cut lands, and
afforestation of suitable areas will remove additional
CO2 from the atmosphere. Global vegetation stores of
carbon are 50% of their potential including western
forests because of harvest activities (Erb et al 2017).
Clearly, western forests could do more to address cli-
mate change through carbon sequestration if allowed
to grow longer.

Since it is now clear that both CO2 emissions and
removal rates are essential tomeet temperature limita-
tion goals and prevent irreversible climate change,
each should be counted and reported.We recommend
that international agreements and states utilize a con-
sistent and transparent carbon LCA that explicitly

accounts for all forest and wood product storage and
emissions to determine compliance with goals to
lower atmospheric GHGs. Only by using a full
accounting of GHGs can the world manage its emis-
sions of heat trapping gases to achieve concentrations
in the atmosphere thatwill support a stable climate.

Materials andmethods

We calculated the 2001 to 2016 average net forestry
sector emissions from cradle-to-grave, accounting for
all carbon captured in biomass and released through
decomposition by forest ecosystems and wood pro-
ducts industry in Washington, Oregon, and Califor-
nia. Building on our previous work (Harmon et al
1996, Hudiburg et al 2011, Law et al 2013, Law et al
2018), we developed a modified and expanded LCA
method to combine with our ecosystem carbon
balance, now called Forest-GHG (version 1.0; figure 1
and box 1).We accounted for all carbon removed from
forests through fire and harvest. All harvested carbon
was tracked until it either was returned to the
atmosphere through wood product decomposition/
combustion or decomposition in landfills, minus the
amount semi-permanently stored in landfills (buried).
This required calculating the carbon removed by
harvest operations starting in 1900 to present day
because a portion of the wood removed in the past
century is still in-use or decomposing. In addition to
carbon in biomass, we also accounted for all carbon
emissions associated with harvest (equipment fuel,
transportation, manufacturing inputs). Moreover, our
wood product life-cycle assessment includes pathways
for recycling and deposition in landfills. Finally, we
give substitution credits for not using more fossil fuel
intensive materials than wood used in construction of
buildings and energy production.

Observed carbon stocks andfluxes (ecosystem
carbon balance)
Carbon stock and flux estimates were calculated from
over 30 000 forest inventory plots (FIA) containing
over 1 million tree records in the region following
methods developed in previous studies (Law et al
2018) (SI Methods). Flux calculations include NPP
(Clark et al 2001) NEP, and NECB. The NECB
represents the net rate of carbon accumulation in or
loss from ecosystems.

Off-site emissions associatedwith harvest (LCA)
Decomposition of wood through the product cycle
was computed using a LCA (Harmon andMarks 2002,
Law et al 2018). A 117 year wood products pool
(1900–2016) was simulated using reported harvest
rates from 1900 to 2016 for Oregon and Washington
(Harmon et al 1996, DNR 2017, Oregon Department
of Forestry 2017) and from the California State Board
of Equalization (CA 2018). Harvest was converted to
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total aboveground biomass using methods from (Law
et al 2018). The carbon emissions to the atmosphere
from harvest were calculated annually over the time-
frame of the analysis (1900–2016).

The coefficients and sources for the Forest-GHG
LCA (figures 1(b) and S1) are included in table S1
through S6 with all units expressed as a function of the
wood biomass being cut, transported, manufactured,
burned, etc. We accounted for the fossil fuel emissions
that occur during harvest (fuel for equipment) and the
fossil fuel emissions associatedwith transport of wood to
mills. Then, we accounted for the fossil fuel emissions
associatedwithmanufacturing of products followed by a
second transportation emission for delivery of products
to stores and warehouses. Wood that is not made into a
wood or paper product (e.g. waste) is assumed to be
combusted onsite at themill (with 50% energy recapture
as combined heat and power) or used in a product that
will return the carbon to the atmosphere within one year
(table 1 andbox1;WoodManufacturing Losses).

Wood products are divided into varying product
pools and are then tracked through the wood product
cascade until end of life (figure 1(b)). Wood products
are split into seven product pools: single-family
homes, multi-family homes, mobile homes, non-resi-
dential construction, furniture and manufacturing,
shipping, and other wood. We simulated wood pro-
duct storage and emissions to 2050 for display pur-
poses in the figures assuming a constant harvest rate
after 2016.

We estimate the carbon pools and fluxes asso-
ciated with buildings by separating buildings into
components with different life spans (figures 3 and
S3). This allows components and buildings to have a
lag time before significant losses occur, and recognizes
the difference between building life span and the resi-
dence time of carbon in a building. This also allows
capacity for Forest-GHG to have component and
building life spans evolve over time as construction
practices and the environment (including biophysical,
economic, and social drivers) change.

In Forest-GHG, a fraction of each year’s new harvest
is allocated to residential (single-family,multi-family, and
mobile homes) and non-residential construction (Smith
et al 2006). This fraction is further divided into the short-
term (23%) and long-term (77%) components. The

Box 1.Terminology and FluxDefinitions for table 1

1. Forest Area=sum of all forest area in each state derived from

USForest Service forest areamap (30 m resolution). Includes
all ownerships.

1. NEP=Net Primary Production—heterotrophic respiration;

microbial respiration as they decompose dead organicmatter

in an ecosystem.

1. Fire emissions=the emissions associated with combustion of

organicmatter at the time of thefire.Most of what burns is

fine surface fuels, averaging 5%of aboveground biomass in

mixed severity fires ofOregon andNorthernCalifornia.

1. Harvest removals=Wood actually removed from the forest

(not the total aboveground biomass killed). Removals are not

equal to emissions but are the removed carbon from the for-

ests at the time of harvest. This is subtracted fromNEP along

withfire emissions to calculate the net forest carbon balance

from the viewpoint of the forest ecosystem.

NECB=NEP+Fire Emissions+Harvest Removals.The term

is the simplest expression of forest carbon balancewithout track-

ingwood through the product life cycle. Although not all of the

harvest removals will result in instant or near-term emissions,

NECB still captures the impact of the removed carbon on the for-

est ecosystem carbon balance, and is consistent with international

agreements (REDD+, conservation).
1. Harvest Residue Combustion=the emissions associated

with combustion of slash piles; the branches, foliage, and non-

merchantable wood left after harvest operations (remains in

the forest) and burned onsite (assumed to be 50%of slash).

1. Harvest, Transportation, Manufacturing (FFE emis-

sions)=the fossil fuel emissions associatedwith harvest

(skidding, sawing, etc), transportation of logs tomills,manu-

facturing of wood and paper products, and transportation of

products to stores (see table S5 for coefficients).

1. WoodProduct Pool Annual Inputs=Harvest removals

1. Landfill Annual Inputs (from products)=The amount of

wood and paper that is sent to landfills at end of life. In Forest-

GHG, this occurs incrementally from1950 to 1960 and then in

1961 is assumed to be constant at the current rate.

1. WoodManufacturing Losses=fraction of wood that is lost at
themill (sawdust, etc) and is assumed to be returned to the

atmosphere within one year through combustion (with 75%
energy recapture) or decomposition.

1. Wood Product and Landfill Decomposition=fraction of the

total wood product and non-permanent landfill carbon pools

that is returned to the atmosphere annually.

Net Forest Sector CarbonBalance=sumofNECBand rows 5

through 10. Emission sources are rows 5, 6, 9, and 10. Sinks are

rows 7 and 8.

1. Wood product substitution (Wood)=carbon credits that

account for the displaced fossil fuel emissionswhenwood is

substituted for a fossil fuel derived product in buildings (e.g.
concrete or steel).We assume 0.54 gC fossil fuel emissions

avoided per g of C ofwood biomass used.

Box 1. (Continued.)
1. Wood product substitution (Energy)=carbon credits that

account for the displaced fossil fuel emissionswhenwood is

substituted for energy. In theOregon,Washington, andCali-

fornia this primarily amix of natural gas and coal.We include

the biogenic emissions from combustion of forest-derived

woody biomass and include an energy substitution credit if it

is combustedwith energy recapture.

Net Forest Sector CarbonBalance (with substitution credit)=
sumofNECB and rows 5 through 12.

8

Environ. Res. Lett. 14 (2019) 095005



resulting pools are tracked independently, quantifying
losses through decay and demolition from the year they
startuntil then endof the simulation.

All the components created in a given year are con-
sidered a building cohort that is also tracked separately
each year. All components are summed to give the
total amount of building carbon remaining in a cohort
at a given time (figure S3). For each year, the amount
lost to the atmosphere or to the landfills through
demolition, is simply the current year’s total wood
product carbon pool plus the current years inputs and
minus last year’s total wood product carbon pool.

Substitution
We calculated wood product substitution for fossil fuel
derived products (concrete, steel and energy). The
displacement value for product substitution was
assumed to be 0.54Mg fossil C/MgC (Smyth et al 2017,
Dugan et al 2018) wood use in long-term structures
(Sathre andO’Connor 2010). Although thedisplacement
value likely fluctuates over time, we assumed it was
constant for the simulation period. We accounted for
losses in product substitution associated with building
replacement (Harmon et al 2009), but ignored the
leakage effect related to fossil C use by other sectors. We
assumed 75% of ‘waste wood’ was used for fuelwood in
homes or atmills (woodmanufacturing losses in table 1).
We accounted for displacement of fossil fuel energy
sources using a displacement factor of 0.68 assuming a
mix of coal and natural gas replacement (Smyth et al
2017,Dugan et al2018).

Uncertainty estimates and sensitivity analysis
We calculate a combined uncertainty estimate for NEP
andNECB using the uncertainty in the observations and
input datasets (climate, land cover, harvest amounts).
For the biomass and NPP observations, we performed
Monte Carlo simulations of the mean and standard
deviations for NPP (Hudiburg et al 2011) derived for
each plot using three alternative sets of allometric
equations. Uncertainty in NECB was calculated as the
combined uncertainty of NEP, fire emissions (10%),
harvest removals (7%), and land cover estimates (10%)
using the propagation of error approach. Sensitivity
analysis was only used for the long-term wood product
pool by varying the average life spans of buildings by
±25 years in our new cohort component method. Our
estimates varied by 7%. This was combined with the
uncertainty inNECB to calculate total uncertainty on the
net forest sector carbonbalance.
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Strategies to mitigate carbon dioxide emissions through forestry
activities have been proposed, but ecosystem process-based in-
tegration of climate change, enhanced CO2, disturbance from fire,
and management actions at regional scales are extremely limited.
Here, we examine the relative merits of afforestation, reforesta-
tion, management changes, and harvest residue bioenergy use in
the Pacific Northwest. This region represents some of the highest
carbon density forests in the world, which can store carbon in
trees for 800 y or more. Oregon’s net ecosystem carbon balance
(NECB) was equivalent to 72% of total emissions in 2011–2015. By
2100, simulations show increased net carbon uptake with little
change in wildfires. Reforestation, afforestation, lengthened har-
vest cycles on private lands, and restricting harvest on public lands
increase NECB 56% by 2100, with the latter two actions contribut-
ing the most. Resultant cobenefits included water availability and
biodiversity, primarily from increased forest area, age, and species
diversity. Converting 127,000 ha of irrigated grass crops to native
forests could decrease irrigation demand by 233 billion m3·y−1.
Utilizing harvest residues for bioenergy production instead of leav-
ing them in forests to decompose increased emissions in the short-
term (50 y), reducing mitigation effectiveness. Increasing forest carbon
on public lands reduced emissions compared with storage in wood
products because the residence time is more than twice that of wood
products. Hence, temperate forests with high carbon densities and
lower vulnerability to mortality have substantial potential for reduc-
ing forest sector emissions. Our analysis framework provides a tem-
plate for assessments in other temperate regions.

forests | carbon balance | greenhouse gas emissions | climate mitigation

Strategies to mitigate carbon dioxide emissions through for-
estry activities have been proposed, but regional assessments

to determine feasibility, timeliness, and effectiveness are limited and
rarely account for the interactive effects of future climate, atmo-
spheric CO2 enrichment, nitrogen deposition, disturbance from
wildfires, and management actions on forest processes. We examine
the net effect of all of these factors and a suite of mitigation strat-
egies at fine resolution (4-km grid). Proven strategies immediately
available to mitigate carbon emissions from forest activities in-
clude the following: (i) reforestation (growing forests where they
recently existed), (ii) afforestation (growing forests where they did
not recently exist), (iii) increasing carbon density of existing for-
ests, and (iv) reducing emissions from deforestation and degra-
dation (1). Other proposed strategies include wood bioenergy
production (2–4), bioenergy combined with carbon capture and
storage (BECCS), and increasing wood product use in build-
ings. However, examples of commercial-scale BECCS are still
scarce, and sustainability of wood sources remains controversial
because of forgone ecosystem carbon storage and low environmental
cobenefits (5, 6). Carbon stored in buildings generally outlives
its usefulness or is replaced within decades (7) rather than the
centuries possible in forests, and the factors influencing prod-
uct substitution have yet to be fully explored (8). Our analysis
of mitigation strategies focuses on the first four strategies, as
well as bioenergy production, utilizing harvest residues only and
without carbon capture and storage.

The appropriateness and effectiveness of mitigation strate-
gies within regions vary depending on the current forest sink,
competition with land-use and watershed protection, and envi-
ronmental conditions affecting forest sustainability and resilience.
Few process-based regional studies have quantified strategies that
could actually be implemented, are low-risk, and do not depend
on developing technologies. Our previous studies focused on re-
gional modeling of the effects of forest thinning on net ecosystem
carbon balance (NECB) and net emissions, as well as improving
modeled drought sensitivity (9, 10), while this study focuses mainly
on strategies to enhance forest carbon.
Our study region is Oregon in the Pacific Northwest, where

coastal and montane forests have high biomass and carbon se-
questration potential. They represent coastal forests from northern
California to southeast Alaska, where trees live 800 y or more and
biomass can exceed that of tropical forests (11) (Fig. S1). The
semiarid ecoregions consist of woodlands that experience frequent
fires (12). Land-use history is a major determinant of forest carbon
balance. Harvest was the dominant cause of tree mortality (2003–
2012) and accounted for fivefold as much mortality as that from fire
and beetles combined (13). Forest land ownership is predominantly
public (64%), and 76% of the biomass harvested is on private lands.

Significance

Regional quantification of feasibility and effectiveness of forest
strategies to mitigate climate change should integrate observa-
tions and mechanistic ecosystem process models with future cli-
mate, CO2, disturbances from fire, and management. Here, we
demonstrate this approach in a high biomass region, and found
that reforestation, afforestation, lengthened harvest cycles on
private lands, and restricting harvest on public lands increased net
ecosystem carbon balance by 56% by 2100, with the latter two
actions contributing the most. Forest sector emissions tracked
with our life cycle assessment model decreased by 17%, partially
meeting emissions reduction goals. Harvest residue bioenergy use
did not reduce short-term emissions. Cobenefits include increased
water availability and biodiversity of forest species. Our improved
analysis framework can be used in other temperate regions.
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Many US states, including Oregon (14), plan to reduce their
greenhouse gas (GHG) emissions in accordance with the Paris
Agreement. We evaluated strategies to address this question: How
much carbon can the region’s forests realistically remove from the
atmosphere in the future, and which forest carbon strategies can
reduce regional emissions by 2025, 2050, and 2100? We propose
an integrated approach that combines observations with models
and a life cycle assessment (LCA) to evaluate current and future
effects of mitigation actions on forest carbon and forest sector
emissions in temperate regions (Fig. 1). We estimated the recent
carbon budget of Oregon’s forests, and simulated the potential to
increase the forest sink and decrease forest sector emissions under
current and future climate conditions. We provide recommenda-
tions for regional assessments of mitigation strategies.

Results
Carbon stocks and fluxes are summarized for the observation
cycles of 2001–2005, 2006–2010, and 2011–2015 (Table 1 and
Tables S1 and S2). In 2011–2015, state-level forest carbon stocks
totaled 3,036 Tg C (3 billion metric tons), with the coastal and
montane ecoregions accounting for 57% of the live tree carbon
(Tables S1 and S2). Net ecosystem production [NEP; net primary
production (NPP) minus heterotrophic respiration (Rh)] aver-
aged 28 teragrams carbon per year (Tg C y−1) over all three
periods. Fire emissions were unusually high at 8.69 million metric
tons carbon dioxide equivalent (tCO2e y−1, i.e., 2.37 Tg C y−1) in
2001–2005 due to the historic Biscuit Fire, but decreased to
3.56 million tCO2e y−1 (0.97 Tg C y−1) in 2011–2015 (Table S4).
Note that 1 million tCO2e equals 3.667 Tg C.
Our LCA showed that in 2001–2005, Oregon’s net wood

product emissions were 32.61 million tCO2e (Table S3), and 3.7-
fold wildfire emissions in the period that included the record fire
year (15) (Fig. 2). In 2011–2015, net wood product emissions were
34.45 million tCO2e and almost 10-fold fire emissions, mostly due
to lower fire emissions. The net wood product emissions are
higher than fire emissions despite carbon benefits of storage in
wood products and substitution for more fossil fuel-intensive
products. Hence, combining fire and net wood product emis-
sions, the forest sector emissions averaged 40 million tCO2e y−1

and accounted for about 39% of total emissions across all sectors
(Fig. 2 and Table S4). NECB was calculated from NEP minus
losses from fire emissions and harvest (Fig. 1). State NECB was
equivalent to 60% and 70% of total emissions for 2001–2005 and
2011–2015, respectively (Fig. 2, Table 1, and Table S4). Fire
emissions were only between 4% and 8% of total emissions from

all sources (2011–2015 and 2001–2004, respectively). Oregon’s for-
ests play a larger role in meeting its GHG targets than US forests
have in meeting the nation’s targets (16, 17).
Historical disturbance regimes were simulated using stand age

and disturbance history from remote sensing products. Comparisons
of Community Land Model (CLM4.5) output with Forest Inventory
and Analysis (FIA) aboveground tree biomass (>6,000 plots) were
within 1 SD of the ecoregion means (Fig. S2). CLM4.5 estimates of
cumulative burn area and emissions from 1990 to 2014 were 14%
and 25% less than observed, respectively. The discrepancy was
mostly due to the model missing an anomalously large fire in 2002
(Fig. S3A). When excluded, modeled versus observed fire emis-
sions were in good agreement (r2 = 0.62; Fig. S3B). A sensitivity
test of a 14% underestimate of burn area did not affect our final
results because predicted emissions would increase almost equally
for business as usual (BAU) management and our scenarios,
resulting in no proportional change in NECB. However, the ratio
of harvest to fire emissions would be lower.
Projections show that under future climate, atmospheric carbon

dioxide, and BAUmanagement, an increase in net carbon uptake due
to CO2 fertilization and climate in the mesic ecoregions far outweighs
losses from fire and drought in the semiarid ecoregions. There was not
an increasing trend in fire. Carbon stocks increased by 2% and 7%
and NEP increased by 12% and 40% by 2050 and 2100, respectively.
We evaluated emission reduction strategies in the forest sector:

protecting existing forest carbon, lengthening harvest cycles, re-
forestation, afforestation, and bioenergy production with product
substitution. The largest potential increase in forest carbon is in the
mesic Coast Range andWest Cascade ecoregions. These forests are
buffered by the ocean, have high soil water-holding capacity, low
risk of wildfire [fire intervals average 260–400 y (18)], long carbon
residence time, and potential for high carbon density. They can
attain biomass up to 520 Mg C ha−1 (12). Although Oregon has
several protected areas, they account for only 9–15% of the total
forest area, so we expect it may be feasible to add carbon-protected
lands with cobenefits of water protection and biodiversity.
Reforestation of recently forested areas include those areas im-

pacted by fire and beetles. Our simulations to 2100 assume regrowth
of the same species and incorporate future fire responses to climate
and cyclical beetle outbreaks [70–80 y (13)]. Reforestation has the
potential to increase stocks by 315 Tg C by 2100, reducing forest sector
net emissions by 5% by 2100 relative to BAU management (Fig. 3).
The East andWest Cascades ecoregions had the highest reforestation
potential, accounting for 90% of the increase (Table S5).
Afforestation of old fields within forest boundaries and non-

food/nonforage grass crops, hereafter referred to as “grass crops,”
had to meet minimum conditions for tree growth, and crop grid
cells had to be partially forested (SI Methods and Table S6). These
crops are not grazed or used for animal feed. Competing land uses
may decrease the actual amount of area that can be afforested.
We calculated the amount of irrigated grass crops (127,000 ha)
that could be converted to forest, assuming success of carbon
offset programs (19). By 2100, afforestation increased stocks by

– FireNPP – Rh – HarvestNECB = 

Fig. 1. Approach to assessing effects of mitigation strategies on forest
carbon and forest sector emissions. NECB is productivity (NPP) minus Rh and
losses from fire and harvest (red arrows). Harvest emissions include those
associated with wood products and bioenergy.

Table 1. Forest carbon budget components used to compute
NECB

Flux, Tg C·y−1 2001–2005 2006–2010 2011–2015 2001–2015

NPP 73.64 7.59 73.57 7.58 73.57 7.58 73.60
Rh 45.67 5.11 45.38 5.07 45.19 5.05 45.41
NEP 27.97 9.15 28.19 9.12 28.39 9.11 28.18
Harvest removals 8.58 0.60 7.77 0.54 8.61 0.6 8.32
Fire emissions 2.37 0.27 1.79 0.2 0.97 0.11 1.71
NECB 17.02 9.17 18.63 9.14 18.81 9.13 18.15

Average annual values for each period, including uncertainty (95%
confidence interval) in Tg C y−1 (multiply by 3.667 to get million tCO2e).
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94 Tg C and cumulative NECB by 14 Tg C, and afforestation
reduced forest sector GHG emissions by 1.3–1.4% in 2025, 2050,
and 2100 (Fig. 3).
We quantified cobenefits of afforestation of irrigated grass crops

on water availability based on data from hydrology and agricultural
simulations of future grass crop area and related irrigation demand
(20). Afforestation of 127,000 ha of grass cropland with Douglas
fir could decrease irrigation demand by 222 and 233 billion m3·y−1

by 2050 and 2100, respectively. An independent estimate from
measured precipitation and evapotranspiration (ET) at our ma-
ture Douglas fir and grass crop flux sites in the Willamette Valley
shows the ET/precipitation fraction averaged 33% and 52%, re-
spectively, and water balance (precipitation minus ET) averaged
910 mm·y−1 and 516 mm·y−1. Under current climate conditions,
the observations suggest an increase in annual water avail-
ability of 260 billion m3· y−1 if 127,000 ha of the irrigated grass
crops were converted to forest.
Harvest cycles in the mesic and montane forests have declined

from over 120 y to 45 y despite the fact that these trees can live
500–1,000 y and net primary productivity peaks at 80–125 y (21).
If harvest cycles were lengthened to 80 y on private lands and
harvested area was reduced 50% on public lands, state-level stocks
would increase by 17% to a total of ∼3,600 Tg C and NECB would
increase 2–3 Tg C y−1 by 2100. The lengthened harvest cycles re-
duced harvest by 2 Tg C y−1, which contributed to higher NECB.
Leakage (more harvest elsewhere) is difficult to quantify and could
counter these carbon gains. However, because harvest on federal
lands was reduced significantly since 1992 (NW Forest Plan),
leakage has probably already occurred.
The four strategies together increased NECB by 64%, 82%,

and 56% by 2025, 2050, and 2100, respectively. This reduced
forest sector net emissions by 11%, 10%, and 17% over the same
periods (Fig. 3). By 2050, potential increases in NECB were largest
in the Coast Range (Table S5), East Cascades, and Klamath

Mountains, accounting for 19%, 25%, and 42% of the total
increase, whereas by 2100, they were most evident in the West
Cascades, East Cascades, and Klamath Mountains.
We examined the potential for using existing harvest residue

for electricity generation, where burning the harvest residue for
energy emits carbon immediately (3) versus the BAU practice of
leaving residues in forests to slowly decompose. Assuming half of
forest residues from harvest practices could be used to replace
natural gas or coal in distributed facilities across the state, they
would provide an average supply of 0.75–1 Tg C y−1 to the year
2100 in the reduced harvest and BAU scenarios, respectively.
Compared with BAU harvest practices, where residues are left to
decompose, proposed bioenergy production would increase cu-
mulative net emissions by up to 45 Tg C by 2100. Even at 50% use,
residue collection and transport are not likely to be economically
viable, given the distances (>200 km) to Oregon’s facilities.

Discussion
Earth system models have the potential to bring terrestrial ob-
servations related to climate, vulnerability, impacts, adaptation,
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and mitigation into a common framework, melding biophysical
with social components (22). We developed a framework to
examine a suite of mitigation actions to increase forest carbon
sequestration and reduce forest sector emissions under current
and future environmental conditions.
Harvest-related emissions had a large impact on recent forest

NECB, reducing it by an average of 34% from 2001 to 2015. By
comparison, fire emissions were relatively small and reduced NECB
by 12% in the Biscuit Fire year, but only reduced NECB 5–9%
from 2006 to 2015. Thus, altered forest management has the po-
tential to enhance the forest carbon balance and reduce emissions.
Future NEP increased because enhancement from atmospheric

carbon dioxide outweighed the losses from fire. Lengthened har-
vest cycles on private lands to 80 y and restricting harvest to 50%
of current rates on public lands increased NECB the most by 2100,
accounting for 90% of total emissions reduction (Fig. 3 and Tables
S5 and S6). Reduced harvest led to NECB increasing earlier than
the other strategies (by 2050), suggesting this could be a priority
for implementation.
Our afforestation estimates may be too conservative by limit-

ing them to nonforest areas within current forest boundaries and
127,000 ha of irrigated grass cropland. There was a net loss of
367,000 ha of forest area in Oregon and Washington combined
from 2001 to 2006 (23), and less than 1% of native habitat remains
in the Willamette Valley due to urbanization and agriculture (24).
Perhaps more of this area could be afforested.
The spatial variation in the potential for each mitigation option

to improve carbon stocks and fluxes shows that the reforestation
potential is highest in the Cascade Mountains, where fire and
insects occur (Fig. 4). The potential to reduce harvest on public
land is highest in the Cascade Mountains, and that to lengthen
harvest cycles on private lands is highest in the Coast Range.
Although western Oregon is mesic with little expected change

in precipitation, the afforestation cobenefits of increased water
availability will be important. Urban demand for water is pro-
jected to increase, but agricultural irrigation will continue to
consume much more water than urban use (25). Converting
127,000 ha of irrigated grass crops to native forests appears to
be a win–win strategy, returning some of the area to forest land,
providing habitat and connectivity for forest species, and easing
irrigation demand. Because the afforested grass crop represents
only 11% of the available grass cropland (1.18 million ha), it is
not likely to result in leakage or indirect land use change. The
two forest strategies combined are likely to be important con-
tributors to water security.
Cobenefits with biodiversity were not assessed in our study.

However, a recent study showed that in the mesic forests, cobe-
nefits with biodiversity of forest species are largest on lands with
harvest cycles longer than 80 y, and thus would be most pro-
nounced on private lands (26). We selected 80 y for the harvest
cycle mitigation strategy because productivity peaks at 80–125 y
in this region, which coincides with the point at which cobenefits
with wildlife habitat are substantial.
Habitat loss and climate change are the two greatest threats to

biodiversity. Afforestation of areas that are currently grass crops
would likely improve the habitat of forest species (27), as about
90% of the forests in these areas were replaced by agriculture.
About 45 mammal species are at risk because of range contraction
(28). Forests are more efficient at dissipating heat than grass and
crop lands, and forest cover gains lead to net surface cooling in all
regions south of about 45° latitude in North American and Europe
(29). The cooler conditions can buffer climate-sensitive bird pop-
ulations from approaching their thermal limits and provide more
food and nest sites (30). Thus, the mitigation strategies of affor-
estation, protecting forests on public lands and lengthening harvest
cycles to 80–125 y, would likely benefit forest-dependent species.
Oregon has a legislated mandate to reduce emissions, and is

considering an offsets program that limits use of offsets to 8% of

the total emissions reduction to ensure that regulated entities
substantially reduce their own emissions, similar to California’s
program (19). An offset becomes a net emissions reduction by
increasing the forest carbon sink (NECB). If only 8% of the GHG
reduction is allowed for forest offsets, the limits for forest offsets
would be 2.1 and 8.4 million metric tCO2e of total emissions by
2025 and 2050, respectively (Table S6). The combination of affor-
estation, reforestation, and reduced harvest would provide 13 million
metric tCO2e emissions reductions, and any one of the strategies
or a portion of each could be applied. Thus, additionality beyond
what would happen without the program is possible.
State-level reporting of GHG emissions includes the agriculture

sector, but does not appear to include forest sector emissions, ex-
cept for industrial fuel (i.e., utility fuel in Table S3) and, potentially,
fire emissions. Harvest-related emissions should be quantified,
as they are much larger than fire emissions in the western United
States. Full accounting of forest sector emissions is necessary to
meet climate mitigation goals.
Increased long-term storage in buildings and via product sub-

stitution has been suggested as a potential climate mitigation op-
tion. Pacific temperate forests can store carbon for many hundreds
of years, which is much longer than is expected for buildings that
are generally assumed to outlive their usefulness or be replaced
within several decades (7). By 2035, about 75% of buildings in
the United States will be replaced or renovated, based on new
construction, demolition, and renovation trends (31, 32). Re-
cent analysis suggests substitution benefits of using wood versus
more fossil fuel-intensive materials have been overestimated by at

A

B

Change in forest carbon from BAU

Fig. 4. Spatial patterns of forest carbon stocks and NECB by 2091–2100. The
decadal average changes in forest carbon stocks (A) and NECB (B) due to
afforestation, reforestation, protected areas, and lengthened harvest cycles
relative to continued BAU forest management (red is increase in NECB)
are shown.

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1720064115 Law et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720064115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720064115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720064115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720064115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720064115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1720064115
reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight

reviewer
Highlight



least an order of magnitude (33). Our LCA accounts for losses in
product substitution stores (PSSs) associated with building life
span, and thus are considerably lower than when no losses are
assumed (4, 34). While product substitution reduces the overall
forest sector emissions, it cannot offset the losses incurred by
frequent harvest and losses associated with product trans-
portation, manufacturing, use, disposal, and decay. Methods
for calculating substitution benefits should be improved in
other regional assessments.
Wood bioenergy production is interpreted as being carbon-

neutral by assuming that trees regrow to replace those that burned.
However, this does not account for reduced forest carbon stocks
that took decades to centuries to sequester, degraded productive
capacity, emissions from transportation and the production pro-
cess, and biogenic/direct emissions at the facility (35). Increased
harvest through proposed thinning practices in the region has
been shown to elevate emissions for decades to centuries regardless
of product end use (36). It is therefore unlikely that increased wood
bioenergy production in this region would decrease overall forest
sector emissions.

Conclusions
GHG reduction must happen quickly to avoid surpassing a 2 °C
increase in temperature since preindustrial times. Alterations in
forest management can contribute to increasing the land sink and
decreasing emissions by keeping carbon in high biomass forests,
extending harvest cycles, reforestation, and afforestation. For-
ests are carbon-ready and do not require new technologies or
infrastructure for immediate mitigation of climate change. Grow-
ing forests for bioenergy production competes with forest carbon
sequestration and does not reduce emissions in the next decades
(10). BECCS requires new technology, and few locations have
sufficient geological storage for CO2 at power facilities with
high-productivity forests nearby. Accurate accounting of forest
carbon in trees and soils, NECB, and historic harvest rates,
combined with transparent quantification of emissions from the
wood product process, can ensure realistic reductions in forest
sector emissions.
As states and regions take a larger role in implementing climate

mitigation steps, robust forest sector assessments are urgently
needed. Our integrated approach of combining observations,
an LCA, and high-resolution process modeling (4-km grid vs.
typical 200-km grid) of a suite of potential mitigation actions
and their effects on forest carbon sequestration and emissions
under changing climate and CO2 provides an analysis frame-
work that can be applied in other temperate regions.

Materials and Methods
Current Stocks and Fluxes. We quantified recent forest carbon stocks and
fluxes using a combination of observations from FIA; Landsat products on
forest type, land cover, and fire risk; 200 intensive plots in Oregon (37); and a
wood decomposition database. Tree biomass was calculated from species-
specific allometric equations and ecoregion-specific wood density. We esti-
mated ecosystem carbon stocks, NEP (photosynthesis minus respiration), and
NECB (NEP minus losses due to fire or harvest) using a mass-balance approach
(36, 38) (Table 1 and SI Materials and Methods). Fire emissions were computed
from the Monitoring Trends in Burn Severity database, biomass data, and
region-specific combustion factors (15, 39) (SI Materials and Methods).

Future Projections and Model Description. Carbon stocks and NEP were
quantified to the years 2025, 2050, and 2100 using CLM4.5 with physiological
parameters for 10 major forest species, initial forest biomass (36), and future
climate and atmospheric carbon dioxide as input (Institut Pierre Simon
Laplace climate system model downscaled to 4 km × 4 km, representative
concentration pathway 8.5). CLM4.5 uses 3-h climate data, ecophysiological
characteristics, site physical characteristics, and site history to estimate the
daily fluxes of carbon, nitrogen, and water between the atmosphere, plant
state variables, and litter and soil state variables. Model components are
biogeophysics, hydrological cycle, and biogeochemistry. This model version
does not include a dynamic vegetation model to simulate resilience and

establishment following disturbance. However, the effect of regeneration
lags on forest carbon is not particularly strong for the long disturbance in-
tervals in this study (40). Our plant functional type (PFT) parameterization
for 10 major forest species rather than one significantly improves carbon
modeling in the region (41).

Forest Management and Land Use Change Scenarios. Harvest cycles, re-
forestation, and afforestationwere simulated to the year 2100. Carbon stocks
and NEP were predicted for the current harvest cycle of 45 y compared with
simulations extending it to 80 y. Reforestation potential was simulated over
areas that recently suffered mortality from harvest, fire, and 12 species of
beetles (13). We assumed the same vegetation regrew to the maximum
potential, which is expected with the combination of natural regeneration
and planting that commonly occurs after these events. Future BAU harvest
files were constructed using current harvest rates, where county-specific aver-
age harvest and the actual amounts per ownership were used to guide grid cell
selection. This resulted in the majority of harvest occurring on private land
(70%) and in the mesic ecoregions. Beetle outbreaks were implemented using
a modified mortality rate of the lodgepole pine PFT with 0.1% y−1 biomass
mortality by 2100.

For afforestation potential, we identified areas that are within forest
boundaries that are not currently forest and areas that are currently grass crops.
We assumed no competition with conversion of irrigated grass crops to urban
growth, given Oregon’s land use laws for developing within urban growth
boundaries. A separate study suggested that, on average, about 17% of all
irrigated agricultural crops in the Willamette Valley could be converted to
urban area under future climate; however, because 20% of total cropland is
grass seed, it suggests little competition with urban growth (25).

Landsat observations (12,500 scenes) were processed to map changes in
land cover from 1984 to 2012. Land cover types were separated with an
unsupervised K-means clustering approach. Land cover classes were assigned
to an existing forest type map (42). The CropScape Cropland Data Layer (CDL
2015, https://nassgeodata.gmu.edu/CropScape/) was used to distinguish nonforage
grass crops from other grasses. For afforestation, we selected grass cropland
with a minimum soil water-holding capacity of 150 mm and minimum pre-
cipitation of 500 mm that can support trees (43).

Afforestation Cobenefits. Modeled irrigation demand of grass seed crops
under future climate conditions was previously conducted with hydrology
and agricultural models, where ET is a function of climate, crop type, crop
growth state, and soil-holding capacity (20) (Table S7). The simulations
produced total land area, ET, and irrigation demand for each cover type.
Current grass seed crop irrigation in the Willamette Valley is 413 billion m3·y−1

for 238,679 ha and is projected to be 412 and 405 billion m3 in 2050 and 2100
(20) (Table S7). We used annual output from the simulations to estimate irrigation
demand per unit area of grass seed crops (1.73, 1.75, and 1.84 million m3·ha−1 in
2015, 2050, and 2100, respectively), and applied it to the mapped irrigated crop
area that met conditions necessary to support forests (Table S7).

LCA. Decomposition of wood through the product cycle was computed using
an LCA (8, 10). Carbon emissions to the atmosphere from harvest were cal-
culated annually over the time frame of the analysis (2001–2015). The net
carbon emissions equal NECB plus total harvest minus wood lost during
manufacturing and wood decomposed over time from product use. Wood
industry fossil fuel emissions were computed for harvest, transportation, and
manufacturing processes. Carbon credit was calculated for wood product
storage, substitution, and internal mill recycling of wood losses for bioenergy.

Products were divided into sawtimber, pulpwood, and wood and paper
products using published coefficients (44). Long-term and short-term prod-
ucts were assumed to decay at 2% and 10% per year, respectively (45). For
product substitution, we focused on manufacturing for long-term structures
(building life span >30 y). Because it is not clear when product substitution
started in the Pacific Northwest, we evaluated it starting in 1970 since use of
concrete and steel for housing was uncommon before 1965. The displacement
value for product substitution was assumed to be 2.1 Mg fossil C/Mg C wood
use in long-term structures (46), and although it likely fluctuates over time, we
assumed it was constant. We accounted for losses in product substitution as-
sociated with building replacement (33) using a loss rate of 2% per year (33),
but ignored leakage related to fossil C use by other sectors, which may result
in more substitution benefit than will actually occur.

The general assumption for modern buildings, including cross-laminate
timber, is they will outlive their usefulness and be replaced in about 30 y (7).
By 2035, ∼75% of buildings in the United States will be replaced or renovated,
based on new construction, demolition, and renovation trends, resulting in
threefold as many buildings as there are now [2005 baseline (31, 32)]. The loss of
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the PSS is therefore PSS multiplied by the proportion of buildings lost per year
(2% per year).

To compare the NECB equivalence to emissions, we calculated forest sector
and energy sector emissions separately. Energy sector emissions [“in-boundary”
state-quantified emissions by the Oregon Global Warming Commission (14)]
include those from transportation, residential and commercial buildings, industry,
and agriculture. The forest sector emissions are cradle-to-grave annual carbon
emissions from harvest and product emissions, transportation, and utility fuels
(Table S3). Forest sector utility fuels were subtracted from energy sector emissions
to avoid double counting.

Uncertainty Estimates. For the observation-based analysis, Monte Carlo sim-
ulations were used to conduct an uncertainty analysis with the mean and SDs
for NPP and Rh calculated using several approaches (36) (SI Materials and
Methods). Uncertainty in NECB was calculated as the combined uncertainty of
NEP, fire emissions (10%), harvest emissions (7%), and land cover estimates

(10%) using the propagation of error approach. Uncertainty in CLM4.5 model
simulations and LCA were quantified by combining the uncertainty in the
observations used to evaluate the model, the uncertainty in input datasets
(e.g., remote sensing), and the uncertainty in the LCA coefficients (41).

Model input data for physiological parameters and model evaluation data
on stocks and fluxes are available online (37).
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ABSTRACT

This study quantifies the short-term effects of low-,

moderate-, and high-severity fire on carbon pools

and fluxes in the Eastern Cascades of Oregon. We

surveyed 64 forest stands across four fires that

burned 41,000 ha (35%) of the Metolius Watershed

in 2002 and 2003, stratifying the landscape by burn

severity (overstory tree mortality), forest type

(ponderosa pine [PP] and mixed-conifer [MC]), and

prefire biomass. Stand-scale C combustion ranged

from 13 to 35% of prefire aboveground C pools

(area - weighted mean = 22%). Across the sam-

pled landscape, total estimated pyrogenic C emis-

sions were equivalent to 2.5% of statewide

anthropogenic CO2 emissions from fossil fuel com-

bustion and industrial processes for the same 2-year

period. From low- to moderate- to high-severity

ponderosa pine stands, average tree basal area

mortality was 14, 49, and 100%, with parallel pat-

terns in mixed-conifer stands (29, 58, 96%). Despite

this decline in live aboveground C, total net primary

productivity (NPP) was only 40% lower in high-

versus low-severity stands, suggesting strong com-

pensatory effects of non-tree vegetation on C up-

take. Dead wood respiratory losses were small

relative to total NPP (range: 10–35%), reflecting

decomposition lags in this seasonally arid system.

Although soil C, soil respiration, and fine root NPP

were conserved across severity classes, net ecosys-

tem production (NEP) declined with increasing

severity, driven by trends in aboveground NPP. The

high variability of C responses across this study

underscores the need to account for landscape pat-

terns of burn severity, particularly in regions such as

the Pacific Northwest, where non-stand-replace-

ment fire represents a large proportion of annual

burned area.

Key words: carbon balance; Cascade Range; dis-

turbance; fire emissions; heterotrophic respiration;

mixed-severity fire regime; net ecosystem produc-

tion; net primary productivity; Pinus ponderosa;

wildfire.

INTRODUCTION

Forest ecosystems play a vital role in the global

carbon (C) cycle, and spatiotemporal variability

due to disturbance remains an active frontier in C

research (Goward and others 2008; Running 2008).
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With increasing focus on forests in the context of

climate change and potential mitigation strategies

for anthropogenic C emissions (Birdsey and others

2007; IPCC 2007), it is important to quantify the

impacts associated with anthropogenic and natural

disturbance regimes, particularly wildfire. Al-

though numerous studies have investigated the

effects of fire on C dynamics, very few to date have

analyzed the full gradient of burn severity and

quantified pyrogenic C emission, C pools, and

postfire C balance across multiple forest types in the

first few years following disturbance.

Fire’s role in the terrestrial C cycle has been

studied extensively in the boreal zone (for exam-

ple, Amiro and others 2001; Hicke and others 2003;

Kurz and others 2008) and, to a lesser extent, in

temperate forests (for example, Kashian and others

2006; Gough and others 2007; Irvine and others

2007), but many uncertainties remain. Like other

disturbances (insects, pathogens, large storms), fire

alters the distribution of live and dead C pools and

associated C fluxes through mortality and regen-

eration, but fire also causes direct pyrogenic C

emission through combustion (Amiro and others

2001; Campbell and others 2007; Bormann and

others 2008). Depending on burn severity (defined

here as overstory tree mortality), C transfer to the

atmosphere, and from live to dead pools, can vary

substantially. In some cases the amount of C re-

leased from necromass decomposition over decades

can exceed the one-time emission from combustion

(Wirth and others 2002; Hicke and others 2003).

One key uncertainty is the magnitude of pyrogenic

C emission and the relative combustion of different

C pools (Campbell and others 2007). Another

important uncertainty is the rate at which postfire

vegetation net primary productivity (NPP) offsets

the lagged decomposition of necromass pools and

their effects on net C uptake (that is, net ecosystem

production [NEP]; Wirth and others 2002; Chapin

and others 2006). A third uncertainty is the

dynamics of heterotrophic respiration (Rh) and soil

C over the first few years postfire. Although fire

might increase Rh or facilitate soil C loss, recent

studies in Oregon and California have shown that

both can be remarkably conserved following dis-

turbance, buffering potential negative spikes in

postfire NEP (that is, C source to atmosphere;

Campbell and others 2004, 2009; Irvine and others

2007). A final uncertainty is the distribution and

abundance of understory vegetation—shrubs,

herbs, and regenerating trees—which influence

both short-term NPP trends and C balance through

succession. All of these ecosystem responses and

uncertainties might diverge radically in high- versus

low-severity stands, but most fire-carbon studies

have been limited to stand-replacement events. For

example, regional and continental C models typi-

cally ignore low-severity fire, largely due to re-

mote-sensing detection limitations and assumed

minor C impacts (Turner and others 2007), despite

the inherent heterogeneity of fire effects across

forest landscapes.

The area burned by wildfire has increased in re-

cent decades across western North America due to

an interaction of time since previous fire, forest

management, and climate (Westerling and others

2006; Keane and others 2008). Recent fires have

also exhibited increasing severity, but low- and

moderate-severity fire effects remain an important

component of nearly all large wildfires (Schwind

2008; Miller and others 2009). The mixed-severity

fire regime, defined by a wide range and high var-

iability of fire frequencies and effects (that is, high

pyrodiversity; Martin and Sapsis 1991), is charac-

teristic of many forest types (Schoennagel and

others 2004; Lentile and others 2005; Hessburg and

others 2007) and may represent a new fire regime

in other types that historically burned with lower

severity (Monsanto and Agee 2008). The wide-

spread increase in burned area, combined with the

intrinsic variability of mixed-severity fire regimes,

represents a potentially dramatic and unpredictable

shift in terrestrial C cycle processes. In addition,

historically uncharacteristic fires in some systems,

including ponderosa pine (Pinus ponderosa Douglas

ex P. Lawson & C. Lawson) forests, can push veg-

etation into fundamentally different successional

pathways and disturbance feedbacks (Savage and

Mast 2005), which may lead to long-term reduc-

tions in terrestrial C storage (Dore and others 2008).

Since 2002, wildfires have burned approximately

65,000 ha in and around the Metolius River Wa-

tershed in the Eastern Cascades of Oregon (Fig-

ure 1). These fires generated a complex burn

severity mosaic across multiple forest types and a

wide range of prefire conditions. The extent and

variability of these fires, coupled with robust existing

datasets on C dynamics in unburned forests in the

Metolius area (for example, Law and others 2001a,

2003), presented a unique opportunity to investigate

wildfire impacts on the terrestrial C cycle. In this

study, we measured forest ecosystem responses

across four levels of burn severity and two forest

types 4–5 years following fire. Our research objec-

tive was to quantify the effects of burn severity on:

1. Pyrogenic carbon emission (combustion);

2. Carbon pools (mortality, storage, and vegetation

response);

G. W. Meigs and others



3. Postfire carbon balance (biogenic C fluxes and

NEP).

Here, we describe these three related response

variables to elucidate the short-term fate of C pools

and fluxes in the context of a highly heterogeneous

postfire landscape.

METHODS

Study Area

The Metolius Watershed is located NW of Sisters,

OR, on the east slope of the Cascade Range (Fig-

ure 1). The postfire landscape is shaped by three

important environmental gradients: forest type

associated with climate, prefire biomass associated

with past disturbance and management, and burn

severity (overstory tree mortality) from recent

fires.

Forest Type and Climate

The east slope is defined by one of the steepest

precipitation gradients in western North America

(Daly and others 2002; PRISM Group, Oregon St.

Univ., http://prism.oregonstate.edu/). Within

25 km, vegetation transitions from subalpine for-

ests (cool, wet) to Juniperus woodlands (warm, dry)

and encompasses an unusual diversity of conifer

species (Swedberg 1973). We focus on the two

most prominent forest types—ponderosa pine (PP)

and mixed-conifer (MC)—described by Franklin

and Dyrness (1973) as the Pinus ponderosa and Abies

grandis zones of Eastern Oregon. In general, the

higher the elevation, mesic MC forest is more

productive. Across the study area, ponderosa pine,

grand fir (Abies grandis [Douglas ex D. Don] Lindl.),

and Douglas-fir (Pseudotsuga menziesii [Mirb.]

Franco) are the dominant tree species, and incense-

cedar (Calocedrus decurrens [Torr.] Florin), western

larch (Larix occidentalis Nutt.), and lodgepole pine

(Pinus contorta Douglas ex Louden) are also abun-

dant. Characteristic understory species include

shrubs greenleaf manzanita (Arctostaphylos patula

Greene), snowbrush (Ceanothus velutinus Douglas

ex Hook.), and bitterbrush (Purshia tridentata

[Pursh] DC.); forbs fireweed (Epilobium angustifoli-

um L.), bracken fern (Pteridium aquilinum [L.]

Kuhn), and American vetch (Vicia americanum

Muhl. ex Willd.); and graminoids pinegrass (Ca-

lamagrostis rubescens Buckley), squirreltail grass

(Elymus elymoides [Raf.] Swezey), and Idaho fescue

(Festuca idahoensis Elmer). Study area elevation

ranges from 600 to 2000 m, and slopes are gener-

ally gradual and east-facing. Mean annual precipi-

tation ranges from 400 mm in eastern parts of the

PP type to 2150 mm at high points in the MC type

(Thornton and others 1997; DAYMET 2009).

Summers are warm and dry; most precipitation

falls as snow between October and June (Law and

others 2001a). From W to E across the study area,

average minimum January temperature ranges

from -6 to -3.5�C and average maximum July

temperature from 22 to 30�C (DAYMET 2009).

Soils are volcanic in origin (vitricryands and vit-

rixerands), well-drained sandy loams/loamy sands.

Additional study area characteristics are summa-

rized in Table 1, and characteristic postfire stands

are shown in Figure 2.

Historic Disturbance and Prefire Biomass

Historic fire return intervals ranged from 3 to

38 years in PP forests (Weaver 1959; Soeriaatm-

adhe 1966; Bork 1985; Fitzgerald 2005), from 9 to

53 years in the MC forest type (Bork 1985; Simon

Figure 1. Metolius fire study area on the east slope of

the Oregon Cascades. Point symbols denote survey plots

(n = 64), labeled fires are the four surveyed (Table 2),

and shaded areas are the sampled forest types. Other fires

are outside the study scope and are labeled by fire year

only. Forest type layer clipped to study scope: two types

(MC and PP) on the Deschutes National Forest (DNF)

within the Metolius Watershed. Other types (unshaded

area within fires) include subalpine forests on the wes-

tern margin, Juniperus woodlands to the east, riparian

zones, and non-forest. Inset map shows study area

location within Oregon elevation gradients. Fire perim-

eter and forest type GIS data from DNF. Other GIS data

from archives at Oregon State University. Projection:

UTM NAD 83.

Burn Severity Effects on Carbon Pools and Fluxes

http://prism.oregonstate.edu/
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1991), and up to 168 years in subalpine forests

(Simon 1991). Given abundant lightning ignitions

(Rorig and Ferguson 1999), it is likely that historic

fires burned multiple forest types and exhibited the

high spatiotemporal variability in fire behavior

characteristic of mixed-severity fire regimes. Dur-

ing the twentieth century, fire suppression, graz-

ing, timber harvest, and road construction resulted

in fire exclusion. Dispersed patch clearcutting was

the primary disturbance in recent decades, and

most low biomass areas were young plantations

(Deschutes National Forest [DNF] silvicultural GIS

data). Anomalously dry, warm years (1985–1994,

2000–2005), contributed to regional drought stress

(Figure 3; Thomas and others 2009). Beginning in

1986, an outbreak of western spruce budworm

(Choristoneura occidentalis) and bark beetles (Family

Scolytidae) killed trees across mid-to-high elevation

MC forests (Franklin and others 1995). These

interacting factors—time since previous fire, forest

management, drought, and insect outbreaks—

created fuel conditions conducive to large-scale

wildfire.

Recent Large Wildfires

Since 2002, multiple large (>1000 ha) wildfires

have affected half of the forested area in the wa-

tershed, burning across multiple forest types, land

ownerships, and a wide range of fuel, weather, and

topographic conditions. Surface, torching, and ac-

tive crown fire behavior yielded a heterogeneous

spatial pattern of burn severity (overstory tree

mortality) at stand- and landscape-scales. This

study focused on 4 major fires that burned

approximately 35% of the watershed in 2002–2003

(Table 2, Figure 1).

Sampling Design and Scope

We measured postfire C pools and fluxes at 64

independent plots across the Metolius Watershed

(Figure 1), sampling burned stands in 2007 (4–5

years postfire) and unburned stands in 2008. We

employed a stratified random factorial sampling

design with two factors—forest type and burn

severity—and included prefire biomass as a covar-

iate. We mapped forest type and burn severity

Figure 2. Characteristic forest stands across the Metolius Watershed study gradients. Clockwise from top-left: A unburned

MC, B low-severity PP, C moderate-severity MC, D high-severity PP. Unburned stands contain heavy fuel accumulations

and high tree and understory vegetation density; low-severity stands show partial bole scorching, high tree survivorship,

and rapid recovery of surface litter; moderate-severity stands show increased bole scorch heights and overstory mortality;

high-severity stands show near 100% tree mortality and generally thick understory vegetation (shrubs and herbs). Note

that almost all fire-killed trees remain standing 4–5 years postfire.

Burn Severity Effects on Carbon Pools and Fluxes



classes from DNF GIS data. For forest type, we used

a plant association group layer and combined wet

and dry PP into one type and wet and dry MC into

another. For burn severity, we used maps derived

from the differenced normalized burn ratio (dNBR;

Key and Benson 2006) classified as unburned, low,

moderate, and high by DNF technicians following

field assessment. Although the remotely sensed

dNBR index has both known and unknown limi-

tations (Roy and others 2006; French and others

2008), it is highly correlated with fire effects on

vegetation and soil and has been used widely in

conifer forests (Key and Benson 2006; Thompson

and others 2007; Miller and others 2009). We de-

fined plot-level burn severity as overstory tree basal

area mortality (%), verified that plot-level mortal-

ity was consistent with the dNBR severity classes,

and used the severity classes as a categorical

variable (factor) in statistical analyses (described

below). We used GIS to establish eight randomized

survey plots within each combination of forest type

and burn severity (hereafter ‘type*severity treat-

ment’; n = 64; Table 1, Figure 1). All plots were on

DNF non-wilderness land at least 50 m from roads,

non-forest, salvage-logged, and riparian areas. In

addition, we used a live, aboveground biomass

map from 2001 to sample the full range of prefire

biomass and to ensure comparability among

type*severity treatments. This biomass map was

derived from regression tree analysis of Landsat

spectral data and biophysical predictors (S. Powell,

Univ. Montana, unpublished manuscript).

We used standard biometric methods described

previously (Law and others 2001a, 2003; Campbell

and others 2004; Irvine and others 2007). Below,

we summarize these methods and provide specifics

regarding postfire measurements, which are de-

scribed in further detail by Meigs (2009). Each plot

encompassed a 1 ha stand of structurally homoge-

nous forest, which we sampled with a plot design

similar to the USDA Forest Inventory and Analysis

protocol (USDA 2003) enhanced for C budget

measurements including tree increment, forest

floor, fine and coarse woody detritus, and soil CO2

effluxes (protocols in Law and others 2008). We

scaled all measurements to slope-corrected areal

units for comparison across study treatments.

Like other fire studies, this natural experiment

lacked experimental control and detailed prefire

data, but remotely sensed prefire biomass, GIS data,

and plot attributes allowed us to account for pre-

existing differences. Because the forest type, burn

severity, and prefire biomass were not randomly

assigned, we limited statistical inference and

Figure 3. Climate anomalies in the Metolius Watershed. Anomalies in precipitation (mm) and temperature (�C) are in

reference to the 30 year mean (1978-2007) from PRISM data (http://prism.oregonstate.edu/) extracted at a central

location in the watershed (described by Thomas and others [2009]). Water year is defined as the 12-month period from

October–September. The 2000 water year marked the beginning of an anomalously warm and dry period, coincident with

a positive phase of the Pacific Decadal Oscillation (Thomas and others 2009). These anomalies contributed to drought

stress and set the stage for wildfires and potentially harsh conifer regeneration conditions.

Table 2. Four Large Fires in the Metolius Wa-
tershed

Fire name Fire size (ha)

within

watershed

Fire

year

Ignition

source

B&B Complex1 28,640 2003 Lightning

Eyerly Complex 9362 2002 Lightning

Link 1453 2003 Human

Cache Mt. 1376 2002 Lightning

Fire total 40,831

Fire within MC

and PP forest

types (scope)

29,773

Metolius Watershed

area

115,869

Note: 1Booth and Bear Butte Complex: two large fires that merged into one.

G. W. Meigs and others
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interpretations to the sampled forest types. To

minimize potential confounding effects of spatial

and temporal autocorrelation, we located plots at

least 500 m apart, maximized interspersion within

study area gradients, and sampled multiple fires

from two different years. The experimental unit

was the 1 ha plot.

Ecosystem Measurements

Aboveground C Pools, Productivity, and Heterotrophic

Respiration

At each plot, we quantified aboveground C pools

in four circular subplots (overstory trees, stumps,

understory vegetation, forest floor) and along

transects (coarse woody detritus [CWD], fine

woody detritus [FWD]). We sampled overstory

trees at various scales to account for different stem

densities (10 m default subplot radius for trees

10.0–69.9 cm diameter at breast height [DBH;

1.37 m]). For all trees with DBH at least 1 cm, we

recorded species, DBH, height, % bark and wood

char, decay class (1–5; Maser and others 1979;

Cline and others 1980), and whether or not trees

were broken and/or dead prior to burning. We

estimated CWD and FWD volume using line

intercepts (Van Wagner 1968; Brown 1974; Har-

mon and Sexton 1996; Law and others 2008),

recording diameter, decay class, and char class on

four 75 m transects per plot. We sampled CWD

(all pieces ‡7.62 cm diameter) along the full

300 m and FWD less than 0.64, 0.65–2.54, and

2.55–7.62 cm along 20, 60, and 120 m, respec-

tively.

We sampled understory vegetation (tree seed-

lings [DBH < 1 cm], shrubs, forbs, graminoids),

and ground cover in four 5 m radius subplots

nested within overstory tree subplots. For tree

seedlings, we recorded species, age, height, and

live/dead status and identified seedlings estab-

lished before fire. Based on seedling age and DNF

GIS replanting data, we determined if seedlings

were planted and excluded these from natural

regeneration analyses. We calculated shrub vol-

ume from estimates of live shrub % cover in three

height classes (0–0.5, 0.5–1.0, 1.0–2.0 m) and

dead shrub stem number, length, and diameter.

We estimated the % cover of forbs, graminoids,

litter, woody detritus, cryptogams, rocks, and

mineral soil.

We computed biomass with an allometry data-

base of species-, ecoregion-, and decay class-specific

volume equations and densities (Hudiburg 2008;

Hudiburg and others 2009), adjusting tree, CWD,

and FWD biomass estimates for char reduction

(Donato and others 2009a), broken status, and

severity-specific estimates of bark, wood, and foli-

age combustion after Campbell and others (2007).

We used species-specific allometric equations to

convert live shrub volume to mass and converted

dead shrub volume to mass using the mean decay

class 1 wood density of three locally abundant

genera (Acer, Alnus, Castanopsis). We converted

herbaceous cover to biomass using 0.25 m2 clip

plots of dominant species sampled across the study

area. We assumed that the C content of all pools

was 0.51 except for forest floor (assumed to be

0.40; Campbell and others 2007). We sampled

forest floor (litter and duff) to mineral soil with

10.2 cm diameter pvc corers at 16 randomized

locations per plot and oven-dried samples at 60�C
for more than 72 h to determine mass.

We determined NPP and heterotrophic respira-

tion (Rh) at the 48 burned plots. We estimated

bolewood NPP from radial increment measure-

ments of current and previous live tree biomass

(Van Tuyl and others 2005; Hudiburg and others

2009), collecting increment cores at breast height

from 20 representative live trees in each low- and

moderate-severity plot. Although researchers typi-

cally average radial increment from the previous 5-

10 y to account for climatic variability (for example,

Law and others 2003), we used the last full year of

radial growth (2006) to estimate bolewood NPP

because we could not assume a steady state

4–5 years postfire. For live trees in high-severity

stands (<0.5% of inventoried trees, n = 23 at 3 of

16 stands), we applied forest type averages of

increment data from low- and moderate-severity

stands. We calculated foliage NPP as the product of

specific leaf mass per unit area (SLA), leaf retention

time (LRT), and plot-level leaf area index (LAI). We

estimated SLA and LRT from representative canopy

shoots with full retention and measured LAI opti-

cally using a Sunfleck ceptometer (Decagon De-

vices, Inc., Pullman, WA) after Law and others

(2001b) and Pierce and Running (1988). Because

moderate- and high-severity fire substantially al-

tered tree crowns through combustion and mor-

tality, we scaled LAI measurements from low-

severity plots using a regression of the positive

relationship between LAI and live tree basal area

(LAI = 3.85 * [1 - e{-0.0311 * live basal area}], adj.

R2 = 0.54, n = 16; fitted using the exponential rise

to maximum statistical program in SigmaPlot

[Version 11.0, SPSS Science, IL]). We computed

shrub wood and foliage NPP from annual radial

increment and LRT (Law and Waring 1994; Hudi-

burg and others 2009). We assumed that herbaceous

Burn Severity Effects on Carbon Pools and Fluxes



mass equaled annual NPP and that annual mass

loss was 50% (Irvine and others 2007).

We computed aboveground Rh of dead woody

pools (RhWD) as the product of necromass and

decomposition constants from a regional CWD

database (Harmon and others 2005). Because snags

decay much more slowly than CWD in this sea-

sonally moisture-limited system, we assumed that

snag decomposition was 10% of CWD decomposi-

tion (Irvine and others 2007), but we used CWD

decomposition rates for stumps, for which micro-

bial decay processes are less moisture-limited

(M. Harmon, Oregon St. Univ., 2009, personal

communication). We estimated FWD decomposi-

tion after McIver and Ottmar (2007).

Belowground C Pools, Productivity, and Heterotrophic

Soil Respiration

At the 48 burned plots, we collected soil and fine

roots (FR: <2 mm diameter) at 16 randomized

locations per plot using 7.3 cm diameter augers.

Default sampling depth was 20 cm with one core

up to 100 cm per plot. We used linear regression to

scale C, N, and FR to 100 cm. We assumed that

49% (SD = 14) of soil C, 48% (SD = 17) of soil N,

and 62% (SD = 20) of FR were in the top 20 cm,

within the variation of the FR correction factor

reported by Law and others (2003). All samples

were sorted through 2 mm sieves, bench-dried,

mixed by subplot, and analyzed for mass fraction of

C and N (LECO CNS 2000 analyzer, Leco Corp., St.

Joseph, MI), texture (hydrometer method), and pH

(Oregon St. Univ. Central Analytical Laboratory).

We calculated bulk density via stone displacement

and separated FR and other organic matter. We

combusted a representative FR subsample in a

muffle furnace at 550�C for 5 h to determine or-

ganic content (74.24%), which we applied to all FR

samples to estimate total organic matter. Based on

published estimates of regional FR decomposition

(Chen and others 2002) and mortality (Andersen

and others 2008), we assumed that less than 40%

of fire-killed FR remained when sampled, that far

fewer were retained by 2 mm sieves, and that the

vast majority of sampled FR was newly recruited

postfire. We estimated that live roots were 61% of

total FR mass in PP stands (Irvine and others 2007)

and 87% of FR mass in MC stands (P. Schwarz,

Oregon St. Univ., unpublished data). We computed

FR NPP as the product of total organic FR mass and

a root turnover index from rhizotron measure-

ments in a nearby unburned PP forest (Andersen

and others 2008). We estimated live and dead

coarse root (CR: > 10 mm diameter) mass from

the tree, snag, and stump surveys as a function of

DBH (Santantonio and others 1977) and computed

CR NPP from modeled current and previous live

tree diameters (from increment cores). Because the

median stump height was 30 cm, we applied a

correction factor of 0.9 to account for bole taper to

1.37 m for stump CR estimates (adapted from

D. Donato, unpublished data).

We measured soil CO2 efflux and adjacent soil

temperature at burned plots during the peak flux

period (12 randomized locations; one set of

manual measurements per plot in late June)

using a Li-6400 infrared gas analyzer with Li-

6000-9 soil chamber (Li-Cor Biosciences, Lincoln,

NE) and established protocols (Law and others

1999; Campbell and Law 2005; Irvine and others

2007, 2008). We estimated annual soil respiration

(Rsoil) by matching plot measurements with con-

current, hourly, automated soil respiration mea-

surements at a nearby unburned AmeriFlux PP

tower site (Irvine and others 2008). The auto-

mated record consisted of hourly measurements

spanning early May to mid November and was

gap-filled using 16 cm soil temperature and 0–

30 cm integrated soil moisture (see Irvine and

others 2008 for model specifics). We scaled plot

measurements to the annual dataset using plot-

specific correction factors based on the ratio of

mean soil respiration for a given plot divided by

the concurrent automated rate. Correction factors

ranged from 0.47 to 1.60 (range of type*severity

means: 0.87–1.02). This approach sampled the

spatial variability of Rsoil within each plot to

determine base rates and leveraged the long-

term, intensive measurements of temperature-

and moisture-driven variability. Similar auto-

mated measurements were made in 2002–2003 in

a MC stand that subsequently burned in the B&B

fire. A comparison of MC and PP continuous

respiration datasets during the overlapping mea-

surement period indicated near identical diel

amplitudes and seasonal patterns between the

two sites (data not shown). Given this similarity,

we concluded that annual, plot-specific Rsoil esti-

mates based on the PP automated soil respiration

would adequately represent the spatial and tem-

poral variation within and among plots. We

computed the heterotrophic fraction of soil res-

piration (Rhsoil) based on previous measurements

at vegetation-excluded automated chambers at

high-severity and unburned AmeriFlux tower

sites within the study area (Irvine and others

2007).

G. W. Meigs and others



Net Ecosystem Production

We estimated net ecosystem production (NEP: the

difference between gross primary production and

ecosystem respiration; Chapin and others 2006)

using the mass balance approach (Law and others

2003; Campbell and others 2004; Irvine and others

2007):

NEP ¼ NPPA � RhWDð Þ þ NPPB � Rhsoilð Þ ð1Þ

where NPPA is aboveground NPP, RhWD is hetero-

trophic respiration of aboveground woody detritus,

NPPB is belowground NPP, and Rhsoil is heterotro-

phic soil surface CO2 efflux (includes forest floor).

NEP is the appropriate metric of C balance and

uptake at the spatiotemporal scale of our mea-

surements, whereas net ecosystem carbon balance

(that is, net biome production) describes landscape-

to regional-scale C balance and longer-term effects

of fire and other fluxes (for example, erosion,

leaching, timber harvest; Chapin and others 2006).

Here, we assume these other fluxes to be negligible

during the sampling period, and we account for

combustion losses independently of NEP.

Pyrogenic C Emission from Combustion

Before-after measurement of C pools is the most

certain method to measure pyrogenic C emission

(Campbell and others 2007), but in this study, co-

located prefire measurements were not available,

and it was not possible to establish a paired plot for

every burned condition across the study gradients.

We estimated C loss from combustion using a

standard simulation program (Consume 3.0;

Prichard and others 2006), augmented with field

estimates of tree consumption. Consume predicts

aboveground fuel consumption, C emission, and

heat release based on weather data, fuel moisture,

and fuelbed inputs from the Fuel Characteristic

Classification System (FCCS 2.0; Ottmar and others

2007); both models available at: www.fs.fed.us/

pnw/fera/. We selected representative FCCS fuel-

beds for PP and MC stands (Table 3) using GIS and

modified these to develop custom fuelbeds based

on field measurements at the 16 unburned plots.

We simulated low-, moderate-, and high-severity

fire by adjusting percent canopy consumption and

fuel moisture content for woody fuels and duff (R.

Ottmar, US Forest Service, 2009, personal com-

munication). Because Consume 3.0 does not ac-

count for consumption of live tree stems and bark,

we used field measurements to calculate the

changes in mass and density due to charring (Do-

nato and others 2009a). We assessed combustion

at the stand-scale and scaled combustion to the

sampled landscape with forest type and burn

severity GIS data.

Statistical and Uncertainty Analysis

We used multiple linear regression and analysis of

covariance to compare response variables across the

study gradients. Because one- and two-way ANO-

VA (forest type and burn severity tested separately

and combined) revealed a significant difference in

prefire biomass between the two forest types

(P < 0.001) but no significant prefire difference

among burn severities within either forest type

(P > 0.5), we conducted analyses separately by

forest type. We derived test statistics (coefficients

and standard errors) from a multiple linear regres-

sion model of the response variable as a function of

prefire biomass (continuous) and burn severity

(categorical) within a given forest type. Regression

analysis showed no significant interactions among

explanatory variables; coefficient estimates were

calculated from additive models with an assumption

of parallel lines among type*severity treatments.

We log-transformed data when necessary to satisfy

model assumptions. We accounted for multiple

comparisons and reported statistical significance as

the highest significant or lowest non-significant

Tukey-adjusted P value (a = 0.05) common to all

groups (for example, severity classes) in a given

comparison (PROC GLM lsmeans multiple com-

parisons; SAS 9.1, SAS Institute, Inc., Cary, NC).

We take a pragmatic view of uncertainty analysis

after Irvine and others (2007). Many scaling

assumptions are necessary to estimate plot-level

metrics from components sampled at varying spatio-

temporal scales. Further, given the wide range of

sampled prefire biomass and variability across the

postfire landscape, it is possible to commit Type II

statistical errors when important differences exist but

are confounded by additional factors. We thus focus

on the trends and proportions across type*severity

treatments rather than absolute magnitudes. To esti-

mate NEP uncertainty, we used a Monte Carlo pro-

cedure with the four major fluxes described in

equation (1) for each type*severity treatment (NEP

uncertainty expressed as ±1 SE after 10000 iterations

based on the standard normaldistribution withmean,

standard deviation, and between-flux covariance in R

[R Development Core Team 2009]).
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RESULTS AND DISCUSSION

Pyrogenic C Emission (Combustion)

Simulated mean pyrogenic C emission (PE) was

25.5 Mg C ha-1 (range: 16.6–32.3 Mg C ha-1) and

was similar between forest types. The % consumed

in PP stands was substantially higher (range: 23–35

vs. 13–24% for PP versus MC stands, respectively,

Table 3). Stand-scale PE from low-severity fire was

51% and 65% of high-severity PE in MC and PP

stands, respectively, indicating that the largest pro-

portion of emissions was from combustion of surface

and ground fuels. This result is consistent with

Campbell and others (2007), who determined that

greater than 60% of total combustion was from lit-

ter, foliage, and small downed wood, and that these

high surface area:volume ratio pools were readily

consumed (>50% combusted) in all burn severities

in SW Oregon mixed-conifer forests. Our field-based

estimate of live tree stem consumption was on

average 1.24% (range: 0.23–2.77%) of live bark and

bole mass, a trivial amount compared to other PE

uncertainties. The largest remaining uncertainty is

that the Consume 3.0 model does not account for

belowground C loss due to combustion, erosion, or

other fire effects, which can be substantial in some

cases (Bormann and others 2008). Without detailed

prefire measurements, we were unable to address

this issue directly, but our soil C surveys did not show

any significant C declines in high-severity stands

(described below).

Scaled to the sampled landscape (approximately

30,000 ha of burned area), simulated total PE was

0.76 Tg C (Table 3). High-severity MC stands, with

the largest per unit area emissions and landscape

area, contributed a disproportionate amount of PE

(42% of the total), whereas all PP forests combined

released 26% of total PE. These proportions

underscore the importance of incorporating land-

scape patterns of vegetation and fire effects (that is,

the severity mosaic) into modeling and policy

analyses. On a per unit area basis, PE from these

fires was 33% higher than from the 200,000 ha

Biscuit Fire (25.5 vs. 19 Mg C ha-1; Campbell and

others 2007). This C transfer represents a sub-

stantial pulse to the atmosphere relative to annual

net C fluxes from unburned forest in the Metolius

area (mean annual net C uptake at a mature PP

site: 4.7 ± 0.4 Mg C ha-1 y-1; Thomas and others

2009). Conversely, 0.76 Tg C is approximately

2.5% of Oregon statewide anthropogenic CO2

emissions from fossil fuel combustion and indus-

trial processes for the 2-year period 2002–2003

(30.62 Tg C equivalent; http://oregon.gov/energy/

gblwrm/docs/ccigreport08web.pdf). It is important

to note that the study scope burned area is less than

half of the area burned in and around the Metolius

Watershed since 2002 (>65,000 ha, 35,000 ha

beyond this study scope) and that these were large

fire years regionally. Thus, our study area repre-

sents a relatively small proportion of total wildfire

PE. Although further refinements are possible, the

current analysis provides a reasonable constraint

for regional modeling efforts.

Carbon Pools (Mortality, Storage,
and Vegetation Response)

Because large C pools (that is, live tree boles) were

largely unaffected by combustion in all severities,

fire-induced mortality was the most important

overall C transformation, larger in magnitude than

combustion. The distribution of live and dead C

pools changed predictably with burn severity,

dominated by the shift from live trees to dead wood

mass (Table 4). Aboveground live tree and dead

wood mass (g C m-2) both exhibited wide ranges

(live tree range: 0–9302, PP high severity to MC

low severity; dead wood range: 924–6252, PP low

severity to MC high severity), the latter range

encompassing dead wood estimates from Wash-

ington East Cascades high-severity stands

(approximately 3000; Monsanto and Agee 2008).

Mean basal area mortality increased with burn

severity classes, ranging from 14% in low-severity

PP stands to 49% in moderate-severity and 100%

in high-severity PP stands, with parallel patterns in

MC stands (29, 58, 96%, respectively; Table 1,

Figure 4A). Across both forest types, this mortality

resulted in a significant reduction in live above-

ground C in high- versus low-severity stands

(P < 0.005), coupled with a near tripling of dead

wood aboveground C (Table 4). In both forest

types, forest floor mass showed the largest absolute

and relative difference between burned and un-

burned stands (mean: 1588 and 232 g C m-2,

respectively), consistent with near-complete com-

bustion of these pools. Whereas the difference be-

tween burned and unburned forest floor mass was

highly significant (85% reduction; P < 0.001),

there were no significant differences among low-,

moderate-, and high-severity stands in either forest

type (P > 0.850). Because of the decline in forest

floor and high tree survival, low-severity stands

exhibited lower aboveground necromass than un-

burned stands (Table 4).

Total aboveground C and total ecosystem C de-

clined with increasing burn severity in both forest

Burn Severity Effects on Carbon Pools and Fluxes
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types (Table 4), although total ecosystem C was not

significantly different among severities in MC for-

ests (P > 0.670). In both types, fine root mass and

soil C to 20 cm depth were not significantly dif-

ferent among severities (P > 0.330). Scaled to

100 cm, mean soil C stocks (±1 SE from regression)

were 6556 ± 348 and 5903 ± 195 g C m-2 for

burned MC and PP stands, respectively (Table 4).

These values are similar to nearby unburned stands

(7057 g C m-2) and substantially lower than soil C

in more mesic Oregon forests (14,244 and 36,174 g

C m-2 in the West Cascades and Coast Range,

respectively; Sun and others 2004). The lack of

significant differences among severities furthers the

evidence that soil C can be conserved with distur-

bance (Campbell and others 2009), including high-

severity fire (Irvine and others 2007). Without site-

specific prefire data we were unable to directly

measure changes in soil C, and in applying a fixed-

depth approach, a limitation of most postfire studies,

we could not fully preclude the possibility of fire-

induced soil C loss due to combustion, plume

transport, or erosion (Bormann and others 2008).

Unlike that study, in steep terrain experiencing

stand-replacement fire (Bormann and others

2008), we did not observe severe erosion or chan-

ges in the soil surface between burned and un-

burned stands, and we detected no differences in

Figure 4. A Tree basal area (BA) mortality, B live shrub biomass, and C conifer seedling regeneration 4–5 years postfire

by forest type and burn severity in the Metolius Watershed. Bars in A and B denote means; error bars denote ±1 SE from 8

plots in each forest type*burn severity treatment. Due to skewness, bars in C denote medians and error bars denote 25 and

75th percentile. Note the different scales between forest types above y-axis break in C. Tree mortality in A is % BA

mortality due to fire in burned stands and total % dead BA in unburned stands. Lowercase letters denote statistically

significant differences (Tukey-adjusted P < 0.05) among severities. Statistical tests for A used total % BA mortality, a

metric common to all treatments. Statistical tests for C used loge-transformed data. A and C excluded the prefire biomass

covariate. Seedlings are live, non-planted trees from the postfire time period only. Note that high-severity PP stands

included 100% tree mortality in all 8 plots and a median seedling density of zero.

Burn Severity Effects on Carbon Pools and Fluxes



mean or maximum soil depth among severities

(Meigs 2009).

Our C pool estimates are consistent with previ-

ous estimates for PP in the Metolius area. Total

aboveground C values for unburned and low-

severity PP stands are similar to mature and young

pine stands, respectively, whereas moderate- and

high-severity stands fall between the values re-

ported for initiation and young stands in a PP

chronosequence (Law and others 2003). Our esti-

mates of total ecosystem C in moderate- and high-

severity PP stands are consistent with those re-

ported by Irvine and others (2007). No analogous

studies exist for the East Cascades MC forest type;

the current study provides the first such estimates.

The trends with burn severity were similar in both

forest types, and the forest types differed consis-

tently only in the magnitude of C pools. Total

ecosystem C was 47% greater in MC forests than in

PP forests (derived from Table 4).

Vegetation regeneration was generally robust but

showed high variability and divergent responses of

tree and non-tree functional types (Figure 4). Non-

tree live biomass (that is, shrubs, forbs) was posi-

tively associated with burn severity, with signifi-

cantly higher mass in high- versus low-severity

stands (P < 0.030, Table 4, Figure 4). The strong

shrub response—at or above prefire levels by 4–

Figure 5. A Net primary productivity (NPP), B heterotrophic respiration (Rh), and C net ecosystem production (NEP)

4–5 years postfire by forest type and burn severity in the Metolius Watershed. Bars in A and B denote means; error bars

denote ±1 SE from 8 plots in each forest type*burn severity treatment. Boxplots in C from Monte Carlo uncertainty

propagation (see ‘‘Methods’’); line denotes median, box edges denote 25th and 75th percentiles, error bars denote 10th

and 90th percentiles, and points denote 5th and 95th percentiles. Aboveground Rh includes all dead wood, shrubs, and

herbaceous vegetation (Table 6). Soil Rh fractions from Irvine and others (2007). Lowercase letters denote statistically

significant differences (Tukey-adjusted P < 0.05) among severities, tested with ANCOVA of each response variable given

prefire biomass and burn severity.
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5 years postfire—suggests important interactions

with regenerating trees, which showed the oppo-

site trend with burn severity. Tree seedling density

(seedlings ha-1) varied over 5 orders of magnitude

(study wide range: 0–62,134) and, like shrub

regeneration, was higher in MC than PP stands

(Figure 4). This high variability is similar to studies

of postfire conifer regeneration in the Klamath-Si-

skiyou and Rocky Mountain regions (5–6 orders of

magnitude; Donato and others 2009b; Turner and

others 2004), and the lack of PP regeneration in

high-severity patches is consistent with previous

studies reporting sparse regeneration beyond a

generally short seed dispersal range (for example,

Lentile and others 2005). Although regenerating

vegetation represents a small C pool, it contributes

to immediate postfire C uptake (described below)

and sets the initial conditions for succession. The

widespread presence of shrubs, particularly in

high-severity stands, may initially reduce seedling

growth through competition (Zavitkovski and

Newton 1968), but over the long-term, understory

shrubs play an important role in maintaining soil

quality (C, N, microbial biomass C) in this ecore-

gion (Busse and others 1996). Because tree seed-

lings and shrubs were strongly correlated with

overstory mortality, the burn severity mosaic could

thus influence trajectories of C loss and accumu-

lation for decades.

Postfire Carbon Balance (Biogenic C
Fluxes and NEP)

Aboveground C Fluxes

Aboveground C fluxes followed the trends of live

and dead C pools; NPPA declined with increasing

tree mortality (Figure 5A). In both forest types,

NPPA was significantly lower (P < 0.015) in high-

severity versus moderate- and low-severity stands,

which were not significantly different from each

other (P > 0.210; overall range: 84–214 g C m-2

y-1). Although NPPA declined monotonically with

burn severity, the sum of shrub and herbaceous

NPPA was about twofold higher in moderate- and

high-severity versus low-severity stands, resulting

in a dramatic increase in the non-tree proportion of

NPPA (Table 5). Thus, despite a reduction in live

aboveground C of over 90% in both forest types in

high-severity compared to low-severity stands,

NPPA was only 55% lower on average (Table 5).

This trend, coupled with NPPB (described below),

resulted in a mean reduction of total NPP of about

40% from low- to high-severity, consistent with a

strong compensatory effect of non-tree vegetation T
a
b
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NPPA. Previous studies in clearcut, thinned, and

burned forests have shown the same pattern of

rapid recolonization by non-trees contributing dis-

proportionately to NPP (Campbell and others 2004;

Gough and others 2007; Irvine and others 2007;

Campbell and others 2009), and this study furthers

the evidence across the severity gradient in two

forest types. These findings suggest that fire studies

focused solely on tree C pools (for example, Hur-

teau and others 2008) result in systematic biases

and that C models and policies (for example, CCAR

2007) should encompass the full suite of ecosystem

components and processes, including multiple

vegetation functional types and rapid belowground

recovery following disturbance.

Heterotrophic respiration of aboveground nec-

romass (RhWD), computed from C pools and

decomposition constants, was a substantial com-

ponent of C balance across both forest types but

showed weak trends among severities (Figure 5B,

Table 6). Despite the increase in dead wood mass

with severity (Table 4), there were no significant

differences in MC stands and only suggestive in-

creases of RhWD with severity in PP stands

(P = 0.031–0.051). We attribute this surprising re-

sult to several factors: differing species- and decay

class-specific constants and high variability among

plots and severities; high retention and slow

decomposition of snags; relatively high snag and

dead shrub RhWD in low-severity MC stands; rela-

tively low CWD and dead shrub RhWD in high-

severity PP stands (Table 6). Although we expected

that the immediate postfire period would exhibit

maximum necromass over successional time (Wir-

th and others 2002; Hicke and others 2003), our

RhWD estimates were well less than both NPPA and

NPPB (RhWD < 35% of total NPP). In addition,

RhWD 4–5 years postfire constituted about 15% of

total Rh across both forest types; Rhsoil (described

below) accounted for approximately 85% (Ta-

ble 6), demonstrating that belowground respiration

processes are the predominant drivers of C loss.

Our range of RhWD across the two forest types

(28–75 g C m-2 y-1; Table 6) is higher than esti-

mates 2 years postfire in PP forest (Irvine and

others 2007), similar to young PP stands in the

Metolius area (Sun and others 2004) and an old-

growth Pseudotsuga-Tsuga forest about 100 km away

(Harmon and others 2004), and much less than

untreated and thinned PP stands in Northern Cal-

ifornia (Campbell and others 2009). Our relatively

low RhWD estimates, particularly compared to C

assimilation (NPP), illustrate the importance of

decomposition lags in seasonally arid ecosystems,

where microbial snag decomposition is moisture-

limited. Other systems, such as sub-tropical humid

zones where decomposition is not moisture- or

temperature-limited and disturbance rapidly gen-

erates downed woody detritus (for example, hur-

ricanes; Chambers and others 2007), may

experience a more rapid pulse of C emission from

necromass. The notion that fire-killed necromass

represents a large, rapid C loss is unfounded,

however, and warrants further investigation.

Woody detritus decomposition is a highly

uncertain process, particularly in burned forests,

where charring and snag fall play important, con-

trasting roles. For these RhWD estimates, we used

available decomposition constants derived from

unburned forests. We believe that charring would

likely reduce decomposition rates (DeLuca and

Aplet 2008; Donato and others 2009a) but tested

the sensitivity of our estimates by assuming snag

decay rates equivalent to CWD. In this scenario,

mean RhWD would be approximately 125% and

50% higher in MC and PP stands, respectively,

pushing low-severity stands into a net C source

(negative NEP, although mean RhWD would remain

<50% of Rhsoil in both forest types). Our use of the

10% fraction is consistent with previous studies

(Irvine and others 2007), and other studies have

assumed zero snag decomposition (for example,

Wirth and others 2002). Our short-term study

precluded the assessment of snag fall, a stochastic

process dependent on many factors (Russell and

others 2006). The fall rates reported by Russell and

others (2006)—snag half-lives for ponderosa pine

and Douglas fir of 9–10 and 15–16 years, respec-

tively—suggest that the majority of snags generated

in the Metolius fires will stay standing for at least

10 years postfire. RhWD may increase with acceler-

ating snag fall (particularly in high-severity stands)

but will remain small relative to Rhsoil, and NPP will

likely increase over the same time period. Future

studies are necessary to reduce the uncertainty of

decomposition and snag dynamics in this area.

Belowground C Fluxes

Belowground C fluxes were by far the largest and

most variable components of the annual C budget

(NEP; Figure 5). Belowground NPP (NPPB) was not

significantly different across the entire study

(overall mean: 284 g C m-2 y-1; P > 0.680 in both

forest types). Fine root NPPB to 100 cm, based on

total fine root mass and a constant turnover rate,

accounted for about 90% of NPPB, with increasing

importance in high-severity stands, where very few

live tree coarse roots survived. The apparent rapid

establishment of fine roots in high-severity stands

G. W. Meigs and others
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contributed to the strong NPP compensatory effect

of non-tree vegetation (Table 5). NPPB accounted

for approximately 50% of total NPP averaged across

all severities and forest types, but high-severity

stands in both forest types exhibited higher NPPB

than NPPA (NPPB = 58 and 54% of total NPP in MC

and PP, respectively), indicating belowground C

allocation values between those reported for

grasslands and shrublands (67 and 50%, respec-

tively; Chapin and others 2002). These estimates of

fine root NPPB are very similar to those reported for

moderate- and high-severity PP by Irvine and

others (2007), even though that study accounted

for fire-induced fine root mortality and computed

fine root NPP from live rather than total fine root

stocks. Our estimated FR NPP is higher than a

thinned PP forest in Northern California (Campbell

and others 2009) and lower than a mixed-decidu-

ous forest in Michigan (Gough and others 2007).

Our estimates of total NPP (approximately 200–

400 g C m-2 y-1) and NPPA:NPPB ratio (overall

mean: 1.15; Table 5) are within the range of pre-

vious studies in the area (Law and others 2003;

Campbell and others 2004) and consistent with the

postfire C allocation patterns described by Irvine

and others (2007).

Heterotrophic soil respiration (Rhsoil) was not

significantly different among burn severities and

forest types (P > 0.200; Figure 5B, Table 6), con-

sistent with the trends of forest floor, fine roots,

and soil C (Table 4). Mean annual Rhsoil (g C m-2

y-1, ±1 SE from regression) was 294 ± 12 and

274 ± 15 in MC and PP stands, respectively, very

similar to previous estimates in mature unburned

PP stands (Law and others 2003; Sun and others

2004). The lack of Rhsoil differences among severity

classes and similarity to unburned forest suggests

that this flux is resistant to disturbance-induced

changes in these forests and supports the findings

of previous studies (Irvine and others 2007;

Campbell and others 2009). Rhsoil chamber mea-

surements 1 year postfire in a nearby high-severity

PP site on the 2006 Black Crater fire (J. Martin,

unpublished data) were similar to unburned PP

forest (Irvine and others 2008) and the values in

the current study, indicating the lack of a large

Rhsoil pulse from 1–5 years postfire. Although we

did not find evidence of this postfire pulse in the

absolute magnitude of Rhsoil, the conservation of

Rhsoil across severities, coupled with declines in

NPP, resulted in a large decline of the NPP:Rh ratio

(approximately 0.55 in high-severity stands, both

forest types; Table 6). This increase in relative Rhsoil

equated to a muted postfire pulse that is reflected in

our NEP estimates.

Implications for NEP

In both forest types, NPPA was the principal driver of

NEP trends, whereas Rhsoil controlled NEP magni-

tudes (Figure 5, Table 6). NEP was significantly

lower in high- versus low-severity stands in both

forest types (P < 0.035). In MC stands, mean NEP

(g C m-2 y-1, ± 1 SE from Monte Carlo simula-

tions) varied from a slight sink (21 ± 48 and

21 ± 55) in low- and moderate-severity stands to a

substantial source in high-severity stands (-174 ±

32). In PP forest, mean NEP declined from C neutral

in low-severity stands (0 ± 33) to an intermediate

source in moderate-severity stands (-87 ± 35)

and substantial source in high-severity stands

(-142 ± 37). Thus, mean annual NEP was similar in

high-severity stands of both forest types 4–5 years

after fire. These results are consistent with previous

estimates of NPP, Rh, and NEP in unburned, mod-

erate-, and high-severity PP stands within the study

area (Irvine and others 2007), although our NEP

estimate for high-severity stands is lower.

Previous studies quantified a NEP recovery per-

iod to a net sink of 20–30 years in PP forest fol-

lowing stand-replacement clearcutting (Law and

others 2003; Campbell and others 2004). Longer-

term measurements are necessary to determine the

NEP fate of these postfire stands, but less than

30 years seems appropriate for high-severity

stands, which are already closer to zero than initi-

ation stands described by Law and others (2003),

despite the removal of necromass via timber har-

vest in that study and higher RhWD estimates here.

In both forest types, low-severity NEP was not

significantly different from zero (error estimates

include zero; Table 6, Figure 5), which may be

explained by limited fire effects and/or relatively

rapid recovery of NEP. Although not a large C

source to the atmosphere, C neutral stands repre-

sent a substantial decline from prefire NEP (un-

burned PP mean ± 1 SE for a range of age classes:

50 ± 14 g C m-2 y-1, Irvine and others 2007).

Management actions that mimic low-severity fire

via prescribed burning or thinning (thus removing

C) will likely reduce short-term NEP and long-term

average C storage (Campbell and others 2009;

Mitchell and others 2009), although strategic fuels

treatments may help stabilize large tree C pools

(North and others 2009).

CONCLUSION

The 2002–2003 wildfires across the Metolius

Watershed generated a heterogeneous landscape

pattern of overstory tree mortality and associated

transformations of C pools and fluxes. Our results

G. W. Meigs and others



provide new constraints on short-term fire effects

(4–5 years postfire) for regional C policy frame-

works and underscore the importance of accounting

for the full gradient of forest disturbance processes.

Specifically, we found:

1. Stand-scale C combustion varied with burn

severity from 13 to 35% of prefire aboveground

C pools, with the largest emission proportion

from combustion of surface/ground fuels and a

study-wide average live tree stem consumption

of 1.24%. Landscape-scale pyrogenic C emis-

sions were equivalent to 2.5% of Oregon state-

wide anthropogenic CO2 emissions from fossil

fuel combustion and industrial processes for the

same 2-year period.

2. Overstory live tree mass and seedling density

decreased with increasing burn severity,

whereas live shrub and herbaceous mass

showed the opposite trend. From low- to mod-

erate- to high-severity stands, average tree basal

area mortality was 14, 49, and 100% in pon-

derosa pine, and 29, 58, and 96% in mixed-

conifer forests.

3. Despite this decline in live aboveground C pools,

total net primary productivity was only 40%

lower in high- versus low-severity stands,

reflecting a strong compensatory effect of non-

tree productivity. Thus, the rapid response of

early successional vegetation offset declines in

NPP and NEP, buffering potential fire impacts on

stand and landscape C storage, particularly

when combined with the protracted decompo-

sition of dead mass and conservation of below-

ground components (soil C, Rhsoil, and NPPB).

With predictions of accelerating climate change and

increasing fire extent and severity in western North

American forests (IPCC 2007; Balshi and others

2009; Miller and others 2009), long-term field

measurements are essential to assess trends in C

storage and net annual C uptake over the course of

several fire cycles, as well as any potential for

directional ecosystem responses over time (for

example, state change). Because non-stand-

replacement fire accounts for the majority of the

annual burned area in the Pacific Northwest Re-

gion (Schwind 2008), studies that focus exclusively

on high-severity patches systematically underesti-

mate pyrogenic C emission, mortality, and reduced

C uptake following fire, impacts that will likely play

an increasingly important role in regional and

global carbon cycling.
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10

11 Abstract

12 Evidence is mounting that the effectiveness of using prescribed burns as a management tactic 

13 may be diminishing due to the higher incidence of wildfire re-burns. The development of 

14 predictive models of re-burns is thus essential to better understand their primary drivers so that 

15 forest management practices can be updated to account for these events. First, we assess the 

16 potential for human activity as a driver of re-burns by evaluating re-burn trends both within and 

17 outside of the Wildland Urban Interface (WUI) of the western US. Next, we investigate the 

18 predictability of re-burns through the application of both Random Forest and the explanatory 

19 Machine Learning (ML) Non-Negative Matrix Factorization using K-means clustering (NMFk) 

20 algorithms to predict re-burn occurrence over California based on a number of climate factors. 

21 Our findings indicate that while most states showed increasing trends within the WUI when 

22 trends were conducted over longer moving windows (e.g., 20 years), California was the only 

23 state where the rate of increase was consistently higher in the WUI, indicating a stronger 
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2

24 potential for human activity as a driver in that location. Furthermore, we find model performance 

25 was found to be robust over most of California (Testing F1 scores=0.688), although results were 

26 highly variable based on EPA level III ecoregion (F1 scores = 0.0-0.778). Insights provided from 

27 this study will lead to a better understanding of climate and human activity drivers of re-burns 

28 and how these vary at broad spatial scales so that improvements in forest management practices 

29 can be tuned according to the level of change that is expected for a given region.  

30 Introduction

31 Wildfire re-burns can be thought of as the area of overlap between burn area perimeters of 

32 multiple wildfires that occurred over some time interval. In the western continental United States 

33 (US), re-burns have been found to be fairly widespread, with over 7.6% of wildland forests 

34 having burned multiple times between 1984 and 2016 (Buma et al., 2020). Over longer 

35 timescales (e.g., 10-25 years), re-burns have been found to be increasing just as rapidly as single-

36 burn wildfires. The increased occurrence of re-burns as an agent of change across western US 

37 landscapes suggests that they will continue to be an important part of ecosystem functioning, and 

38 more work must be done to improve their understanding so forest management practices can be 

39 updated as appropriate.

40 Re-burns tend to have exacerbated impacts on ecosystem function relative to single burn 

41 wildfires due to the inability of vegetation and animal species to adapt to higher-frequency 

42 wildfires (Walker et al., 2018). For example, re-burns have caused an increase in conversion of 

43 forests to shrubs or grasslands in both the western US (Buma et al., 2020) and Patagonia (Paritsis 

44 et al., 2013) regions. The higher fire return intervals brought on by re-burns are expected to 

45 substantially change forest age structure and composition (Hart et al., 2018) as well as lead to 

46 failures in re-seeding (Buma et al., 2013; Bowman et al., 2014; Stevens-Rumann and Morgan, 
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47 2019). Given that the warmer and drier climate expected for much of the western US is already 

48 hampering the ability of trees to re-seed, re-burns will likely exacerbate these effects and further 

49 changes in forest structure and dynamics (Enright et al., 2015; Halofsky et al., 2020). Re-burns 

50 have reduced the capacity for tree regeneration, causing a delay in aboveground carbon stores 

51 and thus have the potential to result in additional major changes in forest structure and function. 

52 Already, the ability of trees to undergo epicormic or basal resprouting has been diminished due 

53 to re-burning, leading to greater forest structure vulnerabilities following a wildfire (Fairman et 

54 al., 2018). 

55 Given the substantial number of impacts that re-burns have had on ecosystem structure and 

56 function, a number of studies have begun to investigate the primary vegetative and climatic 

57 drivers of re-burns. For instance, a Random Forest model identified mean daytime temperature, 

58 relative humidity and shrub cover as being the most important predictors of re-burn severity in 

59 forest plots located in northern California (Coppoletta et al., 2016). Vegetation was found to 

60 have a stronger control on re-burn severity than weather conditions at longer timescales (e.g., 

61 >19-years) for sites in the Klamath Mountains ecoregion of northern California (Grabinski et al., 

62 2017). Extreme warm and dry months were found to be consistently associated with higher re-

63 burn severity and maximum temperature was found to explain the greatest variance in re-burn 

64 severity for re-burns with shorter return intervals (e.g., 2-14 years, Parks et al., 2014). In 

65 addition, vegetation characteristics such as the occurrence of snags, logs and dense, low-lying 

66 shrubs were determined to provide ideal conditions for high re-burn severity.

67 Across larger spatial scales, different climatic and vegetative controls on fire return intervals 

68 likely play a role in the spatial variability of the occurrence of re-burns. For example, the highest 

69 concentration of re-burns was found to be located in southern California and the southwestern 
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4

70 desert mountains, as well as the northern Rocky Mountains of Idaho (Buma et al., 2020). 

71 However, the higher occurrence of re-burns in these regions may not be driven by the same 

72 features. The Idaho portion of the Rockies is characterized by the largest increase in area burned, 

73 where large burn years are typically preceded by months of drought; whereas large burn years in 

74 the hotter and drier southwest are often preceded by months of elevated moisture that promote 

75 the build-up of fine fuels (Littell et al., 2009). These spatial differences suggest that while re-

76 burns in dry climates may be precipitated by a period of elevated moisture (e.g., fueled by an 

77 uptick in fuels), those in moist climates are precipitated by longer periods of drought (e.g., fueled 

78 by a drop in moisture). These spatial differences are known to play out in fire return intervals, 

79 which are strongly related to re-burns. For example, the fire return interval in the hot and dry 

80 southwest US is estimated at 15-years, while this number more than doubles to 33-years in 

81 Montana and boreal forests of Canada where conditions of elevated moisture tend to persist 

82 longer to prevent new fire ignitions (Parks et al., 2018). This finding points to how the immunity 

83 of the landscape to wildfires is much greater in forests where moisture limitations tend to be less 

84 frequent.   

85 Although the aforementioned studies have investigated a number of possible drivers of re-

86 burns and their spatial variability to quantify their importance for specific plots to the sub-region 

87 scale, there has been little research on quantifying the impact of multiple drivers to investigate 

88 their importance for re-burns over larger regions. First, to better understand the role of humans in 

89 the occurrence of re-burns, we investigate the difference in the magnitude of trends in re-burns 

90 throughout the western US and compare this with the same trends that occur within the Wildland 

91 Urban Interface (WUI). Although re-burn trends have been comprehensively explored in a 

92 previous study (e.g., Buma et al., 2020), this investigation only included re-burns that occurred in 
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93 wildland forests and thus the potential role of humans in these trends was largely omitted. 

94 Further consideration of the human component is necessary given the prevalence of human-

95 caused wildfires in the western US (Balch, 2017). Next, we combine a gridded dataset of climate 

96 and environmental variables with machine learning (ML) techniques to investigate the 

97 importance of multiple climate variables as a predictor. Although numerous studies have 

98 explored the relationships between climate and wildfire over large areas (Litell, et al., 2009; 

99 Abatzoglou and Kolden, 2013; Williams et al., 2019) here, we strive to explore these 

100 relationships specifically for re-burns. The model is tested over California due to the higher 

101 frequency of re-burns observed in this state (Buma et al., 2020). Model performance is further 

102 tested over the US Environmental Protection Agency (EPA) Level III Ecoregions given the 

103 diversity of ecosystems and climate in this area that are likely to explain a high degree of 

104 differences in model performance. 

105

106 Methods

107 Re-burns are calculated using the Landsat-based Monitoring Trends in Burn Severity 

108 (MTBS) data product, which is maintained and updated by the US Geological Survey Center for 

109 Earth Resources Observation and Science (EROS) and the USDA Forest Service Geospatial 

110 Technology and Applications Center (GTAC). The MTBS was established in 2006 to evaluate 

111 the location, extent and severity of wildfires using Landsat-based estimates of wildfire burn 

112 areas. Initially, MTBS was based exclusively on the differenced Normalized Burn Ratio (dNBR), 

113 but has since been expanded to include the Relativized dNBR, which is an estimate of the 

114 relative magnitude of change and removes the bias associated with pre-fire vegetation conditions 

115 (Miller and Thode, 2007). As of October 2019, the MTBS dataset included 22,969 fires. Within 
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116 the western United States, this dataset consists of only fires above 405 ha and does not include 

117 prescribed fires (Picotte et al., 2020). 

118 Previous studies have indicated that errors due to the incorrect inclusion of pixels into MTBS 

119 that were not actually burned were found to be 15-18% of the total surface area, while errors of 

120 exclusion of pixels that were actually burned range anywhere from 0-45% of the total surface 

121 area (Piccote et al., 2020). These errors tend to result due to differences in the time since wildfire 

122 occurred versus the time when the satellite image was generated (Picotte and Robertson, 2010), 

123 terrain complexity (Kolden and Weisberg, 2007) and vegetation composition (Vanderhoof et al., 

124 2017). In spite of these issues with misclassification, MTBS still represents the longest spatially 

125 comprehensive, high resolution, remote sensing-based fire history mapping dataset that is 

126 available for the western US (Buma et al., 2020). Given these characteristics, MTBS data were 

127 deemed to be ideal for training the ML models and conducting the trend analysis that was used in 

128 this study.

129 Re-burn areas were calculated for the 11 states that comprise the continental western US for 

130 each year by finding the intersection of wildfire burn perimeters obtained from MTBS during 

131 1984-2018. The resulting data product displays the total wildfire re-burn perimeters across the 

132 western US. No distinction was made for how many times a given area re-burned (e.g., two times 

133 versus more than two times), given that areas that burn more than two times occur at a far lower 

134 rate than areas that burn only twice and thus would be difficult to extract meaningful information 

135 on climate drivers or trends for areas that burned greater than two times (Buma et al., 2020). As 

136 such, an area that burned multiple times was simply reported as a re-burn area.

137 The trend analysis was conducted by aggregating all the re-burn perimeter data by area per 

138 year for the 11 western US states. Data were then binned into 5- 10- and 20-year moving 

Page 6 of 35AUTHOR SUBMITTED MANUSCRIPT - ERCL-100090.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



7

139 windows and trends were estimated over the resulting data using the Mann-Kendall trend 

140 analysis for detecting monotonic trends (Mann, 1945; Kendall, 1975). The statistical significance 

141 (p < 0.05) of the trends for each of the three moving windows within each state was reported. For 

142 this calculation, the adjusted p-value based on an effective sample size to account for 

143 autocorrelation was used (Hamed and Rao, 1998). This sequence of steps was then repeated for 

144 only those re-burns that occurred within the Wildland Urban Interface (WUI) of each state, 

145 which was assumed to include both intermix and interface WUI. Intermix WUI is represented by 

146 those areas with a housing density greater than 6.17 houses per km2 and at least 50% of the area 

147 is covered by wildland vegetation. Interface WUI represents areas with higher settlement 

148 densities and less than 50% wildland vegetation coverage that also lie within at least 2.4 km of 

149 heavily forested areas (e.g., areas with greater than 75% wildland vegetation covering more than 

150 5 km2) (Radeloff et al., 2018).

151 Climate drivers in California for use in the ML algorithms were derived using gridded, near-

152 surface climate variables that included monthly and annual values of canopy moisture, soil 

153 moisture, precipitation, runoff, snow water equivalent (SWE), max temperature, min 

154 temperature, wind speed, and total evapotranspiration (Livneh et al., 2013). These data were 

155 derived from 20,000 National Oceanic and Atmospheric Administration (NOAA) Cooperative 

156 Observer (COOP) stations, as well as models and algorithms. The latest version of the data 

157 represents an update to an earlier version (Maurer et al., 2002) that includes increased spatial 

158 resolution to 1/16th °, an extended period of analysis and an updated version of the Variable 

159 Infiltration Capacity (VIC) model to estimate hydrologic variables such as SWE. Comparisons of 

160 the two data products were found to be largely consistent, with main differences occurring over 

161 mountainous areas of the western United States. The data has been applied to a wide range of 
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162 studies used to assess water and energy budgets, droughts and climate change assessments 

163 (Livneh et al., 2013). 

164 Additionally, we used historical Global Climate Model (GCM) output that was downscaled 

165 to 4-km using Multivariate Adaptive Constructed Analogs (MACA) (Abatzoglou and Brown, 

166 2012). The GCM used in this simulated dataset consisted of the bcc-csm1-1m model (Taylor et 

167 al., 2012) from the CMIP5 suite of simulations (Zhou et al., 2014). This data included annual 

168 maximum temperature, minimum temperature, wind speed, and precipitation fields and was used 

169 given the potential to use projected climate data for future work. In recognition that there is no 

170 temporal correspondence between the GCM simulated data and re-burn occurrence and because 

171 we only attempted to predict the entire set of re-burns that occurred over the 1984-2018 

172 observation period, annual means of these data were used to predict the occurrence of re-burns 

173 over the 35-year observation period. By including the historical simulated data from the GCM 

174 along with the meteorological station derived data that largely consisted of the same variables, 

175 our aim is to showcase the delta between the two. Prior to implementation in the NMFk 

176 algorithm, the MACA-derived GCM data was resampled to the larger spatial scale of the Livneh 

177 et al. (2013) dataset for use in this study. A summary of the data parameters, sources, and 

178 resolutions can be found in Table 1.

179 Prominent climate drivers contributing to re-burns were determined using the 

180 unsupervised machine learning algorithm Non-Negative Matrix Factorization using K-means 

181 clustering (NMFk) (Alexandrov and Vesselinov, 2014). NMFk is a blind source separation 

182 technique for the automated extraction of signals present in complex data. NMFk works through 

183 decomposing a data matrix X into a feature matrix W  and a mixing matrix   ∈ 𝑅𝑛 × 𝑘 𝐻 ∈  𝑅𝑘 × 𝑚

184 such that . In our application m is the number of grid-cells and n is the number of 𝑋 =  𝑊 ×  𝐻
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9

185 climate, hydrologic and wildfire-based input parameters we are using as inputs to NMFk. The 

186 matrix deconstruction process is able to extract an identifiable number of signals, k, within the 

187 data that can be used to reconstruct the original data when multiplied by the mixing matrix H, 

188 which provides weights to each parameter based on their importance to each signal. NMFk 

189 solves for different solutions sets for different values of k ranging from 2 to a user-defined value 

190 of d. K-means clustering is then used to determine how well a set of extracted features, k, is at 

191 accurately describing the original data based on several statistical measures. These measures 

192 include robustness, which is the degree to which a model performs as well when using new data 

193 versus training data; as well as the cluster silhouette, which measures how similar an object is to 

194 its own cluster. The solution clusters are obtained by executing the NMFk analyses with multiple 

195 random initial guesses, which was set to 1,000 for our purposes. One of the novelties of NMFk is 

196 the ability to automatically estimate the optimal number of signals (Kopt) present in the data using 

197 k-means clustering.

198 Here, we first apply NMFk to categorize the main climate and hydrologic signals present in 

199 California and how they relate to the re-burned areas as determined by the MTBS dataset. We 

200 include the MACA-derived climate data (temperature, precipitation, wind), the Livneh et al. 

201 (2013) climate and hydrologic data (Evapotranspiration, streamflow, runoff, rainfall, SWE, etc.), 

202 and the MTBS data as inputs to the NMFk algorithm. For this analysis, the MTBS re-burn data 

203 were resampled to a common 1/16th ° resolution by calculating the percent area re-burn within 

204 the larger grid cell over the entire study period (e.g., 1984-2018), creating the parameter 

205 “mtbs_weights” discussed below. Additionally, we computed basic statistics (mean, maximum, 

206 minimum, standard deviation, quartiles) for each variable, which are then added to the input 

207 dataset along with the raw climate data. Each feature of the input data is normalized between 0 
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208 and 1 to enable the NMFk algorithm to decompose the input data into constituent signals, which 

209 are subsequently assigned weights for each input feature. The MTBS re-burn weights were 

210 enhanced by a factor of 7 to strengthen the separation of signals that are influenced by re-burns. 

211 Through iteration, we found that a factor of 7 was large enough to separate a distinct re-burn 

212 signal, but not so large that other factors were not included in that signal. This allows us to 

213 develop a re-burn signal that includes other input parameters that contribute to that signal as well 

214 as what climate and hydrologic signals are not seen as contributing to re-burns. 

215 Next, the NMFk algorithm was applied to the climate dataset only in locations where re-

216 burns have occurred according to the MTBS dataset. This allows determination of how climate 

217 drivers differ exclusively among re-burn events. Application of the NMFk algorithm to climate 

218 data co-located with re-burns proceeded in the same way in which it is described in the previous 

219 paragraph when applied to climate data over all of California. 

220 In addition to the NMFk algorithm, a Random Forest classification model was used to predict 

221 re-burn areas across California over the entire study period (1984-2018) using the same climate 

222 datasets mentioned previously as inputs. Random Forest classification models work by 

223 partitioning model predictions into a series of decision trees, the depth and number of which are 

224 controlled by model hyperparameters, which are tuned prior to training the algorithm. Model 

225 outcomes are arrived at from taking the mean of output from individual trees. These outcomes 

226 are used to establish which features are the most important for model prediction. Random Forest 

227 models are effective at using complex data to model non-linearities and develop robust 

228 classification trees. Additionally, support vector machine models were used to classify the re-

229 burned areas with limited success. Thus, we present only the Random Forest results for 

230 simplicity. The US Environmental Protection Agency (EPA) Level III Ecoregions of California 
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231 were used as additional inputs so the model performance could be evaluated across these 

232 subregions. Each region was one-hot encoded as a 1 or 0 for incorporation into the model input 

233 dataset. The model was trained using 70% of the California spatial data where the calculated 

234 MTBS re-burns (non-weighted) were used as the target variable. Unlike NMFk, which 

235 automatically detects the number of features present in the data, Random Forest imposes no such 

236 limits. However, we down-selected to the 200 most important features, which were used to train 

237 a new model on the same data to reduce overfitting. Additionally, model hyperparameters (e.g. 

238 number of estimators, minimum samples split, minimum sample leafs, maximum depth) were 

239 tuned by randomly selecting from an appropriate range of hyperparameters and then iteratively 

240 fitting the data using Kfold cross-validation with 3 folds within the training data. We performed 

241 20 separate fits using different hyperparameter arrangements to determine the hyperparameter 

242 values based on the resulting F1-score. The F1-score was reported as the primary performance 

243 metric along with the sensitivity and precision scores.  

244

245 Results

246 The 1984-2018 re-burns for the 11 western US states are shown in Figure 1. The total area 

247 covered by re-burns in the western US was 89,026 km2, which represents 3.1% of the total land 

248 surface. The highest number of re-burns in terms of total area occurred in Idaho (16,703 km2) 

249 and California (16,418 km2), while the lowest number of re-burns in terms of total area occurred 

250 in Wyoming (1,840 km2). The highest density of re-burns occurred in Idaho, where they 

251 comprised 7.7% of the total land surface, while the lowest density occurred in Montana, where 

252 they comprised only 0.6% of the total land surface. 
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12

253 Trends in re-burns for the 11 western US states over the 5-, 10- and 20-year moving windows 

254 are shown in Figure 2. Results indicate that when the longer 20-year moving windows are 

255 considered, trends tend to be stronger within the WUI where 7 of the 11 states had stronger 

256 trends indicated by the magnitude of the tau statistic. When the shorter 5-year and 10-year 

257 moving windows were considered, only 5 and 2 of the 11 states had stronger trends within the 

258 WUI, respectively. Trends were also more likely to be statistically significant (p < 0.05) over the 

259 longer 20-year moving windows, particularly in the WUI where 7 of the 11 states fell into this 

260 category. When shorter moving windows were considered, only 3 (5-year) and 2 (10-year) of the 

261 11 states had statistically significant trends within the WUI. In both of these shorter time periods, 

262 there was a greater number of statistically significant trends that occurred when the analysis was 

263 conducted over the entire state than within the WUI. Decreasing trends only occurred within the 

264 WUI, which was true for 3 to 5 of the 11 states, depending on which moving window period was 

265 considered. However, the decreasing trends were only statistically significant for New Mexico 

266 over the 5-year period. California was the only state where trends were consistently stronger 

267 within the WUI for all three moving window periods that were considered, although none of 

268 these trends were statistically significant. Idaho was the only state that had decreasing trends of 

269 re-burns within the WUI for all three moving window periods, despite having the highest surface 

270 area and density of re-burns out of the 11 western states.

271 The extracted signals of the NMFk algorithm over the entire climate and re-burn dataset are 

272 shown over California in Figure 3. The top model weights for each signal are shown in Table 2. 

273 Here, larger parameter weights within a signal indicates that that parameter is important to 

274 constructing the signal (or pattern) identified by the NMFk algorithm. Spatially, a larger signal 

275 weight for a particular grid-cell indicates that that area is highly associated with the pattern 
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276 within the input data that is comprised of the input parameters that make up that signal. The 

277 optimal number of signals, as determined by the robustness measure of NMFk solutions, is six. 

278 Re-burns are represented in the model by the mtbs_weight feature. Of the optimal six signals that 

279 were identified, signal 2 is most associated with the re-burn perimeters, given that it was the only 

280 signal where mtbs_weights (e.g., re-burns) were included as one of the top features in Table 2 

281 and had a normalized weight of 0.80. In addition, the spatial distribution of signal 2 was largely 

282 co-located with the MTBS re-burns (Figure 3), which was highest along the California coastal 

283 mountain and Sierra Nevada foothills regions. Signal 2 is most prominently associated with high 

284 evapotranspiration in May-July and moderately associated with high maximum January soil 

285 moisture. Re-burns were not determined to be one of the top features for all other signals, as 

286 listed in Table 2. Signal 1 is associated with both standard deviation in temperature and summer 

287 canopy moisture and is most prevalent in northeastern California. Signal 3 is associated with 

288 high wind speed, particularly in September and February-May, and is most prevalent in coastal 

289 California. Signal 4 is associated with high maximum temperature and is most prevalent in the 

290 California Central Valley and in the more arid desert regions of southern California. Signal 5 is 

291 associated with high minimum temperatures especially during the non-summer seasons. Signal 5 

292 is most prevalent in the Central Valley, Southern California, and in coastal areas. Finally, signal 

293 6 is associated with high evapotranspiration in July-September and is most prevalent in the high 

294 elevation areas of California. 

295 The extracted signals of the NMFk algorithm for only the re-burned areas of California 

296 are shown in Figure 4. The top model weights for each signal are shown in Table 3. The optimal 

297 number of signals, as determined by the robustness measure of NMFk solutions, is six. Signal 1 

298 is associated with high wind speed especially during the Spring and is most prevalent in coastal 
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299 areas of Southern California.  Signal 2, which is primarily prevalent in mountainous areas of 

300 northwest California and the Sierra Nevada Mountains, is associated with high 

301 evapotranspiration in July-September and with the standard deviation of March SWE. Signal 3 is 

302 associated with high maximum and standard deviation in winter temperature and is strongest 

303 among re-burns located in southern California and in the foothills to the west of the Central 

304 Valley. Signal 4 is associated with high evapotranspiration in April-July and with high standard 

305 deviation in January soil moisture. Signal 4 is most prevalent among areas of the central 

306 California coast and in some areas of the foothills of the Cascades in northern California. Signal 

307 5 is strongest only in mountainous regions of northwest California and is associated with high 

308 standard deviations in winter wind speed and with generally high annual wind speed values. 

309 Signal 6 is associated with high Summer SWE and runoff and is prevalent among re-burns in the 

310 higher elevation mountainous regions throughout California. 

311 The results of the RF classifier model are shown in Figure 5, which shows the predicted and 

312 observed re-burns for the state of California, as well as the standard error for these predictions. 

313 The final RF model hyperparameters were determined to be 1000 estimators, a max depth of 7, a 

314 minimum samples split of 5, and a minimum samples leaf of 2. The model was able to achieve a 

315 testing F1 score of 0.596, although some overfitting did occur (training F1 score = 0.695). It is 

316 evident that the model over-predicted the size of re-burn perimeters, particularly along the 

317 southern and central coasts of California. However, we would not expect the model to capture 

318 the exact outlines of re-burn areas as the true perimeter could be related to factors extraneous to 

319 our input data such as vegetation cover, fire management, and the presence of natural or 

320 constructed fire-breaks. 
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321 The results of the RF classifier model are broken down by US EPA Level III Ecoregions in 

322 Table 4. The model performs poorly in some areas where re-burns are sparse, which is denoted 

323 by lower precision scores (e.g., <0.6) and are indicative of a high number of false positives 

324 relative to the total number of re-burns. These regions include the Coast Range and Cascades (no 

325 predicted re-burns), which had the third and fourth fewest re-burn pixels of the regions 

326 represented. However, the model does perform best in other areas where re-burns are less 

327 frequent, such as the Sonoran and Central Basin and Range Ecoregions, which had the fewest 

328 number of re-burn pixels of the regions represented. The model performs well (accuracy 0.87-

329 0.92) in the Klamath Mountains, Central California Foothills, and Sierra Nevada, where re-burns 

330 are well-represented (precision score >0.6). In the Southern California Mountains and Southern 

331 California/Baja Coast where we see the highest percentage of reburns (34-43%), the precision 

332 score is low indicating many false positives and the recall score is high indicating a small 

333 number of false negatives. The maps provided in Figure 5 indicate that this is likely because the 

334 model is over-predicting re-burns in these areas. Again, the model has the skill to know that re-

335 burns are occurring in this area, but the climate data alone does not appear to be sufficient to 

336 accurately represent the extent of the re-burn areas. 

337

338 Discussion

339 Our findings related to the spatial variability of re-burn occurrence and trends are supported 

340 by several recent studies. For instance, the higher re-burn occurrence and/or densities observed 

341 within California and Idaho corroborate with the US EPA Level III Ecoregions that were 

342 identified as having higher re-burn percentages (Buma et al., 2020). Of the eight Level III 

343 Ecoregions with elevated re-burn percentages (e.g., >7%), five were at least partially located in 
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344 California or Idaho (Sierra Nevada = 7.7%, Central California Foothills and Coastal Mountains 

345 =13.2%, Idaho Batholith = 8.1%, Klamath Mountains =11.4%, and Sonoran Basin and Range = 

346 16.7%). The consistently stronger increasing trends of re-burns that were found in the WUI only 

347 within California are perhaps related to the higher occurrence of human-caused wildfires within 

348 that state (85%). Contrastingly, in Idaho where the density of re-burns was still high, only 

349 decreasing trends were observed within the WUI possibly due to the lower incidence of human-

350 caused wildfires (31%). This is supported by the discovery that the strongest increasing trends in 

351 lightning caused wildfires to have been detected in the North American Desert Ecoregion, which 

352 comprises a large portion of Idaho (Balch et al., 2017). In addition, the decreasing trends that 

353 occurred within the WUI in Idaho and elsewhere are perhaps related to the stronger fire 

354 suppression efforts that are more likely to take place there to protect critical infrastructure than in 

355 more remote locations. Fire suppression expenditures are reported to have increased by 250% 

356 from 2000-2013 relative to 1985-1999 and a main reason for this increase was the expansion of 

357 residential development within the WUI (Clark et al., 2016). The finding of more robust trends 

358 overall, particularly within the WUI, when the longer 20-year moving window is considered is 

359 supported by the lack of fuels following a burn that will decrease the likelihood of re-burns over 

360 shorter intervals (Buma et al., 2020). The protection against wildfire in the years following a 

361 burn due to the fuels limitation is reported to be particularly notable in the first 10-years after a 

362 wildfire (Hart et al., 2018). 

363 Differences in regional climate and associated impacts on the fuels limitation have been 

364 identified as an important driver in the frequency of re-burns. For example, in the warm and dry 

365 climate of the southwestern US where the likelihood of wildfire re-burns is lower due to fuel 

366 limitations, the occurrence of re-burns has been strongly linked to periods of elevated moisture 
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367 that can boost fuel loads. Forests within these climate zones have been observed to have a short 

368 fire return interval of 9-15 years (Parks et al., 2016; Parks et al., 2018), perhaps because once the 

369 vegetation has regenerated following a wildfire, the persistence of elevated moisture over some 

370 time period can increase fuel loads above some tipping point that is necessary to carry fire. 

371 However, in cooler and more moist climates like the northwestern US where the likelihood of 

372 wildfire re-burns lower due to moisture limitations, decreases in moisture (e.g., droughts) will 

373 increase the probability of re-burns (Buma et al., 2020). Forests within these climates have been 

374 observed to have longer fire return intervals of 20-33 years (Parks et al., 2016; Parks et al., 2018) 

375 indicating that the moisture limitations to re-burns in these climate zones are generally stronger 

376 than the fuel limitations to re-burns in hot and dry climate zones. 

377 Using NMFk for the analysis over all of California, we were able to derive which climate 

378 data is associated with a re-burn signal across all of the re-burned areas in California. ET was 

379 found to be a major driver of re-burns across all of California, especially in the late-Spring to 

380 early-Summer months. This was evident in signal 2 (Table 2), which was the only signal with a 

381 strong relationship to the occurrence of re-burns. Next, using only the re-burned areas of the state 

382 as inputs to the NMFk algorithm, we were able to disaggregate the re-burned areas to determine 

383 how climatic drivers differ spatially within re-burn areas of California. The NMFk results from 

384 only the areas of re-burn show that elevated ET in both the Summer and late Spring months 

385 comprise the bulk of the features in signals 2 and 4 (Table 3), respectively. The strong 

386 relationship between reburns and Spring and Summer ET highlights the importance of 

387 antecedent moisture conditions on re-burns given that wildfires typically occur later in the year 

388 in California (Swain, 2021). We also see strong signals associated with re-burn behavior based 

389 on raw wind speed, wind speed variability and seasonal wind speed. This is shown in signal 5 of 
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390 Figure 3, which is associated with re-burns located in northern California as well as signal 1 of 

391 Figure 3, which is associated with re-burns located in southern California. The strong signals 

392 associated with wind from these regions may be due to the Diablo and Santa Ana wind events, 

393 which are both strongly associated with wildfires (Smith et al., 2018). Both signal 1 and signal 5 

394 share many of the same wind features. Signal 5, however, is more concerned with high 

395 variability in wind speed, while the top contributor of signal 1 is the raw wind speed indicating 

396 both are important features for re-burns. The wind speed standard deviation may be linked to the 

397 onset of these events, given that their presence is likely to increase the variability of wind speed 

398 in the season they occur. NMFk clearly shows that Fall and Winter minimum temperatures are 

399 also heavily associated with re-burns in signal 3, which covers re-burns in both northern and 

400 southern California, indicating that the high minimum temperatures brought on by the winds are 

401 also important. Snow and hydrology are also important for re-burns in high elevation areas, as 

402 evidenced by signal 6. These variables tended to be associated with the Summer and Fall 

403 months, which coincide with the peak fire season and underscores the importance of fuel 

404 moisture conditions.

405 The results of the RF classification model show some skill in predicting the general regions 

406 where re-burns are most prevalent for the entire study period from 1984 to 2018. However, the 

407 model overpredicts re-burn perimeters particularly in southern California likely due to the lack of 

408 representation of key features related to vegetation and fire management that are important 

409 drivers of reburns. Even still, because the model is proficient at identifying the general regions 

410 most impacted by re-burns (e.g., Southern and Central California Coast, Sierra Nevada Foothills 

411 and Northwest Mountains), the skill at properly identifying the general areas where re-burns 

412 occur based on climate data alone shows promise for future applications within a model. This 
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413 could include understanding how re-burn areas might expand or contract based on future climate 

414 change, which could have implications for changes in forest management practices to receive 

415 more regular fuel treatments. 

416 As alluded to in the previous paragraph, several potentially important features were omitted 

417 from our ML model approaches at predicting re-burns in order to focus our predictors on climate.  

418 For example, vegetation characteristics such as composition and structure were shown to be 

419 important controls on re-burns at the local or Ecoregion scales (Coppoletta et al., 2016; 

420 Grabinski et al., 2017) Moreover, the productivity of fine fuels was found to be important at 

421 larger, more regional scales (Buma et al., 2020). Another important feature missing from the 

422 current study is the ability to test how human activity may drive re-burn occurrence within the 

423 existing ML model framework. Although this is tested through the trend analysis, doing so 

424 within our ML model approach would require estimates of WUI through time at a temporal 

425 resolution that was comparable to the climate drivers. To the best of our knowledge, this data 

426 was not available at the time of writing this manuscript. However, this information could be 

427 derived directly through analysis of optical imagery (e.g. Landsat or the Moderate Resolution 

428 Imaging Spectroradiometer [MODIS]) and/or approximated by evaluating changes in population 

429 growth from census data within the WUI. Both approaches were beyond the scope of this study, 

430 but could lay the foundation for future research on this topic.

431

432 Conclusion

433 The trend analysis of re-burn occurrence demonstrated that the strength of trends is generally 

434 higher within the WUI than outside this region particularly when trends were considered over 

435 longer time intervals (e.g., 20-years) due to the fuel limitation for shorter fire return intervals 
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436 (e.g., <10-years). California was the only state where fuel limitations were consistently stronger 

437 within the WUI over all time periods, possibly due to the much higher incidence of human-

438 caused wildfires relative to other states. The applied unsupervised machine learning algorithm 

439 (NMFk) was able to highlight several important climatic features that are most strongly related to 

440 the occurrence of re-burns across a large area such as California. These include temperature, 

441 particularly during the Fall and Winter months, ET during the Spring and Summer months, raw 

442 and standard deviation of wind speed, as well as runoff and snow water equivalent (SWE) 

443 particularly during the peak fire season. The Random Forest classification model offered some 

444 skill at predicting general locations of re-burns based on climate data alone, although struggled 

445 with some false positives likely due to the lack of some important features related to vegetation 

446 or topography that were not incorporated into the model. 

447 The results from this study have implications for the prioritization of fuel treatments such as 

448 thinning or prescribed burns by forest managers (Halofsky et al., 2020). Knowledge on the 

449 immunity of a landscape to fire can help managers determine the frequency of retreatments 

450 following fuel treatments. This is particularly important for areas treated with prescribed burns, 

451 which offer mixed results in effectiveness where mitigation in burn severity can range anywhere 

452 from 2- to 30-years post treatment (Prichard et al., 2017). Moreover, burn severities in re-burns 

453 have been found to not necessarily be lower, but generally reflective of the initial fire. These 

454 findings coupled with the results of this study suggest that prioritization of more regular 

455 treatment within the WUI of California than other states could be more effective in avoiding 

456 losses in structures or lives given the higher incidence of re-burns overall (Figure 1) and 

457 consistently stronger increasing trends in re-burns found in these locations than elsewhere in the 

458 state (Figure 2). Specific areas within the WUI to target could include those areas where seasonal 
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459 wind speed and evapotranspiration rates were shown to be strongly related to the occurrence of 

460 re-burns (Figures 3-4 and Table 4), as well as those areas that were shown to have generally 

461 higher re-burn densities according to the observations (Figure 1) and model (Figure 4). Future 

462 work could involve identifying areas of higher risk using this data, running the model using 

463 projected climate data to understand changes, the use of vegetation and topographic data to 

464 improve existing models, and testing separate ML models over the individual ecoregions to 

465 refine model predictions at a smaller scale that could be used as a supplement to the larger 

466 model.
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617 Figures

618

619 Figure 1: 1984-2018 wildfire re-burn perimeters derived from the MTBS data for the 11 western 

620 US states. States are shaded according to a) total re-burn area and b) percent land area coverage 

621 that occurred within state boundaries.

622

623 Figure 2: Mann-Kendall tau statistic for trend analysis of re-burns for 11 western US states using 

624 a) 5-year, b) 10-year and c) 20-year moving windows. Trends are shown for all re-burns that 

625 occurred within each state (blue bars) and only re-burns that occurred within the WUI (orange 

626 bars).

627

628 Figure 3: NMFk output signals at the optimal six signals using the climate dataset over 

629 California. The first six panels show the individual signals output from NMFk, while the final 

630 panel shows the calculated fraction of the spatial cell that has re-burned.

631

632 Figure 4: NMFk output signals at the optimal six signals using the climate dataset for the 

633 calculated re-burned cells in California. The first six panels show the individual signals output 

634 from NMFk, while the final panel shows the calculated fraction of the spatial cell that has re-

635 burned.

636

637 Figure 5: Observed MTBS Re-burns, predicted re-burns using a Random Forest Classification 

638 model, and the absolute error in model performance for the entire state of California. F1, 

639 sensitivity, and precision score are provided.
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640 Tables

641

642 Table 1: Summary information for the climate drivers that were used in this study.

643

644 Table 2: The top nine features for each of the six NMFk outpus signals and their corresponding 

645 normalized weight for each signal over the entire state of California. The signals correspond to 

646 the signals shown in Figure 2.

647

648 Table 3: The top nine features for each of the six NMFk outpus signals and their corresponding 

649 weight for each signal using only the re-burned cells. The signals in correspond to the signals 

650 shown in Figure 3.

651

652 Table 4: Results statistics for the Random Forest classifier across the entire domain and for each 

653 US EPA Level III Ecoregion. Also included are the number of cells, number of burned cells and 

654 percent area burned within each ecoregion.
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Figure 1: 1984-2018 wildfire re-burn perimeters derived from the MTBS data for in the 11 western US states. States 
are shaded according to a) total re-burn area and b) percent land area coverage that occurred within state boundaries.b)

a)
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Figure 2: Mann-Kendall tau statistic for trend analysis of re-burns for 11 western US states using a) 5-year, b) 10-
year and c) 20-year moving windows. Trends are shown for all re-burns that occurred within each state (blue bars) 

and only re-burns that occurred within the WUI (orange bars).

b)

a)

c)
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Figure 3: NMFk output signals at the optimal six signals using the climate dataset over California. The first six 
panels show the individual signals output from NMFk, while the final panel shows the calculated fraction of the 

spatial cell that has re-burned.
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Figure 4: NMFk output signals at the optimal six signals using the climate dataset for the calculated re-burned cells 
in California. The first six panels show the individual signals output from NMFk, while the final panel shows the 

calculated fraction of the spatial cell that has re-burned.
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Figure 5: Observed MTBS Re-burns, predicted re-burns using a Random Forest Classification model, and the 
absolute error in model performance for the entire state of California. F1, sensitivity, and precision score are 

provided.
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Table 1: Summary information for the climate drivers that were used in this study.
Variable Temporal Range (Frequency) Native Spatial Resolution Source

Reburn Weights 1984-2018 (composite) >405 ha Monitoring trends in burn severity 
(MTBS)

Canopy Moisture 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Soil Moisture 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Precipitation 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Runoff 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Snow Water Equivalent 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Temperature (max) 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Temperature (min) 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Total Evapotranspiration 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Wind Speed 1950-2013 (monthly) 1/16o Livneh et al., 2013 CONUS near-
surface derived meteorology

Precipitation 1950-2020 (annual) 4 km
Abatzoglou and Brown, 2012 

MACA downscaled global climate 
model

Temperature (min) 1950-2020 (annual) 4 km
Abatzoglou and Brown, 2012 

MACA downscaled global climate 
model

Temperature (max) 1950-2020 (annual) 4 km
Abatzoglou and Brown, 2012 

MACA downscaled global climate 
model

Wind Speed 1950-2020 (annual) 4 km
Abatzoglou and Brown, 2012 

MACA downscaled global climate 
model
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Table 2: The top nine features for each of the six NMFk outpus signals and their corresponding normalized weight for each signal over the entire state of 
California. The signals correspond to the signals shown in Figure 2. Abbreviations are defined in the table footera, b.

Signal 1 Signal 2 Signal 3 Signal 4 Signal 5 Signal 6

Top Features Weights Top Features Weights Top Features Weights Top Features Weights Top Features Weights Top Features Weights

Nov temp max std 1.00 May ET mean 1.00 Sep was 1st quartile 1.00 tmax 39 1.00 Feb temp min std 1.00 Jul ET 3rd quartile 1.00

Feb temp max std 0.91 May ET 1st 
quartile 0.94 wind 13 1.00 tmax 23 1.00 Mar temp min 3rd 

quartile 0.91 Jul ET mean 0.91

tmin std 0.88 May ET 3rd 
quartile 0.87 wind 65 0.97 tmax 4 0.99 Mar temp min max 0.86 Aug ET max 0.88

Jun canopy_moist 
std 0.87 Jun ET mean 0.87 Sep was mean 0.96 Jul temp max 

min 0.99 Oct temp min 1st 
quartile 0.86 Aug ET 3rd quartile 0.87

Sep canopy_moist 
max 0.86 ET mean 0.85 Mar was mean 0.96 tmax 51 0.99 Jan temp min std 0.85 Jul ET 1st quartile 0.86

May canopy_moist 
std 0.81 Jul ET max 0.82 Mar was 3rd quartile 0.96 tmax 71 0.99 Apr temp min 1st 

quartile 0.85 Jul ET max 0.81

Jun canopy_moist 
3rd quartile 0.76 mtbs_weights 0.80 May was 1st quartile 0.95 tmax 31 0.98 Nov temp min max 0.85 Aug ET mean 0.76

Aug canopy_moist 
std 0.75 Jun ET 3rd quartile 0.78 Apr was 1st quartile 0.95 tmax 8 0.98 Oct temp min 0.85 Sep ET max 0.75

Jun canopy_moist 
mean 0.70 Jan soil_moist max 0.77 Feb was min 0.95 tmax 65 0.98 Jan temp max min 0.83 Sep ET 3rd quartile 0.70

a canopy_moist = Canopy Moisture; ET = Evapotranspiration; max = Maximum; min = Minimum; mtbs = Monitoring Trends in Burn Severity; soil_moist = Soil Moisture; std = 
Standard Deviation; tmax = Maximum Temperature; tmin = Minimum Temperature; was = Wind Speed
b tmax 51 = Maximum Temperature for the 51st year (e.g., 2000) of the time series from 1950 to 2020.
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Table 3: The top nine features for each of the six NMFk outpus signals and their corresponding weight for each signal using only the re-burned cells. The signals 
in correspond to the signals shown in Figure 3. Abbreviations are defined in the table footera, b.

Signal 1 Signal 2 Signal 3 Signal 4 Signal 5 Signal 6
Top Features Weights Top Features Weights Top Features Weights Top Features Weights Top Features Weights Top Features Weights

wind 7 1.00 Jul ET 3rd quartile 1.00 Jan temp min std 1.00 Jun ET 3rd quartile 1.00 Nov was std 1.00 Oct SWE min 1.000

May was 1st 
quartile 0.96 Jul ET mean 0.90 Feb temp min std 0.92 May ET 1st quartile 0.94 wind std 0.98 Sep runoff min 1.000

wind 64 0.96 Jul ET max 0.83 Dec temp min std 0.91 May ET mean 0.88 wind 4 0.97 Jun SWE min 1.000

Apr was 1st quartile 0.94 Aug ET max 0.81 Feb temp min max 0.87 May ET 3rd 
quartile 0.88 Mar was std 0.96 Aug SWE 1st 

quartile 1.000

Apr was mean 0.94 Mar SWE std 0.81 Nov temp min max 0.85 Apr ET 1st quartile 0.84 Feb was std 0.94 Jul runoff min 1.000

Apr was 3rd 
quartile 0.94 Aug ET 3rd 

quartile 0.80 Nov temp min 3rd 
quartile 0.79 Jul ET max 0.79 wind 37 0.85 Sep SWE 1st 

quartile 1.000

wind 2 0.94 Jul ET 1st quartile 0.79 Mar temp min 3rd 
quartile 0.78 Jun ET mean 0.77 Dec was std 0.82 Jul SWE min 1.000

Mar was 1st 
quartile 0.93 Jun ET 3rd quartile 0.77 Feb temp min 3rd 

quartile 0.77 Apr ET min 0.75 wind 29 0.82 temp min 0.997

wind 15 0.93 Sep ET max 0.73 Dec temp min max 0.77 Jan soil_moist std 0.74 wind 68 0.82 Aug SWE min 0.997

a canopy_moist = Canopy Moisture; ET = Evapotranspiration; max = Maximum; min = Minimum; mtbs = Monitoring Trends in Burn Severity; std = Standard Deviation; SWE = 
Snow Water Equivalent; tmax = Maximum Temperature; tmin = Minimum Temperature; was = Wind Speed
b wind 64 = Wind Speed for the 64th year (e.g., 2013) of the time series from 1950 to 2020.
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Table 4: Results statistics for the Random Forest classifier across the entire domain and for each US EPA Level III Ecoregion. Also included are the number of 
cells, number of burned cells and percent area burned within each ecoregion. 

 Total Coast 
Range

Central 
Basin and 

Range

Mojave 
Basin 
and 

Range

Cascades Sierra 
Nevada

Central 
California 

Foothills and 
Coastal 

Mountains

Central 
California 

Valley

Klamath 
Mountains/ 
California 

High North 
Coast Range

Southern 
California 
Mountains

Northern 
Basin and 

Range

Southern 
California/ 
Northern 
Baja coast

Eastern 
Cascades 

Slopes 
and 

Foothills

F1 Score 0.660 0.308 0.703 0.615 0 0.671 0.673 0.435 0.653 0.675 0.778 0.71 0.694 0.261

Accuracy 0.916 0.977 0.967 0.992 0.945 0.92 0.873 0.979 0.883 0.584 0.963 0.987 0.698 0.965

Precision 0.592 0.286 0.929 0.571 0 0.729 0.619 0.833 0.616 0.513 0.875 0.55 0.535 1

Recall 0.747 0.333 0.565 0.667 0 0.621 0.736 0.294 0.695 0.983 0.7 1 0.988 0.15

N Burns 6 6 23 18 21 182 356 34 141 175 10 11 171 20

N Cells 10688 385 338 1905 383 1386 2011 1224 889 399 107 687 494 480

% Burn 0.06 1.56 6.80 0.94 5.48 13.13 17.70 2.78 15.86 43.86 9.35 1.60 34.62 4.17
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