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Abstract Forests are a large carbon sink and could serve as natural climate solutions that help moderate
future warming. Thus, establishing forest carbon baselines is essential for tracking climate-mitigation targets.
Western US forests are natural climate solution hotspots but are profoundly threatened by drought and altered
disturbance regimes. How these factors shape spatial patterns of carbon storage and carbon change over time is
poorly resolved. Here, we estimate live and dead forest carbon density in 19 forested western US ecoregions
with national inventory data (2005-2019) to determine: (a) current carbon distributions, (b) underpinning
drivers, and (c) recent trends. Potential drivers of current carbon included harvest, wildfire, insect and disease,
topography, and climate. Using random forests, we evaluated driver importance and relationships with current
live and dead carbon within ecoregions. We assessed trends using linear models. Pacific Northwest (PNW) and
Southwest (SW) ecoregions were most and least carbon dense, respectively. Climate was an important carbon
driver in the SW and Lower Rockies. Fire reduced live and increased dead carbon, and was most important in the
Upper Rockies and California. No ecoregion was unaffected by fire. Harvest and private ownership reduced
carbon, particularly in the PNW. Since 2005, live carbon declined across much of the western US, likely from
drought and fire. Carbon has increased in PNW ecoregions, likely recovering from past harvest, but recent
record fire years may alter trajectories. Our results provide insight into western US forest carbon function and
future vulnerabilities, which is vital for effective climate change mitigation strategies.

Plain Language Summary We investigated the role of western US forests as natural climate
solutions by analyzing current forest carbon storage and trends from 2005 to 2019 across 19 forested regions.
We found that the Pacific Northwest stores the most carbon, while the Southwest stores the least. Climate,
wildfires, and human activities determined carbon amounts. For instance, climate is important in the Southwest
and Lower Rockies, while wildfires impact the entire western US, but particularly the Upper Rockies and
California. Human activities like harvesting and private ownership, decrease carbon, particularly in the Pacific
Northwest. Since 2005, live carbon has declined in many western US areas, likely due to drought and fires. The
study highlights the vulnerability of western US forests to climate-related and human threats to carbon,
providing crucial insights for effective climate change mitigation strategies. Understanding these dynamics is
essential for scientists, policymakers, and educators working toward sustainable forest management and climate
solutions in the region.

1. Introduction

Determining how, where, and why forest carbon is shifting is a profound global challenge (DeFries et al., 2022).
Forests play a crucial role in the global carbon cycle, contributing to over half of terrestrial carbon stocks
(Friedlingstein et al., 2022; Harris et al., 2021) with large potential to store more carbon (Walker et al., 2022).
Many climate mitigation pathways that successfully keep additional warming below 1.5°C this century rely in
part on additional forest carbon storage (Rogelj et al., 2018). As a result, momentum is building to leverage forests
as natural climate solutions, where ecosystems are actively managed to increase carbon storage or reduce
emissions (Griscom et al., 2017; Hepburn et al., 2019; Rockstrom et al., 2021).

Natural climate solutions are currently fraught with issues such as greenwashing, lack of regulation, and ac-
counting practices unmoored from credible carbon-cycle science (Novick et al., 2022). Such issues have resulted
in poor understanding of current baselines and potential drivers of trajectories (Anderegg et al., 2020;
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Gifford, 2020). Specifically, the spatial distribution of current forest carbon, the factors that underpin patterns of
forest carbon, and the associated drivers and trends are often poorly resolved, particularly at landscape to regional
scales (Harris et al., 2021; Zhang et al., 2019). Thus, establishing rigorous baselines of current forest carbon
storage is essential for tracking future progress toward climate-mitigation targets. Such baselines will enhance the
rigor and transparency of policy and market mechanisms using these forests as natural climate solutions (Badgley
et al., 2022).

Some estimates suggest that the terrestrial carbon sink has doubled since the 1960s (Ruehr et al., 2023). In tropical
forests, this is driven by increased photosynthesis from elevated atmospheric CO, concentrations (Walker
etal., 2021), while warming is increasing productivity in cold, high latitude forests (Keenan & Riley, 2018; Ruehr
et al., 2023). Today, global forests sequester as much as 7.8 GtCO,e yr~' (Harris et al., 2021), 60% of the total
terrestrial carbon sink (Friedlingstein et al., 2022). However, future forest carbon storage will depend on avoiding
emissions from deforestation and climate driven changes to disturbance regimes that can erode forest permanence
and resilience (Anderegg et al., 2020).

Global drought trends are on the rise (Chiang et al., 2021; Spinoni et al., 2019), leading to diminished terrestrial
water storage (Pokhrel et al., 2021), increased plant water stress (Trugman et al., 2020), and elevated tree
mortality (Anderegg et al., 2020; Hammond et al., 2022). In many places, extreme droughts are amplifying the
frequency, size and severity of climate-sensitive disturbances, like fire and insect outbreaks, that can cause
widespread tree mortality and convert vast quantities of carbon from live to dead pools (Jones et al., 2022;
Lehmann et al., 2020). Globally, fires currently account for 38% of forest cover loss (Hansen et al., 2013; van
Wees et al., 2021) and cause emissions that counter the land carbon sink (Chen et al., 2023; Zheng et al., 2021).
Together, climate change and climate-sensitive disturbances are almost certain to profoundly erode current forest
carbon and future storage potential that could inhibit meaningful climate mitigation in coming decades (Anderegg
et al., 2020; Anderegg, Wu, et al., 2022).

To successfully avoid additional emissions, it may be critical to prevent deforestation and severe disturbances in
the boreal forest biome and arid temperate forests in particular (Tagesson et al., 2020; H. Yang et al., 2023).
Temperate and boreal forests currently constitute two thirds of the net forest carbon sink (Harris et al., 2021), but
numerous persistent and growing drivers can erode carbon storage. In the western US, human harvest plays an
outsized role in forest landscapes, contributing up to 50% of tree mortality between 2003 and 2012 (Berner
et al., 2017). The region appears to have recently emerged from the worst megadrought in 1200 years (Williams
et al., 2022), and extreme drought risk in western North America is projected to increase by as much as 300%
relative to a pre-industrial baseline by the end of the 21st century (Cook et al., 2020). Accompanying trends in
drought, the annual forest area burned has increased by more than 1,000% relative to the mid-1980s western US
(Juang et al., 2022; Reilly et al., 2022). This is not unique to the western US; Canada shattered previous burned
area records in 2023 with over 18 million ha burned, 8 times the average area burned of the previous 10 years
(https://ciffc.net/situation/2023-10-06), and Australia saw 21% of its total temperate forest biome burn in a single
season (2019-2020) (Boer et al., 2020; Collins et al., 2022), nearly half of which burned at high severity (Collins
et al., 2021). Given the substantial impacts on to boreal and temperate forest carbon, comprehensive wall-to-wall
baselines of carbon storage, drivers, and trends are vital for understanding the changing nature of the forest carbon
balance.

Global estimates of forest carbon and its drivers are rapidly improving, but are often limited by inconsistencies in
reporting and limited data availability (Harris et al., 2021). Further, global estimates are often produced at a coarse
spatial resolution that misses important landscape-scale spatial heterogeneity in forest carbon, which is driven by
myriad factors like local topographic variability (Zhang et al., 2019). Finally, global estimates can overlook
region-specific drivers and the local ecology of carbon cycle science (Simova & Storch, 2017). Thus, landscape to
regional baselines are critical, in addition to global perspectives. It is also important that baselines include both
live and dead carbon pools. Even the most severe disturbances, such as catastrophic stand-replacing fires, never
emit 100% of forest carbon to the atmosphere (Miesel et al., 2018; van Leeuwen et al., 2014). Instead, most carbon
is converted to dead biomass that either decomposes over time (Seibold et al., 2021) or serves as fuel in fire-prone
regions (Jones et al., 2022; Miesel et al., 2018). Understanding the distributions, drivers, and trends of both live
and dead carbon provide a more comprehensive picture of current carbon storage and is important for determining
fuel loads and potential feedbacks to subsequent burning. Once carbon baselines are established, they can serve as
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early warning signals for future studies to quickly identify changes and tipping points that inform future
management.

The western US is a promising region to develop approaches for producing landscape to regional baselines of live
and dead forest carbon. It is one of the most data rich areas on Earth, including a national network of standardized,
consistently resurveyed forest plots (USDA Forest Service, 2019) and a multitude of national, regional, and
remote sensing datasets characterizing potential drivers of forest carbon. The western US is also a hotspot for
natural climate solutions, including the California compliance market for carbon offset credits, one of the largest
of its kind in the world (Haya et al., 2020). Finally, future changes driven by drought, fire, and harvest are likely to
be profound (Cook et al., 2020; Wu et al., 2023). Here, we leverage a suite of geospatial datasets in a machine
learning framework to address the following objectives: (a) quantify the spatial distribution of live and dead forest
carbon density (mg ha™", hereafter carbon) in western US forests at landscape to regional scales; (b) identify the
climate, disturbance, human, and topographic drivers that underpin the current distribution of carbon in western
forests; and (c) determine how western US forest carbon has changed since 2005.

2. Methods

2.1. Study Area and Ecoregion Selection

This study focused on 19 forested level-3 EPA ecoregions (Omernik & Griffith, 2014) within 11 Western US
states: Arizona, California, Colorado, Idaho, Montana, New Mexico, Nevada, Oregon, Utah, Washington, and
Wyoming. All ecoregions selected were at least 30% forested. We grouped these 19 ecoregions into five larger
regions that represent shared climatic and social-ecological conditions: Pacific Northwest (PNW), Upper
Rockies, Lower Rockies, Southwest (SW), and California (Figure 1). In total, our study area encompasses
approximately 84% of the forested area in the western US. These forests span a vast climatic and topographic
gradient and ecosystem types, from the productive temperate rainforests of the PNW to the arid woodlands of
the SW.

We used the National Land Cover Database 2016 Tree Canopy Cover (NLCD 2016 TCC) layer to select forested
ecoregions (Yang et al., 2018). The NLCD TCC provides percent TCC estimates of 30-m resolution grid cells
based on Landsat pixels (Yang et al., 2018). We defined forested 30-m grid cells as those with at least 10% TCC
and identified the percent forest cover for each ecoregion by calculating the percent of forested 30-m grid cells
located within the ecoregion.

To define our forested study area within selected ecoregions, we aggregated the NLCD 2016 TCC layer to the 4-
km spatial resolution of the Parameter-elevation Regressions on Independent Slopes Model (PRISM) grid using
the spatially-weighted average of all contributing grid cells. We defined grid cells as forested if the aggregated
TCC was greater than 10%. We selected this threshold to help eliminate noise from the “fuzz and swap” Forest
Inventory and Analysis (FIA) protocol, under which plot locations are not exact. Aggregating forested area to a
4 km grid and including all grid cells with a TCC greater than 10% increased the likelihood that we still captured
FIA plots with true plot locations within forested areas that were fuzzed such that they appear to be located outside
forested areas. We also used the forest condition status code in the FIA database (Burrill, 2021) to select the FIA
plots located within forested areas, and removed plots that did not contain at least one forested condition within
the plot.

2.2. Methods Overview

We first introduce the datasets used to characterize carbon density and its potential drivers. As the carbon-driver
datasets varied in spatial and temporal resolution, we describe the processing steps taken to standardize,
aggregate, and synthesize them. We detail these steps by driver category in subsequent sections.

Then, we break the analysis into three conceptual parts relating to each of our three objectives. The first section is
an empirical calculation of carbon measured from field surveys across the western US to establish a baseline of
the current distributions of forest carbon across forested ecoregions. In the second section, we apply a data-driven
machine learning approach to infer the major drivers of current carbon and their relationships with carbon within
each ecoregion. The major drivers of current carbon are grouped into four categories: climate, natural disturbance,
human activities, and topography. The third section identifies the empirical trends in carbon within each
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Figure 1. Map of ecoregions selected within the western US study region (a) and ecoregion distributions of live and dead carbon (b). Each of the 19forested level-3 EPA
ecoregions shown in a different color. Ecoregion colors in panel (a) match those in panels (b) and (c) and are grouped by region: PNW; blues and greens, Upper Rockies;
purples, Lower Rockies; greyellowsens, SW; reds, California; browns. Ecoregion colors in panel (a) and (b) match those shown on the study region map to the right.
Ecoregions in panel (b) are ordered by mean carbon within each pool, with the highest carbon values on top. Note that the x-axis in both panels has been truncated to
facilitate visualization.

ecoregion since standardized field surveys began. We apply a statistical method to identify trends in carbon from
2005 to 2019.

2.3. Data Sets

Our live and dead carbon data, both current and over time, are taken from the US Forest Service FIA database
(USDA Forest Service, 2019), based on forest surveys performed from 2005 to 2019. The FIA is a US national
network of permanent field survey plots designed to provide continuous and standardized estimates of forest
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condition. A proportion of plots in each state are measured every year, and plots are revisited every 10 years in the
western US. For an in depth description of plot design see Burrill (2021). FIA provides detailed information on
forest attributes, but to protect landowner privacy and ensure that landowners cannot be linked to forest data, FIA
uses a “fuzz and swap” protocol. Plot coordinates are approximate but generally within 1 mile of the actual
location (fuzzing), and up to 20% of FIA plots on private land are swapped with similar private plots within the
same county (swapping). We chose the period 2005-2019 because 2005 is the first year where all western US
states were sampled regularly (excluding Wyoming, where surveys began in 2011 and have not been re-
measured) and 2019 was the most recent year available at the time of analysis. We delineated separate FIA plots
using the standard “pltID” code generated by the “rFIA” package (Stanke et al., 2020), which are unique values
based on a combination of the unit code, state, county, and plot values from the FIA plot table attributes (Bur-
rill, 2021). FIA plots were selected using three criteria: (a) the reported FIA plot locations had to be in forested
4 km grid cells; (b) the FIA plots had to be classified as forested within the FIA database using the condition status
code (i.e., had to have at least one forested condition within the plot) (Burrill, 2021); (c) the FIA plots had to be
located within forested ecoregions selected using methods described above. We also applied an additional filter to
select plots for our estimates of dead carbon. As a small portion (10%) of FIA plots did not measure downed
woody material, including litter and coarse woody debris, we selected only FIA plots containing information for
snags as well as downed woody material. In total, our analyses included 37,519 and 31,754 plots for the live and
dead carbon analysis, respectively.

Live forest carbon was defined as above and belowground carbon density (Mg ha™') for all living trees. Trees
above 1 inch (2.54 cm) diameter at 4.5 ft (1.35 m, DBH) and leaning less than 45° were included (Stanke
et al., 2020). Live carbon for each plot was considered the total of foliage, tops and limbs, merchantable bole,
stump, coarse roots, sapling, and woodland species, calculated using the component ratio method (Woodall
et al., 2011). We defined dead carbon as the sum of the carbon density for above and belowground snag (dead
tree), coarse woody debris, and litter.

We identified a series of potential drivers that are likely to underpin patterns in current carbon within ecoregions
(Table S1 in Supporting Information S1). We grouped drivers into four categories: climate, natural disturbance,
human activities, and topography. Below, we describe the datasets used for each driver category.

To characterize climate, we used PRISM data (Daly & Bryant, 2013). PRISM aggregates weather data from
public and private stations, performs quality control, and interpolates station data values to provide gridded
climate products (Daly et al., 2008). We used 4-km spatial resolution monthly estimates of mean temperatures,
precipitation totals, and mean vapor pressure deficit (VPD) from 1999 to 2018.

We characterized natural disturbance in several ways, including forest wildfire area burned, forest wildfire
severity, and insect and disease outbreaks. We collected annual estimates of forest area burned from the 1-km
spatial resolution Western US MTBS-Interagency wildfire dataset (Juang et al., 2022). The Western US
MTBS-Interagency wildfire dataset provides a comprehensive estimate of 1985-2019 fire activity throughout
our study area by combining spatial fire databases to include all forest fires larger than 1 km? (100 ha).
Dominant plant functional type as defined by Buotte et al. (2019) was also taken from the Western US MTBS-
Interagency wildfire dataset. Fire severity was determined using products developed by Parks et al. (2019)
which were updated for our study extent. This method uses Landsat data to estimate the composite burn index
(CBI) within the perimeters of fires larger than 4 km? that burned between 1985 and 2019. Finally, we
collected annual National Insect and Disease Aerial Detection Survey Summary Maps (Johnson &
Wittwer, 2006; USDA Forest Service, 2024). This dataset provided polygons of the area affected by insects,
disease, and other disturbances from 1997, and we gathered data from 1997 to 2018, the year before the last
available FIA survey data.

We defined human activities drivers as land ownership categories and years since forest harvest relative to the
year of survey. We determined land ownership and forest harvest year between 2000 and 2019 from the FIA
database. We also characterized the legacy of forest harvest between 1986 and 2000 using the North American
Forest Dynamics Forest Loss Attribution product (Schleeweis et al., 2020). This dataset uses Landsat to determine
the cause of forest cover losses for the conterminous United States at a 30-m spatial resolution. For the forested
areas with detectable losses, the Forest Loss Attribution product contains the likely cause of and year of forest
cover loss, organized into harvest, fire, stress, conversion, and wind.
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Topography was represented by slope and by ecologically-relevant landforms (Theobald et al., 2015). Landforms
categorically summarize the interactions between topography (hillslope position) and solar orientation, which can
impact ecological processes like soil moisture and evapotranspiration. For more information about landform
category classifications, see Supporting Information S1 and Theobald et al. (2015).

2.4. Drivers of Current Carbon Distributions

Although current carbon is the result of forest processes playing out over years to decades, we specifically asked
how each driver, averaged or aggregated over the longest time period possible within the dataset used, influences
current carbon. To maximize the likelihood of characterizing conditions likely to be seen within each FIA plot, we
aggregated all driver values taken from non-FIA datasets to the PRISM 4-km grid. Aggregation techniques varied
by driver and are listed below.

2.4.1. Climate

We calculated 20-year (1999-2018) summaries of climate indices. Indices included characterizations of average
climate conditions (mean annual precipitation and temperature), as well as drought conditions (precipitation of
the warmest quarter and VPD of the driest quarter). This 20-year time period contains the climate conditions seen
in the decade of and approximately prior to the FIA plot surveys (Table S1 in Supporting Information S1). Annual
precipitation was calculated for water year (October previous year to September current year) and all other
PRISM variables were calculated for calendar year. Quarters were defined as any three consecutive months, and
warmest quarters were determined for each grid cell using 20-year monthly mean temperatures. Driest quarters
were determined using 20-year mean monthly VPD values, where higher VPD indicates drier conditions.

2.4.2. Disturbances

To characterize fire activity, we determined cumulative 4-km grid cell burned areas from 1985 to the year before
survey for each FIA plot. We estimated total cumulative forest area burned from the Western US MTBS-
Interagency wildfire dataset (Juang et al., 2022), and calculated the cumulative area burned at high severity
(CBI >2.25) following Parks and Abatzoglou (2020). For this study, we extended the CBI dataset spatially to
include all 19 ecoregions from 1985 to 2019, and limited CBI estimates to wildfires (e.g., prescribed fires were
excluded). Cumulative forest area burned and forest area burned at high severity were aggregated using the sum of
contributing pixels and were expressed as percent of the 4-km grid cell area.

We determined the spatial extent of insect outbreaks and disease from the Aerial Detection Survey (Johnson &
Wittwer, 2006). We selected and aggregated all polygons containing damage causing agents relating to insects
and disease and calculated the percent of each grid cell area covered by selected polygons to represent the area
affected. We excluded polygons from damage causing agents that were not directly relevant to insects and dis-
ease. We also restricted our estimates of insect and disease disturbance to polygons containing severe (i.e.,
mortality and topkill inducing) damage types that are likely to have the greatest impacts on live forest carbon.
While a metric of outbreak severity exists within the Aerial Detection Survey data, the method for recording
severity changes partway through the record. To avoid potential uncertainties around the severity of outbreak, we
estimated the magnitude of insect and disease outbreaks as the area affected at any time in the Aerial Detection
Survey record. We calculated the extent of insect and disease disturbance as the percent grid cell area affected at
any point up to and including the year of survey for each FIA plot.

2.4.3. Human Activities

Land ownership was taken from FIA condition table attributes (Burrill, 2021). Land ownership was divided into
four categories: undifferentiated private, federal public, Department of Defense or Energy (DOD, DOE), and non-
federal (state/local/non-federal). DOD/DOE land was separated from land owned by other federal agencies as it
tends to be used for military bases and training that is dissimilar to the common use of other federal lands (Vincent
et al., 2020).

To estimate years since forest harvest, we first estimated harvest year between 1986 up to the year of the FIA
survey, then found the difference between the year of forest harvest and the forest survey year. We created a forest
harvest year metric that combined recent and legacy harvest values. The year of recent (post-2000) harvest within
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a plot was taken from FIA condition table attributes (Burrill, 2021). The FIA database records the year of up to
three treatments within a single plot, ranked in order of importance. We restricted our recent estimates of harvest
to the FIA plots containing “cutting” (i.e., tree removal occurring within a plot; where total area affected must be
at least one acer) as the most important treatment code. The legacy of past harvest was determined from the Forest
Loss Attribution product (Schleeweis et al., 2020). Year of harvest from 1986 to 2000 was aggregated to 4-km
spatial resolution using the average year of harvest for contributing grid cells. We assigned a final harvest year to
each FIA plot using the most recent estimate available. When present, we used the recent harvest year from the
FIA database. When there was no evidence of recent harvest, we used the average legacy harvest year from the
Forest Loss Attribution product within the 4-km grid cell. To reduce the chance of estimating a harvest year for an
unharvested FIA plot, we enforced a rule that excluded legacy harvest grid cells where cumulative harvest area
was less than 25% of the grid cell area. If there was no evidence of harvest in the known record, we set the years
since harvest to 100.

2.4.4. Topography

To characterize topography, we determined the slope and dominant landform within each grid cell. We gathered
slope values from the “condition” table within the FIA database (Burrill, 2021), and derived FIA plot-level slope
estimates by taking the area-weighted average across conditions with populated slope values. We calculated grid
cell slope values as the average slope across FIA plots within each grid cell. We characterized landforms in each
4-km spatial resolution grid cell using the mode. Landform categories include ridges, upper slopes, and lower
slopes which are sub-classified as cool, warm or neutral. Cliffs, valleys, and divides are also included.

2.5. Analyses
2.5.1. Quantifying Current Carbon Distribution

To assess current carbon distributions, we analyzed the most recent survey year of our forested FIA plots. The
most recent survey year varied from 2007 to 2019 and 2010 to 2019 for live and dead carbon, respectively, and
96% of the live carbon plots were sampled between 2010 and 2019. We calculated the mean and standard de-
viation (SD) of live and dead carbon pools for all selected FIA plots in each ecoregion to evaluate and compare the
distribution of carbon within and between ecoregions.

2.5.2. Modeling the Drivers of Current Carbon Distribution

Biotic and abiotic characteristics of ecoregions display high heterogeneity across the western US, so we expected
the drivers of carbon to display similar heterogeneity within and across ecoregions. We therefore built separate
random forest models for the live and dead carbon pools for each ecoregion to find the drivers that underpin
current carbon across western forests and evaluate the importance of individual drivers. To avoid repetition in
driver values when multiple FIA plots were located in the same grid cell (this occurred for ~14% of grid cells), we
averaged the carbon and numerical driver values and determined the mode for categorical driver values. Random
forest model predictions are known to be robust to predictor collinearity, but importance metrics can be sensitive
(Aas et al., 2021; Lundberg & Lee, 2017). We reduced collinearity between numerical drivers by selecting the
driver with the most explanatory power in each highly correlated pair (r > 0.7; see Supporting Information S1 for
details).

Using a 5-fold cross validation framework and a 75%-25% grid cell train-test ratio for each fold, we built final
random forest models for each ecoregion containing the selected numerical drivers in addition to all categorical
drivers. All models also included plant functional type and the proportion forest cover of the FIA plot. We built
random forest models using the “ranger” engine through the “tidymodels” interface package in R (Kuhn &
Wickham, 2020; Wright & Ziegler, 2017). Models were built with 500 trees, a maximum of 10 splits per tree, and
one-third of the predictors used when searching for the best split. On each fold, we used the training data to build a
random forest and determined model performance and driver importance from predictions of the test datasets. To
assess overall model performance, we calculated the R? values for the model predictions of the testing datasets in
each fold and averaged the R* values across all folds.

To evaluate individual driver importance, we used SHapley Additive exPlanations (SHAP) values (Lundberg &
Lee, 2017) from model predictions of carbon within the test datasets. We calculated and SHAP values using the
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“kernalshap” package (Mayer & Watson, 2023). SHAP values calculate the effect of a driver in making model
predictions for each data point (grid cell) by comparing what a model predicts with and without the driver. SHAP
values summarize within-ecoregion driver importance at the data point level, but can also be aggregated across
data points to summarize the importance of each driver for an entire ecoregion. We found mean SHAP values
across folds for each data point to summarize within-ecoregion driver importance and calculated driver impor-
tance across grid cells in each ecoregion by finding the mean absolute 5-fold mean SHAP values across test data
points. Individual driver importance was used to identify the four most important drivers in each ecoregion
(hereafter referred to as “top drivers”).

We calculated partial dependence functions to determine the relationships between the top individual drivers
and carbon. As the distribution of each driver and relationships between drivers can change slightly with each
subsample of the FIA plots that comprise a fold, we built a model with the full dataset for each ecoregion to
ensure that across the distribution of each driver, the remaining drivers are held at the best estimated mean
values. Partial dependence was calculated using the “model_profile” function in the “DALEX” package
(Biecek, 2018).

We assessed the relative importance of climate, fire, human activities, and topography by grouping drivers into
these categories (Table S1 in Supporting Information S1). Group importance was calculated by taking the mean
absolute value of all 5-fold mean test data point SHAP values for all drivers in a group, then averaging the ab-
solute SHAP values across points as above. We determined relative driver category importance by summing all
group importance and calculated the category proportion of the total.

Insect and disease presence had positive correlations with both live and dead carbon for some ecoregions (see
Supporting Information S1). This positive relationship violates our ecological understanding of the effects of
insects and disease based on first principles. The positive relationship in some ecoregions likely occurs because
insect outbreaks and disease are correlated with another unmeasured driver of forest carbon distributions. For
instance, insects and disease may have occurred preferentially in high carbon areas, but the mortality was not
severe enough to affect live carbon pools. Alternatively, this positive relationship could occur because affected
areas from the Aerial Detection Survey are approximated and have high uncertainties (Cohen et al., 2016;
Meddens et al., 2012). In our calculations of grouped driver importance, we removed insect and disease drivers to
avoid conflating disturbance with positive effects on carbon. We also enforced a rule that the area affected by
insects and disease was only included in our models if relationships aligned with known ecology of their effects
for each ecoregion (Supporting Information S1).

2.5.3. Recent Trends in Forest Carbon

We estimated trends in carbon for each ecoregion using a linear regression. We assessed carbon as a function of
survey year, and determined trend direction and significance using coefficients and p values, respectively. We
estimated the annual mean change in carbon for each ecoregion using linear regression coefficients. We calcu-
lated change between 2005 and 2019 by multiplying the linear regression coefficient by 14 (the number of years
between 2005 and 2019), and defined percent change as the estimated change across the time series relative to the
ecoregion mean carbon values from the most recent survey for each plot. The most recent survey was chosen to
represent the baseline over the first survey to account for the large differences in the first survey year between
states. We excluded plots in Wyoming from our trends analysis as there was not a long enough period of record
(the first plots were sampled in 2011). We did not calculate changes in dead carbon within four ecoregions
(Southern California Mountains, Sierra Nevada, Central California Mountains, and the Klamath Mountains) as
downed woody material was not collected in these regions until 2011. In total, our carbon trends analyses included
37,097 and 29,571 plots for the live and dead carbon, respectively.

2.5.4. Software

All analyses were conducted in R version 4.2.2 (R Core Team, 2023) with the “chroma” (Irisson & Aisch, 2016),
“DALEX” (Biecek, 2018), “DALEXtra” (Maksymiuk et al., 2021), “kernelshap” (Mayer & Watson, 2023),
“rFIA” (Stanke et al., 2020) “ranger” (Wright & Ziegler, 2017), “sf”” (Pebesma, 2018), “terra” (Hijmans, 2022),
“tidymodels” (Kuhn & Wickham, 2020), and “tidyverse” (Wickham et al., 2019) packages.
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3. Results
3.1. Current Carbon Distributions

Ecoregions of the PNW contained the highest mean live carbon, followed by the Sierra Nevada ecoregion in
California, ecoregions in the Upper Rockies, Lower Rockies and SW, respectively (Figure 1, Table S2 in Sup-
porting Information S1). Specifically, the Coast Range ecoregion in the PNW contained the highest live carbon
with a mean of 174.94 (sd = 146.46) Mg ha~', while the Colorado Plateaus in the SW had the lowest
(mean = 18.61, sd = 14.96 Mg ha™h).

Ecoregions with the highest or lowest mean live carbon also generally had the high or low mean dead carbon.
Mountainous coastal ecoregions west of the Pacific crest in the PNW contained the highest mean dead carbon, and
the SW contained the lowest dead carbon values (Figure 1, Table S2 in Supporting Information S1). The Cascades
in the PNW contained the highest dead carbon values of any ecoregion (mean = 35.06, sd = 30.52 Mg ha™"),
while the Colorado Plateaus had the lowest (mean = 8.48, sd = 7.40 Mg ha_l). Unlike with live carbon, PNW
ecoregions east of the Pacific crest (Eastern Cascades, Blue Mountains) or in coastal lowlands (e.g., Puget
Lowland, Willamette Valley) had lower dead carbon than all Upper Rockies ecoregions.

3.2. Drivers of Carbon Distributions

We used grouped estimates of driver category importance to determine the most important drivers of carbon in
each ecoregion surveyed. Climate included precipitation, temperature, and VPD variables, fire included area
burned at high severity and total area burned variables, human activities included land ownership categories and
years since harvest, and topography included dominant landform and slope. Grouped estimates of driver category
importance only identified which groups were most important for carbon in each ecoregion, not the directionality
of the relationship. We used partial dependence functions from common top individual drivers to identify the
directionality of the relationship between these individual drivers and carbon.

Climate was the most important driver of live carbon for eight of 19 ecoregions surveyed, and the second most
important driver for nearly all other ecoregions (excluding two PNW ecoregions), using grouped estimates of
driver category importance. Fire was most important for six ecoregions, particularly in the Upper Rockies and
PNW, and was the second most important driver category for another six. Human activities were most important
in four PNW ecoregions and one Upper Rockies ecoregion and the second most important in two other PNW
ecoregions (Figure 2, Supporting Information S1).

Estimates of grouped driver category importance show that climate and fire are also key drivers of dead carbon
across the Western US. Climate was the most important driver of dead carbon for 12 ecoregions, and was the
second most important driver category for all others ecoregions excluding one in the Upper Rockies (Figure 2,
Supporting Information S1). Fire was the most important driver category in two PNW and three Upper Rockies
ecoregions, and the second most important driver of dead carbon in another seven ecoregions across the Western
US (Figure 2, Supporting Information S1). Human activities were the primary driver of dead carbon in one
California and one Upper Rockies ecoregion, and were also the second most important for another ecoregion in
the PNW.

Partial dependence plots for a selection of common top individual drivers of live carbon within each category and
ecoregion are shown in Figure 3. Within the climate category, live carbon consistently increased with mean
annual precipitation (Figure 3a) and generally declined with driest quarter VPD (Figure 3d). Every ecoregion had
annual precipitation, driest quarter VPD, or mean annual temperature as a top individual driver (Figure 3). Fire
(total or high severity) led to a decline in live carbon, particularly in the SW, Upper Rockies, and California
(Figures 3b and 3e). Human activities were particularly important in the PNW ecoregions for individual drivers;
ownership (Figure 3c) or harvest year (Figure 3f) were top drivers in every PNW ecoregion. Across PNW and
Upper Rockies ecoregions, forests on federal lands had the highest live carbon, while forests on private lands
contained the lowest. Live carbon also consistently declined with recent harvest. Insects and disease were only
included as a driver in 10 ecoregion analyses, but when these drivers were present, we found that cumulative area
affected by insects and disease was a top driver for both Lower Rockies ecoregions as well as one Upper Rockies
and one California ecoregion (Supporting Information S1). Partial dependence plots for the common top indi-
vidual drivers of dead carbon show similar relationships to those for live carbon (Figure 4), with the exception of
cumulative area affected by fire or insects leading to an increase in dead carbon (Figure 4c).
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Figure 3. Relationships from partial dependence analyses between live carbon and the drivers commonly considered the top four most important. Lines represent loess
(span = 1) relationships between the driver and carbon for each ecoregion where the driver was within the top four most important. Plots of continuous drivers
(excluding harvest year) show the first through the 95th percentiles of each driver distribution to avoid high uncertainties at the end of the driver ranges. Plots of
categorical drivers show the predicted carbon for each unique driver value.

Using 5-fold average R? values, random forest models accounted for 16%—42% of the variance explained in live
carbon, with the Middle Rockies and North Cascades ecoregions performing worst and best, respectively.
Variance explained from random forest models predicting dead carbon ranged from 2% in the Southern California
Mountains to 33% in the Southern Rockies.

3.3. Recent Trends in Carbon Densities

Live carbon declined in four (21%), increased in five (26%), and remained unchanged in ten (53%) of the 19
ecoregions between 2005 and 2019 (Figure 5). Dead carbon increased in five of 15 ecoregions (33%), decreased in
one (7%), and did not change in nine ecoregions (60%).

Live carbon declined in two Upper Rockies ecoregions as well as one ecoregion each in the Lower Rockies and
SW (Figure 5). The most live carbon was lost in the Southern Rockies, with declines from 2005 to 2019 of
9.58 + 4.07 Mg ha™' (25%). In contrast, live carbon increased in most of the PNW ecoregions, as well as one
Upper Rockies ecoregion. The Willamette Valley increased most (39.73 + 31.46 Mg ha™', 41%), but the
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first through the 95th percentiles of each driver distribution to avoid high uncertainties at the end of the driver ranges. Plots of categorical drivers show the predicted

carbon for each unique driver value.

estimates were highly uncertain due to low sample size (Figure 5). The ecoregion with the second largest live
carbon increase was the Coast Range (27.28 + 14.29, 16%).

Dead carbon declined in one PNW ecoregion, the Coast Range (Figure 5), with a 2005 to 2019 decline in dead
carbon of —5.35 + 4.80 Mg ha™' (15%). Dead carbon increased in five ecoregions across the Western US. The
ecoregion with the greatest increase in dead carbon was the Willamette Valley (10.61 + 8.72 Mg ha™', 70%). Of
the ecoregions experiencing declines in live carbon, three in the Upper and Lower Rockies also experienced
increases in dead carbon.

4. Discussion

In this study, we integrated multiple external datasets with FIA plots to provide a synthetic and comprehensive
perspective on western US forest carbon across landscape to ecoregion scales. We found that live forest carbon
has declined across much of the western US during our study period, resulting in increased dead carbon
vulnerable to release to the atmosphere through decomposition or combustion by fire. Underlying drivers of forest
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Figure 5. Estimated annual (a) and relative (b) changes in live (left) and dead (right) carbon across the time series for each ecoregion. Annual change (a) is represented by
linear model coefficients and point colors represent the direction of significant trends. Relative change across the time series (b) is expressed as the percent change across
the time series relative to the ecoregion mean live (bottom left) and dead (bottom right) carbon density (Mg ha~") from the most recent survey for each plot. Ecoregions
in top row are ordered by mean live carbon. Forest inventory and analysis plots located in Wyoming were not included. Changes in dead carbon were not calculated for
four ecoregions (Southern California Mountains, Sierra Nevada, Central California Mountains, and the Klamath Mountains) as downed woody material was not
collected in these regions until 2011.

carbon exhibited strong regional patterns as well as fine-scale variability. As climate warms, disturbance regimes
intensify, and intensive commercial harvest persists, our results suggest that imminent thresholds in accelerating
carbon loss may be approaching. Together, these results provide key insights into the function and potential future
vulnerabilities of the western US forest carbon cycle.

A number of past studies have also used FIA survey data at tree, plot, US state- and nation-wide levels to quantify
western US forest carbon (Domke et al., 2023; EPA, 2023; Hoover & Smith, 2023; Knott et al., 2023; Stanke
etal., 2021). However, we offer three critical advances. First, we quantify variation in carbon, underlying drivers,
and recent trends within and across level I1I ecoregions; a scale that reflects shared geographical characteristics
such as geology, land use, and potential vegetation (Omernik & Griffith, 2014). Second, we took advantage of
innovations in interpretable machine learning to produce a novel framework for assessing grouped and individual
driver effects on carbon, providing critical insights for informing policy and management. Finally, we leveraged
external datasets to extend the record of prior disturbance and harvest back decades before FIA surveys were
conducted. This allowed us to quantify the unique ecological legacies shaping current spatial distributions and
recent trends in forest carbon (Johnstone et al., 2016; Seidl & Turner, 2022).
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Our findings provide a baseline of forest carbon in live and dead pools across forested ecoregions in the western
US. We assessed carbon by level I1I ecoregion in order to evaluate distributions, drivers, and trends across scales
relevant to ecological processes. Despite choosing ecoregion as our scale of analysis rather than state, region, or
nation, our findings generally converge with those of other FIA-based estimates of forest carbon in the western
US. Hoover and Smith (2021) also found the highest aboveground live carbon densities in the PNW and the
lowest in the Lower Rockies and SW. Carbon trends found in our analysis mirror regional carbon trend estimates
from other FIA-based studies, such as stock changes within the National Forest System reported in the US GHG
inventory (Domke et al., 2023; EPA, 2023) and live aboveground carbon changes reported within resurveyed FIA
plots (Hoover & Smith, 2021).

Ecological legacies shape the spatial patterns and temporal trends of contemporary ecosystem characteristics
(Johnstone et al., 2016). If disturbance legacies are not taken into account, crucial information that often de-
termines post-disturbance reorganization outcomes can be missed (Seidl & Turner, 2022). By using external
disturbance datasets collected at the landscape scale, this study extends the temporal record of disturbance data
decades beyond that of the FIA plots, providing a more comprehensive understanding of landscape dynamics. We
found general agreement between the FIA disturbance codes and the external fire and harvest datasets used for
this analysis (Supporting Information S1). Our grid cell estimates rarely attributed high cumulative area burned to
unburned FIA plots or a harvest year to unharvested FIA plots. However, there was less congruence with external
insect and disease products. Grid cell estimates of area affected by insects and disease were high for many FIA
plots without related FIA disturbance codes (up to approx. 70%). This suggests either that the Aerial Detection
Survey (Johnson & Wittwer, 2006) affected polygons may provide an overestimation of the total area affected
within grid cells, or FIA crews are missing insect-related damage in sparse forests, which may explain our
counterintuitive results in how live carbon varied in response to insects and disease.

Our results indicate that climate and fire are important determinants of carbon densities within and across western
US forests, particularly in ecoregions where live carbon is declining. Although annual carbon reductions through
2019 were modest, predicted increases in drought, burned area, and fire severity (Abatzoglou et al., 2021;
Dennison et al., 2014; Jia, 2020; Parks & Abatzoglou, 2020; Wu et al., 2023) could foreshadow rapid acceleration
of carbon loss in coming years to decades. Notably, our estimates of carbon trends also did not include Wyoming
FIA plots, where we found fire and climate to be the strongest drivers of current carbon densities. This suggests
we may be underestimating rates of live carbon decline in ecoregions that include forests in Wyoming (Southern
Rockies, Middle Rockies).

Anthropogenic warming has already contributed to drought intensification in the western US (Crockett &
Westerling, 2018), and almost all global climate models indicate drying trends will intensify, with increases in
VPD and precipitation variability (Cook et al., 2021; Seager et al., 2007). Regional projections suggest that
extreme drought risk could more than triple by 2100 (Cook et al., 2020). Often, precipitation and VPD were the
most important drivers of carbon density in our analyses. Drought causes tree mortality (i.e., more dead carbon)
through embolism and carbon starvation, and persistent drought exerts powerful selective pressures toward
populations and communities with more drought-tolerant traits (Trugman et al., 2020). Further, hot-dry condi-
tions can constrain post-disturbance tree regeneration, which also reduces forest carbon storage (Davis
et al., 2023; Hansen & Turner, 2019). For example, approximately 20% of forests in the Sierra Nevada Mountains
of California are anticipated to not recover if they were to burn because the climate is now too dry to support tree
regeneration (Hill et al., 2023). Drying trends directly impact forests through reduced growth and increased
mortality, but they also increase the occurrence of climate sensitive disturbances like fire (Jones et al., 2022).

Our analyses revealed a consistently negative relationship between live carbon and both total and stand-replacing
forest area burned. Fire was either the first or second most important driver category for predicting live or dead
carbon densities in two thirds of the ecoregions surveyed. No ecoregion was unaffected by fire; even PNW
ecoregions with relatively infrequent fire historically contained hotspots where fire was the dominant driver
category. This is likely due to fires being characteristically large and severe when they occur (Halofsky
et al., 2020). As fire activity has rapidly increased (Jones et al., 2022; Juang et al., 2022), our results highlight the
important role burning plays in shaping carbon across the western US. In fact, we may actually be underestimating
fire effects because we excluded prescribed fires, which make up a surprisingly large percentage of annual area
burned (20.6% of MTBS forest fires in 2019) (Domke et al., 2023). Further, our results did not include 2020 and
2021, exceptionally dry years toward the end of a megadrought (Williams et al., 2022) with record shattering
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annual areas burned in western forests (Higuera & Abatzoglou, 2021). Wildfire in these two years alone led to the
loss of 13%—19% of the total population of highly fire-adapted giant sequoias in California (Shive et al., 2022).
Following 2020 and 2021, it is plausible that several additional ecoregions have already crossed critical fire and
climate-driven tipping points initiating live carbon decline.

Although fire is already an important component of the carbon cycle in the western US, the impact will likely only
grow over time with staggering projected increases in annual forest area burned (Abatzoglou et al., 2021; Buotte
et al., 2019; Parks & Abatzoglou, 2020). Models suggest that record breaking fire seasons in 2020 and 2021 may
become the norm in just a few decades (Abatzoglou et al., 2021). It is also important to note that a century of fire
suppression has led to substantially higher live and dead carbon densities today than likely occurred under pre-
Euro American settlement fire regimes in many dry western US forests, where fire return intervals were 5—
20 years (Swetnam et al., 2016). As a result, the baseline we quantify here is critical for comparing to future
conditions, but it is almost certainly inflated compared to carbon carrying capacities under the historical range of
variability (Earles et al., 2014; Goodwin et al., 2020). Thus, dry forests in the western US may be acutely
vulnerable to carbon loss without strong and immediate investment in proactive forest management. Targeted
forest management activities such as thinning and prescribed burning have shown potential to stabilize carbon in
these types of systems (Krofcheck et al., 2018, 2019). Even with forest densification from a century of sup-
pression, however, carbon densities in dry western US forests are far lower than in historically wet cold forests
where legacies of suppression are much less pronounced, and forest management may have little effect on
subsequent fire (Stephens et al., 2013). For example, forests in the PNW and parts of California have some of the
highest aboveground carbon densities outside of the tropics (Spawn et al., 2020). Burned area has increased
rapidly in these forest types (Westerling, 2016), and given the high carbon densities at risk, they could become
massive carbon sources if future climate-fire trends continue unabated.

Human activities also had a large impact on western US forest carbon. Ownership category was important for both
live and dead carbon across the western US. Carbon tended to be lowest on private lands and highest on federal
lands. Reduced stocks of dead carbon on private land is most pronounced in the UR, LR, and PNW ecoregions,
which could be reflective of the widespread practice of removing timber affected by insects and disease to
improve property values or reduce tree-fall and wildfire hazards (Morris et al., 2017). Differences in forest carbon
between private and public lands were most pronounced in the PNW, where we also found clear evidence of a
harvest legacy that reduced live carbon stocks relative to unharvested areas. Forests in the PNW are extraordi-
narily productive, commonly stocked with economically important tree species (e.g., Douglas-fir), and have a
history of intensive industrial harvest (Oswalt et al., 2019; Schleeweis et al., 2020). Our analysis revealed that
PNW ecoregions generally experienced an increase in carbon densities from 2005 to 2019, which is likely
representative of post-harvest regrowth (Liu et al., 2020). This regrowth could partially be attributed to the
success of the Northwest Forest Plan (Spies et al., 2019), adopted in 1994 to curb removals on federally-owned
old-growth forests in favor of protecting habitat for northern spotted owl populations and protecting provision of
ecosystem services. On these federally-owned lands, it is likely that carbon increases would be less affected by
harvest in the future than historically. However, recent carbon accumulation might also be attributable to
regeneration occurring on previously harvested plantations that remain active and are simply between harvest
cycles, which would not represent a permanent increase.

We also found that insects and disease were important drivers of dead carbon in many regions including the
Rocky Mountains and PNW which were affected by recent bark beetle outbreaks (Bentz et al., 2005; Berner
et al., 2017). Between 1997 and 2010, much of the Rocky Mountains and PNW were affected by outbreaks of
mountain pine beetle, western pine beetle, spruce beetle, and Douglas-fir beetle, which led to lasting reductions in
live carbon storage and sequestration (Ghimire et al., 2015). This suggests insects and disease are a major driver of
carbon dynamics in the region, particularly through tree mortality and the transfer of carbon from live to dead
pools. Given projected increases in forest risk from pests (Anderegg, Chegwidden, et al., 2022), insects and
disease will likely continue to play an important role in forest carbon cycling over the next century.

While tremendous differences in the distribution, drivers, and trends of carbon existed across ecoregions, there
was also strong spatial variability in the primary drivers of current carbon densities within ecoregions, particularly
at fine scales. For example, in the PNW, orographic effects on precipitation (Mass et al., 2022) appear to be stark
and manifest in abrupt changes in the relative importance of driver categories. Within the Cascades, live carbon on
the wetter and more productive western portion of the Cascades were driven primarily by human activities, while
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carbon in the drier eastern portion of the Cascades was climate-dominated (Daly & Bryant, 2013). In the Klamath
Mountains, carbon was driven by a mix of human, fire, and climate in the northern portion of the ecoregion, but
became dominated by fire in the drier areas further south. The scale and nature of spatial heterogeneity in the
drivers of carbon becomes significant when considering the scales at which management and natural climate
solutions are implemented. It is critical for natural climate solutions to be considered across large regions to
maximize impact and increase the rigor of measurement practices (DeFries et al., 2022), but heterogeneity in local
conditions might hinder climate change mitigation efforts if the drivers of carbon vary widely within and across
projects (Novick et al., 2022). Our results determining fine-scale heterogeneity in carbon drivers can therefore
inform forest and fire management strategies by helping decision-makers tailor strategies to local conditions.

This study provides valuable insights into the spatial distribution and key drivers of forest carbon in western US
forests. Our findings emphasize the critical role of climate, fire, and human activities in shaping forest carbon, and
the strong regional patterns in dominant drivers we found underscores the need for landscape to region-specific
strategies to manage carbon. The implications of our results also extend beyond understanding the current state of
forest carbon in the western US. With accelerating climate changes, increasing frequency and severity of
wildfires, the spread of insect and disease outbreaks, and ongoing land-use changes, western US forests face
significant challenges that could result in precipitous declines in future carbon storage capacity. These challenges
have the potential to fundamentally alter the terrestrial carbon cycle and undermine global efforts to combat
climate change. Our results provide a baseline from which to evaluate future changes and inform management
strategies.

Data Availability Statement

All data used for this analysis was taken from open-source datasets. These include forest survey data from FIA
(USDA Forest Service, 2019), monthly 4 km resolution climate data from PRISM (Daly & Bryant, 2013), ADS
Insect and Disease Surveys (Johnson & Wittwer, 2006; USDA Forest Service, 2024), gridded annual burned area
layers from WUMI (Juang et al., 2022), fire severity estimates calculated using publicly available code provided
by Parks et al. (2019), Landforms (Theobald et al., 2015), 2016 tree canopy cover maps (Yang et al., 2018), and
forest cover loss attribution layers (Schleeweis et al., 2020). Analysis scripts were written using R open source
software (R Core Team, 2023). Scripts are archived at the Cary Institute of Ecosystem Studies data repository
(Hall et al., 2024).
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