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Abstract: The protection and expansion of forest carbon sinks are critical to achieving climate-change 
mitigation targets. Yet, the increasing frequency and severity of forest disturbances challenge the 
sustainable provision of forest services. We investigated patterns of forest disturbances’ impacts 
on carbon sinks by combining spatial datasets of forest carbon sequestration from biomass growth 
and emissions from fre and bark beetle damage in the western United States (U.S.) and valued the 
social costs of forest carbon losses. We also examined potential future trends of forest carbon sinks 
under two climate-change projections using a global vegetation model. We found that forest carbon 
losses from bark-beetle damage were larger than emissions from fres between 2003 and 2012. The 
cumulative social costs of forest carbon losses ranged from USD 7 billion to USD 72 billion, depending 
on the severity of global warming and the discount rate. Forest carbon stocks could increase around 
5% under Representative Concentration Pathway (RCP) 4.5 or 7% under RCP 8.5 by 2091 relative to 
2011 levels, mostly in forests with high net primary productivity. These results indicate that spatially 
explicit management of forest disturbances may increase forest carbon sinks, thereby improving 
opportunities to achieve critical climate-change mitigation goals. 
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1. Introduction 

Forest disturbances have a substantial impact on the climate regulation service of 
forests. Indeed, the protection, restoration, and expansion of forest ecosystems are critical 
for climate-change mitigation [1]. Yet, the increasing frequency, extent, and intensity of 
forest disturbances such as fres, pest outbreaks, and timber extraction may offset the 
benefts from strategies aimed at increasing forest carbon sinks [2]. Insights from current 
and projected impacts of forest disturbances could help devise strategies to protect and 
expand forest carbon sinks and the provision of other forest services [3]. 

The sustainable provision of forest ecosystem services requires the design of strategies 
that account for interactions between local, regional, and global forest disturbances since 
these interactions could have cascading effects on ecological and socioeconomic systems 
well beyond impacted sites and over long time horizons [4]. For instance, forest insect 
outbreaks have the potential to alter the probability, extent, or severity of wildfres, as 
well as post-fre tree regeneration [5]. Thus, non-spatially targeted management of forest 
disturbances combined with the slow process of forest regrowth and expansion may result 
in long-lasting social, economic, and environmental complications [6,7]. 

Focusing on forest carbon stocks, past natural and anthropogenic disturbances on 
U.S. forest lands have reduced them to about half their maximum storage potential [8]. 
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Ensuing forest regeneration over about 25 years, between 1990 and 2016, has resulted in the 
sequestration of about 1600 million metric tons of CO2 (Mt CO2) [9]. During this period, 
fre and timber harvesting reduced forest carbon stocks by about 791 Mt CO2. On balance, 
these carbon fuxes resulted in the net sequestration of about 800 Mt of CO2 (around 30 Mt 
CO2 per year) [9]. While these forest carbon stocks offset around 15% of the U.S. carbon 
emissions from fossil fuel combustion per year [9], carbon absorption rates across most 
terrestrial ecosystems have been declining in recent decades due to soil water and nutrient 
constraints [10]. The declining ability of forest ecosystems to capture and store carbon 
increases the relevance of protecting current carbon sinks. 

Our analysis contributes to our knowledge base by examining the spatial patterns 
of forest carbon emissions in western U.S. forests and quantifying the social cost of such 
emissions. We also investigated the relationship between forest disturbances and the ability 
of forests to capture atmospheric CO2. Finally, we estimated potential long-term changes 
in forest carbon sinks under Representative Concentration Pathway (RCP) 4.5 (global 
warming between 2 and 3 degrees Celsius by 2100) and RCP 8.5 (global warming around 
5 degrees Celsius). 

2. Materials and Methods 
2.1. Study Area 

We investigated forest disturbances in the western U.S. (Arizona, California, Colorado, 
Idaho, Montana, Nevada, New Mexico, Oregon, Utah, Washington, and Wyoming). The 
region covers broad ranges of elevations and includes numerous ecoregions arrayed across 
wide temperature and moisture gradients, while also encompassing a large and diverse 
set of forest types. Western U.S. forests accounted for almost one-third of the national net 
forest CO2 sequestration from 1990 to 2016. California, Idaho, Oregon, and Washington 
account for about 63% of the forest carbon stock within the region. In terms of carbon 
pools, almost two-thirds of the sequestered carbon in western U.S. forests is stored in 
aboveground biomass and soils. The rest is accumulated in forest litter, such as fallen leaves 
and branches (20% of the CO2 stock), dead trees (8%), and non-tree understory vegetation 
(2%) [11]. Timber harvesting, wildfres, pest outbreaks, and droughts are the main drivers 
of tree mortality and carbon losses in this region [9,12]. 

Most western States in the U.S. have large areas of public lands managed by federal and 
state entities, and they have large areas of sparsely populated and relatively undeveloped 
lands subject to disturbances. Certain locations attract millions of national and international 
visitors for their majestic landscape, unique features, and scenic beauty. For example, Grand 
Canyon, Yellowstone, and Yosemite National Parks received 2.9, 3.8, and 2.3 million annual 
visitors, respectively, in 2020 [13]. In many areas, human settlement is broadly interspersed 
with forests and trees, and, in others, commercial forest management for wood products 
prevails. Forest disturbances will directly affect the sustainable provision of multiple 
forest services. 

2.2. Historical Forest Carbon Fluxes 

In the western U.S., the rate of forest carbon loss resulting from timber harvest, bark 
beetle outbreaks, and fre has been approximately 1.1% per year from 2003 to 2012 [14]. 
Timber harvest accounts for about half the forest carbon removal in the region, followed 
by bark-beetle (32%) and fre (18%) events [14]. The net carbon effect of timber extraction 
requires a life-cycle analysis of wood products with different lifespans and rates of carbon 
decay (e.g., paper and wooden frames of houses). 

Since such an analysis is out of the scope of our study and since we lacked spatially 
explicit data on timber harvesting, we focused instead on identifying the spatial patterns 
and social costs of carbon emissions generated by fre and bark beetles. Spatially explicit 
changes in forest carbon from these two disturbances were quantifed using annual tree-
mortality data at a 1 km resolution over the period 2003–2012 from Berner et al. [14]. 
Estimates of aboveground forest carbon differ among available datasets, particularly for 
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spatially explicit datasets. The data used in our analysis rely on an ensemble of above-
ground biomass datasets and regional feld data to vary tree mortality by forest type and 
fre severity. Around 40% of forests in the study area experienced multiple disturbances 
from 2003 to 2012. To account for that, Berner et al. [14] reduced trees’ aboveground carbon 
each time a disturbance occurred. Monte Carlo simulation was also used to investigate un-
certainty derived from parameter error and temporal variability. All these steps produced 
robust estimates of aboveground carbon lost due to fre and bark-beetle disturbances. Tree 
mortality from low- to high-intensity fres was estimated using Landsat images and fre 
severity data for fres larger than 405 hectares. The United States Forest Service National 
Forest Health Monitoring implements aerial surveys to map regions affected by insects 
and other disturbances. Such information is used to estimate the number of dead trees 
in affected areas manually. Survey data is then used to estimate the annual canopy mor-
tality area due to twelve types of bark beetles in western U.S. forests from 1997 to 2010. 
Survey-based estimates were corrected using feld observations and canopy mortality data 
generated with high-resolution satellite imagery (2.4 m) from Colorado, Idaho, and New 
Mexico. This information was used by Berner et al. [14] to estimate annual tree canopy 
mortality from 2003 to 2012 at a 1 km resolution. More information about the tree-mortality 
data is available in Berner et al. [14]. 

We used spatially explicit information on the average carbon sequestration of estab-
lished and secondary forests reported by Harris et al. [15] for the period 2001–2020. We 
overlaid these data with the tree-mortality data to investigate the effect of forest distur-
bances on the climate regulation capability of these forests. While the periods of the carbon 
sequestration and tree-mortality data are not perfectly aligned, these datasets allow the 
exploration of spatial patterns of forest disturbances and forest carbon uptake. 

2.3. Valuing the Cost of Forest Carbon Emissions from Disturbances 

Once the carbon budget associated with certain levels of climate change is exceeded, 
the cost of each additional ton of CO2 emissions increases. The Interagency Working Group 
(IWG) on the Social Cost of Carbon [16] has estimated the global net monetary impact per 
additional CO2 emitted between 2010 to 2050, using three global integrated assessment 
models (IAMs) of human and ecological systems. This Social Cost of CO2 (SC-CO2) estimate 
accounts for potential climate change impacts—both benefts and costs—of small increases 
in regional temperatures across multiple economic areas such as in agricultural productivity, 
human health, and increased risks to property and human lives. 

Given the long-term residence of CO2 emissions in the atmosphere, the IAMs used 
by the IWG assess the net economic costs from the year of the emission to 2300. The IWG 
arrives at a range of economic values after applying different discount rates of social time 
preference (2.5%, 3%, and 5%) to the net economic costs. The SC-CO2 was also estimated 
for a scenario that refects the costs of extreme climate effects by using the 95th percentile 
of the distribution estimates at the 3% discount rate. We incorporated SC-CO2 estimates, 
reported by the IWG for the period 2010–2050, in statistical regressions to project the cost of 
annual emissions from disturbance events between 2003 to 2012 and between 2051 to 2091. 

Annual SC-CO2 estimates from 2003 to 2012 (in 2007 dollars) were frst multiplied by 
the corresponding annual forest carbon emission resulting from fre and beetle-induced tree 
mortality. The results were aggregated to generate a cumulative estimate. SC-CO2 estimates 
for the period 2050–2091 were used to value the benefts of net carbon sequestration due to 
projected vegetation dynamics. 

2.4. Projected Forest Carbon Fluxes 

Recent carbon emissions from forest disturbances have been offset by carbon storage 
in the form of forest biomass growth and forest cover expansion [9]. To assess if such 
trends are expected to continue under climate-change projections, we used the dynamic 
global vegetation model MC2 [17]. MC2 simulates vegetation dynamics under climate 
projections from 20 global climate models and for the RCP 4.5 and 8.5. MC2 accounts for 
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spatially heterogeneous differences in soil and vegetation productivity, as well as wildfre 
suppression. A description of these RCPs can be found in Pachauri et al. [18]. 

Fire effects were simulated to account for tree mortality and combustion, as well as 
for tree mortality without combustion, where carbon is transferred to dead pools and 
undergoes gradual decomposition. The effect of fre suppression on forest emissions was 
modelled under a set of thresholds. MC2 used default values for the fre line intensity 
(900 kW/m), the energy release (60 W), and the rate of fre incidence (100) above which 
fres will occur despite fre suppression. These values were selected from Rogers et al. [19] 
to match observations of large fres, especially on the west coast of the U.S. Large fres were 
used to determine these threshold values since about 1% of the U.S. fres are responsible 
for 90% of the area burned. Rogers et al. [19] looked at those large fres and estimated the 
parameters needed to describe them as unmanageable. Below these thresholds, fres were 
not allowed to burn, assuming complete effective suppression. 

Large fres are allowed in the model, assuming that once conditions are perfect for 
fre to occur, suppression efforts will fail. MC2 cannot directly model fre spread from 
one pixel to another. However, adjacent pixels subjected to the same climate drivers and 
with similar soil characteristics and land cover will respond in identical ways and thus 
display similar fre behavior, mimicking spread. The model also assumes that, under high 
CO2 concentrations, trees will be less stressed as their water use will be more effcient. 
Thus, there will be higher water content in the live carbon pools making trees less likely 
to combust. In addition, for forests damaged by fre, MC2 specifes the type of vegetation 
adapted to new (warmer/drier) conditions that will likely regrow and be more resilient to 
drought, though with lower-potential carbon stocks (i.e., potentially with lower biomass 
production and consequently lower fuel loads). 

3. Results 
3.1. Forest Disturbances and Carbon Fluxes 

The magnitude and spatial distribution of forest CO2 emissions are greater for bark 
beetles than fre, with some spatial clusters of high emissions (Figure 1a) in the western 
states. State-level emissions from beetle-related tree mortality were greatest in Colorado 
(97% of the total fre and beetle-related emissions), Wyoming (84%), Washington (76%), and 
Montana (73%). Fire accounted for around 62% of the state-level forest carbon emissions 
in Arizona, California, and New Mexico (Figure 1b). Carbon-dioxide emissions ranged 
from 73 to 136 Mt CO2 per year, with an annual mean of 89 Mt CO2, with the highest 
level of emissions observed between 2008 and 2010 (Figure 1c). Drought conditions may 
have infuenced the spike of wildfre and beetle-related CO2 emissions between 2007 and 
2009 [3]. The estimates of CO2 emissions from 2002 to 2012 (893 Mt CO2) differ from 
estimates reported by Woodall et al. [9] due to methodological differences in estimating 
carbon emissions. 

Fire and bark-beetle outbreaks have greatly impacted forest ecosystems in the study 
area (Figure 2). Only the Cascadia Bioregion in the Pacifc Northwest area of Washington 
and Oregon has had high CO2 sequestration and low disturbance impacts. The temperate 
rainforests in this region host some of the tallest and oldest trees with the largest basal area 
in the world. The forest biomass per unit of area in this region is larger than the biomass in 
tropical and boreal forests [20]. In addition, this region has the greatest annual rainfall in all 
the U.S., which contributes to longer fre return intervals in this area [21,22]. Nevertheless, 
even in this region, there have been areas affected by signifcant disturbance levels that 
have reduced CO2 sequestration rates (inset map in Figure 2). 
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Figure 1. Cumulative CO2 emissions from biomass loss due to bark beetle (a) and wildfres (b) on 
western U.S. forests from 2003 to 2012 and total losses per disturbance type and year (c). 
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Figure 2. Interaction between average annual tree biomass mortality and CO2 sequestration. The 
quantile distributions of tree biomass loss from fre or bark-beetle damage and CO2 sequestration 
data were used to generate low, medium, and high categories. No spatial distribution rules were 
used to determine the mapped categories. 

3.2. Social Costs of Carbon Emissions 

The spatial patterns of the SC-CO2 emissions from forest disturbances were determined 
by the frequency and intensity of the modelled forest stressors (Figure 3). On a per hectare 
basis, the cumulative social cost of forest disturbances associated with CO2 emissions from 
2003 to 2012 ranged from USD 69 to USD 17,495 per hectare (2007 dollars)—assuming a 3% 
discount rate for future climate damage (Figure 3a). Over this same period, the cumulative 
SC-CO2 emissions were valued at about USD 25.8 billion, with 36% from tree biomass loss 
due to wildfres and 64% from bark-beetle damage (Figure 3b). Around 75% of this cost 
was due to forests’ disturbances in California, Montana, Idaho, Washington, and Colorado 
(Figure 3b). Average annual SC-CO2 emissions ranged from USD 11 million in Nevada 
to USD 469 million in California for a cumulative impact of USD 109 million and USD 
4.7 billion in such states from 2003 to 2012 (Figure 3b). 

Figure 3. Cumulative social cost of CO2 emissions from tree mortality due to (a) bark beetle and 
(b) fre disturbances (2003–2012). Estimates using the social cost of CO2 emissions discounted at 3%. 
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SC-CO2 emissions for trend climate-change impacts [16] indicate costs of USD 42 billion, 
USD 26 billion, and USD 7 billion at 2.5%, 3%, and 5% discount rates, respectively (Figure 4). 
The costs associated with extreme climate-change damage scenarios and a 3% discount rate 
would increase SC-CO2 emissions from wildfires and bark beetle to USD 72 billion. 

Figure 4. State-level cumulative social cost of CO2 emissions from fre and beetle forest disturbances 
at different discount rates from 2003 to2012 (billion 2007 dollars). 

3.3. Projected Climate-Change Impacts on Forest Carbon Stocks 

Carbon stocks are expected to increase around 5% under RCP 4.5 or 7% under RCP 8.5 
by 2091 relative to 2011 levels (Table 1). Owing to the increasing marginal costs of carbon 
emissions, the social beneft from the increase in net carbon stocks by 2071 is around four 
times the level in 2011 and six times by 2091 despite the discount rate used. Carbon stocks 
are projected to increase in areas of high net primary productivity (Figure 5). 

Table 1. Projected social benefts of net carbon dioxide (CO2) sequestration resulting from vegetation 
dynamics in Western U.S. Forests. 

2011 2021 2031 2041 2051 2061 2071 2081 2091 

Gigatonnes of CO2 
RCP 4.5 168.73 170.37 172.07 173.26 173.98 174.83 175.02 175.77 176.58 
RCP 8.5 168.73 170.14 172.35 173.41 174.55 175.17 176.09 178.11 180.43 

SC-CO2 (Billions of 2007 dollars) 
RCP 4.5—3% 6074 8178 10,152 12,128 14,788 18,183 22,228 27,244 33,373 
RCP 4.5—5% 1856 2385 3097 4158 5045 6294 7701 9316 11,478 
RCP 8.5—3% 6074 8167 10,169 12,139 14,836 18,218 22,364 27,607 34,101 
RCP 8.5—5% 1856 2382 3102 4162 5062 6306 7748 9440 11,728 

Notes: SC-CO2 = social costs of CO2. CO2 emissions have a social cost, and CO2 sequestration has a social beneft 
by reducing climate change impacts. Emissions are modelled considering wildfre suppression. 
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Figure 5. Projected forest carbon stocks to 2091. 

The results are similar for both RCP 4.5 and 8.5. A warmer and drier climate (RCP 8.5) 
causes a shift to vegetation better adapted to the new conditions resulting in less biomass, 
a lower fuel load, and fewer fres. The opposite occurs under the moderate climate condi-
tions specifed in RCP 4.5. While forests are relatively more productive, they generate more 
fuel for fres in dry years. Ultimately, the relatively moderate conditions under RCP 4.5 
may lead to lower carbon stocks. In such conditions, simulated fre suppression in the 
MC2 model indicates that woody vegetation will expand in areas dominated by shrubs or 
grasses, causing a general reduction in areas dominated by herbaceous vegetation. Such 
an expansion is expected to be low where agriculture has already reduced the extent of 
prairies and grasslands. Fire suppression signifcantly affects the carbon-stock change 
estimated with the MC2 model, particularly for undisturbed land with high biomass 
production potential. 

4. Discussion 

The study area has regions with different temperature and humidity profles covering 
Mediterranean climates, deserts, glaciers, etc. Annual rainfall is more signifcant in the 
coastal region of the Pacifc Northwest (i.e., northern California, Oregon, and Washington) 
and the eastern states (i.e., Montana, Idaho, Wyoming, and Colorado) than in the rest of 
the study area [21]. Such climatic profles infuence the incidence and severity of forest dis-
turbances, as shown in Figures 1–3. For instance, southern California has a Mediterranean 
climate, with mild wet winters and warm to hot, dry summers. The climate and vegetation 
in this area (e.g., chaparral) support a “high severity” fre regime in which fres burn at high 
intensity and has a fre return interval of 10–20 years or less [23]. For the Rocky Mountains, 
ponderosa pine forests have a fre return interval of more than 40 years, Lodgepole forests 
have fre return intervals of 100 years, and Spruce and Fir forests have a fre return interval 
of over 300 years [22]. 

In western U.S. forests, forest regrowth in previously disturbed land and tree biomass 
growth within low elevation dry forested areas have generated net increases in carbon 
stocks. Vegetation dynamics under climate change could result in further net increases in 
such stocks, generating valuable social benefts by offsetting CO2 emissions from other 
industrial sectors [11]. Nevertheless, the recent effect of disturbances on forest carbon 
stocks and the related social costs are signifcant. By the end of the 21st century, around 
half of the western U.S. could experience climate profles unrelated to contemporary 
climate [24]. Climate change could trigger changes in vegetation types and extent, net 
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primary productivity, wildfre frequency, expansion of the range of tree-damaging insects, 
and disease vectors. 

There is evidence of contemporary changes to wildfre conditions due to climate 
change in western U.S. forests. For instance, from 2013 to 2019, fve wildfres in the 
Sierra Nevada burned forest patches larger than 40,000 hectares killing most trees in the 
impacted area [25]. The behavior of those fres was uncharacteristic of past fres in these 
forests and made a case for shifts in current forest-management strategies to reduce their 
impact on human and ecological systems [25]. Spatially differentiated forest management 
tailored to local conditions could help ensure that trends to net forest gains continue in the 
long term [26]. 

Although the MC2 model used for simulating forest carbon dynamics accounts for 
some of these changes, unmodeled disturbances could increase tree mortality, signifcantly 
reducing biomass production. For instance, as insect outbreaks become more prevalent, the 
need to properly model their long-term effect on forest ecosystems and services becomes 
more relevant. Despite the limitations and uncertainties around the possible future of 
western U.S. forests, models indicate that climate change will amplify the negative effects of 
forest stressors. To understand the projected effects of climate change on natural resources, 
land-management agencies have started vulnerability and adaptation assessments across 
western U.S. federal lands. For example, assessments have been done for the Rocky 
Mountains and the Sierra Nevada [27,28]. These assessments report that fre frequency 
will continue to increase throughout the western U.S. and will be the primary reason for 
vegetation change. Estimates of the social impact of western U.S. forests’ disturbances can 
guide the assessment of mitigation and adaptation strategies to conserve or enhance forest 
health in this region and to protect their ecosystem services fow for future generations. 

4.1. Policy Implications 

Achieving domestic and global net-zero emission targets requires protecting the 
climate-regulation services of forests. Spatially explicit information on the economic value 
and drivers of forest carbon emissions and sequestration could help decision-makers 
design and implement more cost-effective forest-management strategies. Since the SC-
CO2 refects the monetary value of carbon-emissions damage, forest managers could use 
this information to identify areas where protection from wildfre and bark beetle could 
have larger social benefts. While MC2 projections indicate net increases in forests’ carbon 
sinks, targeted protection of forest regions could result in signifcant reductions in carbon 
emissions. The U.S. Forest Service has the Burned Area Emergency Response (BAER) 
team that assesses threats to life, property, and cultural and natural resources from fre-
induced changes. The BAER team provides a report recommending short-term emergency 
stabilization measures for land that burned, such as planting for erosion control. Long-term 
management strategies may include restoring burned habitats and planting or seeding. 
The U.S. Forest Service and other local and state agencies may use the information in our 
analysis to identify locations where forest disturbances have had larger impacts on forest 
biomass and apply restoration efforts using species more resilient to wildfres. 

Multiple management strategies exist to address forest disturbances. For instance, 
prescribed or controlled burning can help reduce fre risk by removing accumulated fuels 
under less-extreme weather conditions. Thinning can reduce tree mortality from drought 
by increasing tree vigor. Targeted planting or protecting non-host species could address 
particular insect or disease issues. However, the most cost-effective strategy is likely to 
differ by site-specifc factors and management and community goals. A more comprehen-
sive valuation of the benefts and costs of alternative forest-management strategies could 
generate more socially effcient decisions. Therefore, there is a need for a comprehensive, 
system-based valuation of other ecosystem services since the climate-regulation service 
assessed here is only one of the many services provided by forests. 

More generally, there is a need for consistent and year-round monitoring programs to 
fully understand trends and impacts of disturbances as there is a high variability for many 
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of them. More effcient methods to integrate disparate data sources would help in gaining 
leverage from existing monitoring programs such as Forest Service Activity Tracking 
System (FACTS), Monitoring Trends in Burn Severity (https://www.mtbs.gov, (accessed 
on 21 November 2021)), Forest Inventory and Analysis (FIA; https://www.fa.fs.fed.us, 
(accessed on 21 November 2021)), Insect and Disease Aerial Detection Surveys (https:// 
www.fs.fed.us/foresthealth/aviation/aerialsurvey.shtml, (accessed on 21 November 2021)), 
and the National Visitor Use Monitoring program (https://www.fs.fed.us/recreation/ 
programs/nvum/, (accessed on 21 November 2021)). Some causes of disturbances, notably 
diseases and pathogens, are only partially covered within existing monitoring programs. 
Alternative sources and types of monitoring would allow a better understanding of the 
impacts of other disturbances on forest growth and mortality so that changes can be 
recognized and addressed. For other disturbances such as drought, the development 
of improved indices and prediction methods are needed to estimate the infuence of 
disturbances on forest health and services more accurately. Such information could guide 
causal assessments of the actual impact of disturbances and more accurate estimates of the 
marginal beneft per dollar spent on controlling each type of disturbance. 

4.2. Caveats 

Forest disturbances rarely occur in isolation. Usually, a sequence or parallel of dis-
turbance events gradually generates conditions that result in tree mortality. For instance, 
drought conditions could increase tree mortality from fres or pest outbreaks. Our analysis 
does not consider interactions between increasing temperature, drought, pests and diseases, 
and fres, which have recently resulted in unprecedented levels of tree mortality in some 
forests [29]. Mega disturbance events are likely to be more frequent under climate change. 
For example, in the past few years, California has experienced the largest wildfres in the 
state’s history. The State’s eight largest fres have occurred since 2017 [30]. Increasing tree 
mortality is expected to continue as interactions and feedbacks between forest disturbances 
worsen in the study area. Our analysis only focuses on investigating the impacts of distur-
bances on the climate-regulation service of forests. While this information is useful, it could 
be improved by valuing impacts on other ecosystem services (e.g., recreational values, 
water, and biodiversity). We only investigated emissions from aboveground tree biomass 
loss. However, studies suggest that fres and bark beetle have no signifcant impact on soil 
carbon emissions [31,32]. 

5. Conclusions 

Forest disturbances are a critical component of ecological processes. However, the 
increasingly damaging extent of fres and pest outbreaks observed in recent years chal-
lenges the adaptive capacity of forest ecosystems and the sustainable provision of critical 
services. Here, we applied a comprehensive assessment of the role of forest disturbances on 
historical and projected changes in forest carbon stocks in the western United States. Our 
analysis shows opportunities for spatially targeted interventions to reduce forest carbon 
losses in western U.S. lands and to protect the carbon sequestration performance of forests 
in that region. While projected vegetation dynamics indicate a continuation of the overall 
increase in forest carbon sinks in the study area, our analysis suggests the potential to 
increase the net carbon gains by protecting undisturbed areas, managing timber extraction, 
and implementing forest-regeneration strategies in zones with high average carbon losses. 
Our estimates of the social costs of forest carbon emissions and their spatial distribution 
could be used by forest managers to compare the return of investing in alternative manage-
ment strategies of forest disturbances. This could also help forest managers set planning, 
resourcing, and budgeting priorities for their managed lands. Our research highlights 
a need for spatially explicit management of forest disturbances to protect and increase 
forest carbon sinks. 

https://www.mtbs.gov
https://www.fia.fs.fed.us
https://www.fs.fed.us/foresthealth/aviation/aerialsurvey.shtml
https://www.fs.fed.us/foresthealth/aviation/aerialsurvey.shtml
https://www.fs.fed.us/recreation/programs/nvum/
https://www.fs.fed.us/recreation/programs/nvum/
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