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Drought-induced tree mortality is predicted to increase in dry forests across the globe as future projections show
hotter, drier climates. This could potentially result in large-scale tree die-offs, changes in species composition,
and loss of forest ecosystem services, including carbon storage. While some studies have found that forest stands
with greater basal areas (BA) have higher drought mortality, many have not evaluated the extent to which forests
restored to lower densities via restoration activities affect drought mortality. The southwestern USA is partic
ularly susceptible to tree mortality due to the predicted increases in temperature, drier soils, and forests with
high density. Our objective was to evaluate how ponderosa pine mortality is expected to be influenced by the
Four Forests Restoration Initiative (4FRI), a large-scale forest restoration effort ongoing in northern Arizona,
USA, that will reduce stand BA by approximately 40%. Specifically, we modeled drought mortality in three time
periods, one contemporary (1970–2010), and two future (2020–2059 and 2060–2099) under three restoration
scenarios: no thinning, 4FRI thinning, and a BA reduction beyond the 4FRI plan (4FRI-intensive). We estimated
mortality using 11 climate models under two emissions scenarios. Without thinning, our model predicted that by
mid-century (2020–2059), changes in climate could increase annual ponderosa pine mortality rates by 45–57%
over contemporary rates. However, with thinning, mid-century mortality was predicted to remain near or below
contemporary rates and these rates are 31–35% (4FRI) and 46–51% (4FRI-intensive) less than the mid-century
scenarios without thinning. Our study shows that while climate change is likely to increase tree mortality rates,
large-scale forest restoration projects, such as 4FRI, have the potential to ameliorate the effects of climate change
and keep mortality rates near contemporary levels for decades.

1. Introduction
Forests across the globe, particularly dry forests, are experiencing
hotter, drier climates leading to increased tree mortality via drought
(Allen et al., 2010; Anderegg et al., 2019; McDowell et al., 2016; Zhao
and Running, 2010), higher fire risk (Dennison et al., 2014; Dillon et al.,
2011), and larger and more frequent insect outbreaks (Allen and Bre
shears, 1998; Breshears et al., 2005). High tree mortality is predicted to
change tree species composition, age structure, and forest ecosystem
services, such as carbon storage (Allen and Breshears, 1998; Fettig et al.,
2013; van Mantgem et al., 2009). Rising temperatures, longer droughts,
and increased aridity predicted under climate change are expected to
exacerbate factors and lead to higher tree mortality (McDowell et al.,

2016; van Mantgem et al., 2013; Williams et al., 2010). Trees in droughtprone areas like the southwestern USA, where forests are seasonally dry,
are particularly susceptible to drought-related mortality due to higher
temperature and drier soils projected by many climate models, some
estimating 70–100% tree mortality (McDowell et al., 2016; Seager and
Vecchi, 2010; Williams et al., 2013). Lower soil moisture availability
combined with higher temperatures is referred to as “hot-drought” and
may have the greatest impact on forests in the region (Bradford et al.,
2022; Breshears et al., 2018; Choat et al., 2012). The effects of hotdroughts on trees can be direct, such as hydraulic failure or carbon
starvation, or indirect, through increased susceptibility to pests and
pathogens (Adams et al., 2017; Allen et al., 2015; Choat et al., 2012;
McDowell et al., 2013). Given the accumulation of evidence of drought-
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induced tree mortality, the long-term persistence of forest cover, espe
cially in the southwestern USA, is uncertain.
In addition to the climatic triggers for tree mortality, high stand
density contributes to heightened tree mortality (Bradford and Bell,
2017; McDowell et al., 2006; Young et al., 2017) but few studies have
accounted for the effects of forest structure or forest management to
reduce densities on water competition and subsequent drought mortal
ity, particularly when predicting future mortality (Bradford et al., 2022).
Globally, many forests have experienced increased tree density due to
human alteration to the landscapes, some leading to higher tree mor
tality (Bigler et al., 2006; Heinrichs and Schmidt, 2009; Linares et al.,
2009; Mantero et al., 2020). Dry forests in the western USA historically
experienced frequent, low-intensity fires that thinned out seedlings and
saplings and kept stand densities low. However, a history of fire sup
pression across forests has altered the forest structure and led to higher
stand basal area (BA; a measure of density that accounts for size and
number of trees in a stand; Covington and Moore, 1994; Fulé et al.,
1997; Hagmann et al., 2021; Hessburg et al., 2019) than has been seen in
the past, increasing competition among trees for available resources
(Guarín and Taylor, 2005; Taylor, 2000; Taylor and Skinner, 2003).
Higher BA has also been shown to increase the risk of large-scale insect
outbreaks and the risk of severe wildfires, which contribute to higher
mortality and are exacerbated by drought (Hurteau et al., 2014;
McCauley et al., 2019; Raffa et al., 2008). Higher stand density,
particularly when paired with hot-drought, will increase the likelihood
of large-scale tree die-offs and could alter the distribution and ecosys
tems services provided by southwestern USA forests (Bradford and Bell,
2017; Das et al., 2011; Ruiz-Benito et al., 2013; Young et al., 2017).
Forest managers have few tools available to increase forest resistance
to drought, but reduction of BA through restoration can reduce
competition among trees for scarce water resources during a drought
and improve post-drought recovery (Bottero et al., 2017). Reduction of
forest density through mechanical thinning is a common practice to
reduce fuel for wildfires, achieve wildlife habitat improvement, and
protect urban areas (D’Amato et al., 2017). Reducing BA has also been
shown to increase forest resistance to drought, e.g. decreasing tree
mortality, increasing tree growth, and limiting insect-related mortality
(Bottero et al., 2017; Bradford et al., 2022, 2020; Bradford and Bell,
2017; D’Amato et al., 2013; Gleason et al., 2017; McDowell et al., 2006;
Restaino et al., 2019; Young et al., 2017). Recent attempts to increase
the pace and scale of restoration include the Collaborative Forest
Landscape Restoration Program, which has completed fuel reduction
treatments on 3.8 million acres in US (USDA, Forest Service, 2020), the
North Yuba Forest Partnership program (South Yuba River Citizens
League, 2019), and projects to restore forests in the Rocky Mountains
(Rocky Mountain Restoration Rocky Mountain Restoration Initiative,
2019). Large-scale restoration projects such as these present an oppor
tunity to better understand the forest and edaphic settings and scales at
which ecological restoration can ameliorate drought. A recent regional
analysis of ponderosa pine forest densities and drought mortality char
acterized the drought-density interactions in a quantitative model that
can be used to assess restoration benefits for minimizing mortality
(Bradford et al., 2022). They suggested that a 50% reduction in BA in
ponderosa forests could result in 20–80% reduction in mortality rates
but no studies have evaluated the effect on mortality rates under climate
change for planned density-reduction treatments in an ongoing, largescale forest restoration.
The Four Forests Restoration Initiative (4FRI) is the largest forest
restoration project currently being undertaken by the U.S. Forest Service
and is part of the Collaborative Forest Landscape Restoration Program
(CFLRP). The goal for 4FRI is to use science-based approaches to in
crease the pace and scale of forest restoration activities, via mechanical
thinning and prescribed fire, to reduce risk from uncharacteristic wild
fire and improve ecological and watershed health. This ongoing resto
ration project, and similar large-scale restoration efforts across western
USA, present the opportunity to evaluate if restoration efforts primarily

aimed at reducing wildfire risk, can also reduce tree mortality rates
under climate change.
The objective of this study was to estimate the effect of hot-drought
on ponderosa pine (Pinus ponderosa subsp. brachyptera (Engelm. in
Wislizenus)) mortality in northern Arizona and to evaluate the degree to
which thinning treatments could reduce these effects in future climates.
Specifically, we wanted to evaluate contemporary (1970–2010) pon
derosa pine mortality rates in the study area using previously estab
lished drought-BA relationships (i.e. that stands with higher BA could be
more vulnerable to drought; Bradford et al., 2022) and project the ef
fects of thinning treatments and climate change, particularly hotdrought, on mortality rates in the future. We used desired-condition
data from the 4FRI implementation plan to estimate, as closely as
possible, the actual post-treatment basal areas expected in stands that
will be thinned across the study area, as well as a more intensive thin
ning scenario. In comparison to no thinning scenarios, we hypothesized
that scenarios with thinning treatments would lead to lower ponderosa
pine mortality under climate change in the future.
2. Methods
The study area was the first phase of the Four Forests Restoration
Initiative (4FRI) and covers ~ 400,000 ha in the Coconino and Kaibab
National forests in northern Arizona, USA (Fig. 1). This landscape is
dominated by ponderosa pine, ponderosa pine and oak, and intermixed
with dry and wet mixed conifer forest types. The elevation ranges from
1,780 to 3,850 m with a mean elevation of 2,190 m. Within the study
area, we evaluated mortality on 4FRI stands with dominant ponderosa
pine vegetation (greater than 70% BA) for which a mechanical thinning
treatment was prescribed, according to the 4FRI implementation plan.
This included 6,811 stands covering ~ 137,200 ha (Fig. 1).

Fig. 1. Locations of ponderosa pine stands that were thinned within the Phase
1 of the Four Forests Restoration Initiative (4FRI) boundary in northern Ari
zona, USA.
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2.1. Scenarios

2018). SOILWAT2 is a daily time-step, multiple soil-layer, processbased, simulation model of ecosystem water balance, that models standspecific interactions between soil, vegetation, and climate (Bradford
et al., 2014). Vegetation in SOILWAT2 is represented by the fraction of
each plant functional type (PFT), and monthly total biomass, monthly
foliar biomass, and leaf area index (LAI) conversion for each PFT.
Biomass was determined from plot data and allometric equations in
Jenkins et al. (2003). LAI and the fraction of grass were determined from
Flathers et al. (2016). Because we wanted to evaluate the impact of basal
area on mortality in our statistical models, we eliminated the influence
of basal area on estimated drought conditions in the SOILWAT2
modeling by using a constant value for basal area at each stand in
SOILWAT2 and set to the median value (20 m2 /ha) across all plots
examined. Soil texture was extracted for each stand from the ISRIC soils
250 m v5 (Hengl et al., 2017) data in 3 soil profiles at depths of 0–15 cm,
15–60 cm, and 60–200 cm. Maximum soil depth was also extracted for
each stand from the ISRIC dataset. We evaluated SOILWAT2 output
using the rSFSW2 R package (Schlaepfer and Andrews, 2018) and
calculated soil water availability (SWA) as the amount of water that
could be extracted from the soil profile before all soil layers reached a
soil water potential of − 3.0 MPa, an estimate of the lowest water po
tential at which ponderosa pine can extract water (Kolb et al., 1998).
Contemporary (1970–2010) daily temperature and precipitation
input climate data for SOILWAT2 and temperature covariates were ob
tained from Livneh et al. (2013). Future input temperature and precip
itation were extracted as monthly time-series for two time periods,
2020–2059 (mid-century) and 2060–2099 (late-century) from one-half
degree downscaled and bias-corrected data from the fifth phase of the
Climate Model Intercomparison Project (CMIP5; Maurer et al., 2007;
Taylor et al., 2012). To model more realistic spatial and temporal
variation for the future climate data, the future CMIP5 data was com
bined with the contemporary data using a hybrid-delta downscaling
method to obtain future daily data at 1/16th degree resolution (Dick
erson-Lange and Mitchell, 2014; Hamlet et al., 2010; Tohver et al.,
2014). Eleven GCMs were selected (Knutti and Sedláček, 2013; Rupp
et al., 2013) and included CanESM2, CESM1-CAM, CNRM-CM, CSIROMk3-6–0, FGOALS-g2, FGOALS-s2, GISS-E2-R, HadGEM2-ES, inmcm4,
IPSL-CM, and MIROCESM. GCM data from Representative

We examined mortality in each stand in three time periods:
contemporary (1970–2010); mid-century (2020–2059); and latecentury (2060–2099). Additionally, we evaluated mortality in three
forest restoration treatment scenarios: no thinning (all time periods BA
in each stand was maintained as estimated in 2010 by the U.S. Forest
Service), 4FRI (future BA for each stand was maintained at the proposed
levels in the 4FRI implementation plan); and 4FRI-Intensive (hereafter
4FRI-I; future BA for each stand was maintained at a reduction meant to
represent historical BA). BA averages for each scenario were: nothinning − 29.5 m2/ha +/- 8.4 (sd); 4FRI – 17.3 m2/ha +/- 4.6 (sd);
and 4FRI-I – 9.7 m2/ha +/- 2.6 (sd; Fig. 2; additional metrics in
Table A.1).
Contemporary BA (no thinning scenario) was calculated from U.S.
Forest Service Common Stand Exam Inventory data and 4FRI BA was
obtained from desired condition data for the 4FRI project landscape
acquired from U.S. Forest Service (unpublished data).The 4FRI pre
scriptions varied across the landscape, with an average BA reduction of
~ 40%, and considered existing tree density, desired canopy openness,
and age and size class diversity to meet management objectives related
to wildfire risk reduction, watershed health, and wildlife. 4FRI-I was not
a planned restoration scenario, so BA for the 4FRI-I scenario was
calculated by comparing the median of historical BA values from pub
lished studies in the region (Table 6; Reynolds et al., 2013) to the median
of the 4FRI treatment with the greatest BA reduction. The comparison
suggested that taking a further BA reduction from the 4FRI data of 0.56,
would better represent historical range of variability. Our estimates of
future BA assume that BA will be maintained at treatment levels and we
do not include demographic processes that allow for recruitment or
growth. This assumption is consistent with 4FRI implementation plans
where additional restoration, often in the form of prescribed fire, will be
used to maintain initial treatment BA levels.
2.2. Covariates
To calculate covariates representing hot-drought, we used the
SOILWAT2 ecosystem water balance model (Schlaepfer and Murphy,

Fig. 2. Basal areas of all modeled stands within the Four Forests Restoration Initiative (4FRI) under a) no thinning scenario, b) 4FRI thinning scenario, and c) 4FRIIntensive thinning scenario.
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Concentration Pathways (RCPs) 4.5 and 8.5 were used. Variations in
GCMs are displayed by showing the minimum, maximum, and median
GCM at each stand for each covariate and in the predicted mortality.
Spatial patterns in maps are displayed using only the median GCM at
each stand and for RCP 4.5.
For our tree mortality models, we used coefficients and covariates
from a previously established model in Bradford et al. (2022). In the
previously established model, ponderosa pine decadal survival was
estimated from Forest Inventory and Analysis (FIA) plots across the
western U.S. from 2000 to 2017. The model we use here was the top
performing model from a list of competing models to explain ponderosa
pine mortality across all western U.S. sites, including sites in our study
area. All variables in the original model were tested for multicollinearity
and highly correlated variables were removed. Posterior predictive
checks indicated good agreement between mean model predictions and
observed data (p = 0.53). Spatial random effects were included in the
original model to account for the impact of spatial autocorrelation on
parameter inference (See Bradford et al., 2022 for full description;
Banerjee et al., 2008). Observed values for covariates from our study
region are consistent with the observed values from the full region
(Table A.2). The covariates used are listed and defined in Table 1.
We used quadratic mean diameter (QMD) from each stand for tree
size from the U.S. Forest Service 4FRI data provided for No Thinning and

pi,t+1 Bern(si,t )
logit(si,t ) =αzi,t + Xd[i] b + ωd[i]
where si,t is the probability of survival for individual i from t to t + 1,
zt,i is the diameter of tree i in the first census (t), α is a regression coef
ficient for the impact of tree size (QMD) on survival that allows tree size
to influence survival rate, b is a vector of regression coefficients (see list
of coefficients below) for environmental conditions and basal area
terms,Xd[i] is a design matrix including all plot-covariates and an inter
cept for individual i, and ωd[i] is a plot-specific spatial random effect for
each individual i. Spatial random effects were used to account for
spatially autocorrelated residual error not accounted for by covariates
and were not carried forward to projections of mortality in the 4FRI
regions during contemporary and future time periods (see below).
Covariates included BA, mean temperature (TEMPMEAN; and its
interaction with BA), mean soil water availability (SWAMEAN; and its
interaction with BA), 7-year high temperature anomaly (TEMP7YMAX;
and its interaction with BA), 8-year low soil moisture anomaly
(SWA8YMIN; and its interaction with BA), and high 3-year high soil
moisture anomaly (SWA3YMAX). The final model covariate structure,
omitting covariate parameters for clarity, was:

S = QMD + BA + TEMPMEAN + SWAMEAN + TEMP7YMAX + SWA8YMIN + SWA3YMAX + TEMPMEAN*BA + SWAMEAN*BA + TEMP7YMAX*BA +
SWA8YMIN*BA

4FRI scenarios. Because 4FRI-I was not a scenario run by the U.S. Forest
Service, the relationship between decreased BA and increased QMD in
4FRI scenario (on average 39% less BA led to 37% greater QMD) was
extrapolated to the increased reduction in BA for the 4FRI-I scenario (on
average 66% reduction in BA for the 4FRI-I scenario was extrapolated to
a 63% increase in QMD). The average QMD was: 23.6 cm for the no
thinning treatment; 32.0 cm for the 4FRI; and 38.5 cm for 4FRI-I
scenarios.

Mean and standard deviation of coefficients from this model are
included in Table A.2. The model was fit using Hamiltonian Monte Carlo
(HMC) in Stan (Stan Development Team, 2020) with 2 chains, 5000
iterations each, 2500 for warmup. Parameter convergence was moni
tored with convergence statistics (R-hat; Gelman et al., 2013). Decadal
survival was converted to annualized mortality.
To predict survival in our stands from the above model, coefficients
from all 5,000 iterations were used and averaged across iterations.
Climate means and anomalies were calculated for each decade and used
to calculate decadal survival. Covariates in our model were scaled
against the means and standard deviations of the covariates in the
original model from Bradford et al (2022). We converted average
decadal survival to annual mortality for presentation purposes using the
formula M = 1 − S(1/10) , where S = average decadal survival rates and M
= annual mortality rates. Due to the difficulty in predicting the spatial
random effects in new locations and into the future climates, we did not
include them in our models.
To avoid non-linear averaging that would occur if we calculated
differences between scenarios/time periods using posterior averages, we
calculated the differences between GCMs assuming a fixed parameter
set, and iteratively drawing parameter sets from the posterior distribu
tion. We then averaged differences in GCM across all the iterations and
used the GCM with the median difference to calculate percent changes.
A gridded soils data product, ISRIC 250 m (Hengl et al., 2017), was
used as input into SOILWAT2 to match the soil inputs from the original
model (Bradford et al., 2022). A more detailed, field-based soils data set
from the U.S. Forest Service (U.S. Department of Agriculture, Forest
Service, 1995, hereafter USFS soils data; 1991) has been used in previ
ous studies in the region (Bradford et al., 2020; McCauley et al., 2019)
and may likely be a more realistic estimate of soil textures and depths.
However, the USFS soils data was not available throughout the
geographic extent of the original model (in which the range of pon
derosa pine was used to capture a larger range of variability), so ISRIC
was used. When we compared both ISRIC and USFS soils data for the

2.3. Mortality model
Mortality was estimated for each selected stand and within each
scenario/time-period combination using coefficients from the previ
ously established model from Bradford et al. (2022). Survival proba
bility for the 10 years between FIA measurements was modeled
following Shriver et al. (2021) as:
Table 1
Covariate abbreviations and descriptions for the covariates used in the mortality
model.
Covariate
Abbreviation

Covariate Description

QMD
BA

Quadratic Mean Diameter for stand
Sum of tree cross-sectional basal area at 1.37 m height
(m2ha− 1)
Mean April-September soil water availability from 1970 to
2010 (cm)
Average April-September air temperature from 1970 to 2010
(◦ C)
Lowest April-September soil water availability during a
consecutive 8-year period in each decade (cm) subtracted
from SWAMEAN
Highest April-September temperature during a consecutive 7year period in each decade (◦ C) subtracted from TEMPMEAN
Highest April-September soil water availability during a
consecutive 3-year period in each decade (cm) subtracted
from the SWAMEAN

SWAMEAN
TEMPMEAN
SWA8YMIN
TEMP7YMAX
SWA3YMAX
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study area, we found that the ISRIC data product overestimated the
depth of soils compared to the USFS soils data (Fig. A.1). Accordingly,
when the USFS soils data (with shallower depths) were used in SOIL
WAT2, the estimated SWA found the stands to be unusually drier (more
than 2 standard deviations drier) than with the ISRIC soils data. Because
the ISRIC product was used in the original models, we continued using it
in our mortality models and all results presented in the main paper were
from SWA calculated with these data. Nevertheless, we also ran the
survival prediction models with the USFS soils data to conduct a sensi
tivity analysis to see if mortality outcomes varied in a systematic way
based on soils data; these results are summarized below and presented in
Figs. A.1 and A.2.

period and in RCP 8.5 (Fig. 3). The mean temperature anomaly for
1970–2010 was 0.12 ◦ C, indicating that the hottest consecutive 7 years
in each decade were, on average, 0.12 ◦ C hotter than the mean tem
perature from 1970 to 2010. Compared to the contemporary reference
period (1970–2010), the mean 7-year maximum temperature anomaly
across stands for the median GCM for RCP 4.5 was 2.3 ◦ C for the
2020–2059 time period and 3.4 ◦ C for the 2060–2099 time period. The
average for the minimum GCM at each stand and average for the
maximum GCM at each stand for the same RCP, hereafter GCM range,
was 1.2–3.3 ◦ C for 2020–2059 and 2.4–5.8 ◦ C for 2060–2099 (Fig. 3).
For RCP 8.5, the median GCM average across stands was predicted to be
2.5 ◦ C (GCM range: 1.5–3.2 ◦ C) and 5.2 ◦ C (GCM range: 2.5–7.4 ◦ C) for
the 2020–2059 and 2060–2099 time periods, respectively (Fig. 3).

3. Results

3.2. Soil water anomaly projections

3.1. Temperature anomaly projections

GCMs varied on the direction and magnitude of the soil water
availability (SWA) drought anomalies with some predicting the driest
consecutive 8-years each decade had lower SWA than the overall

All GCMs predict an increase in the 7-year growing season temper
ature anomalies with the greatest increases in the 2060–2099 time

Fig. 3. Distributions of climate anomalies from the three time periods for: a) 7-year temperature anomaly for RCP 4.5; b) 7-year temperature anomaly for RCP 8.5; c)
8-year drought anomaly for RCP 4.5; d) 8-year drought anomaly for RCP 8.5; e) 3-year SWA wet period anomaly for RCP 4.5; and f) 3-year SWA wet period anomaly
for RCP 8.5. The wider boxes represent the range in values for the median GCM at each stand and the thinner boxes to the left and right of the wider boxes represent
the range in values from the minimum and maximum GCMs at each stand, respectively. The dashed lines depict the median anomaly for the 1970–2010 time period.
Soil water availability (SWA) is the amount of water in cm that could be extracted from the soil profile before all soil layers reached a soil water potential of −
3.0 MPa.
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contemporary average and some predicting the opposite (Fig. 3). The
1970–2010 average SWA drought anomaly was − 0.63 cm. The SWA
drought anomaly for the median GCM for RCP 4.5 was − 0.04 cm (GCM
range: − 2.1 – 1.12 cm) and 0.56 cm (GCM range: − 2.1 – 2.6 cm) for the
2020–2059 and 2060–2099 time periods, respectively (Fig. 3). For RCP
8.5, the SWA drought anomaly for the median GCM for the 2020–2059
time periods was − 0.57 cm (GCM range: − 2.13 – 1.06 cm) and for the
2060–2099 time period was − 0.96 cm (GCM range: − 4.25 – 1.78 cm).
The wet period SWA anomaly, which is calculated as the difference
between the wettest consecutive 3-years in each decade and the mean
SWA from 1970 to 2010, showed similar patterns to the SWA drought
anomaly (Fig. 3). The contemporary wet period SWA anomaly for
1970–2010 was 1.84 cm. The median GCM in each stand for RCP 4.5 in
the 2020–2059 time period had an average wet period anomaly of 2.4
cm (GCM range: 0.61 – 3.53 cm) and in the 2060–2099 time period
averaged 2.98 cm (GCM range: 0.23 – 4.37 cm; Fig. 3). For RCP 8.5, the
median GCM in each stand had an average wet period anomaly of 1.81
cm (GCM range: 0.53 – 3.22 cm) and 1.59 cm (GCM range: − 1.69 – 3.68
cm) for the 2020–259 and 2060–2099 time periods, respectively (Fig. 3).

the 2060–2099 time period and contemporary mortality estimated a
78% and 169% increase in mortality for RCP 4.5 and RCP 8.5, respec
tively. Please note that our calculation of differences between scenarios/
time periods based on differences between individual GCMs (see
methods) the percent change values reported here may differ slightly
from differences between scenarios/time period calculated based on
GCM median mortality rates.
3.3.2. 4FRI
Under 4FRI thinning scenario, 2020–2059 mortality was predicted to
be nearly the same as the contemporary mortality rate, 0.97% for 4FRI
(GCM range: 0.6 – 1.2%) RCP 4.5 and 1.1% (GCM range 0.8 – 1.4%) for
RCP 8.5 (Fig. 4; Table A.3). When comparing the 2020–2059 4FRI sce
nario to the same time period but without thinning, we found that 4FRI
could reduce mortality rates by 35% in RCP 4.5 and by 31% in RCP 8.5.
For the 2060–2099 time period, with 4FRI thinning, mortality rates were
predicted to be 1.3% (GCM range: 0.9 – 1.8%) and 2.4% (GCM range: 1.5
– 4.4%) under RCP 4.5 and RCP 8.5, respectively. (Fig. 4; Table A.3).
These rates represent a 34% and 154% (RCP 8.5) increase in 4FRI
mortality rates over contemporary rates, and a 26% (RCP 4.5) and 6%
(RCP 8.5) decrease in 4FRI mortality rates when compared to the same
time period but with no thinning.

3.3. Mortality projections
3.3.1. No thinning
We estimated median annual mortality in the contemporary period
(1970–2010) at 1.0% and, without thinning, predicted an increase to an
average of a 1.4% mortality rate in the 2020–2059 time period under
RCP 4.5 (GCM range: 1.2 – 1.5%) or a 1.5% mortality rate under RCP 8.5
(GCM range: 1.3 – 1.7%) (Fig. 4; Table A.3). The median differences
between GCM projections for the 2020–2059 time period and contem
porary mortality estimated a 45% and 57% increase in mortality for RCP
4.5 and RCP 8.5, respectively. By the 2060–2099 time period, without
thinning, mortality was estimated at 1.7% (GCM range: 1.4 – 1.9%) for
RCP 4.5 or to a 2.4% mortality rate (GCM range: 1.8 – 3.9%) for RCP 8.5
(Fig. 4; Table A.3). The median difference between GCM projections for

3.3.3. 4FRI-I
To evaluate the influence of thinning intensity on drought mitiga
tion, we found that generally, predicted mortality was lowest in 4FRI-I
scenario. By 2020–2059, the increased rate of thinning in the 4FRI-I
scenario decreased mortality from the 1.0% found in the contempo
rary period to 0.8% mortality rate (GCM range: 0.5 – 1.5%) in RCP 4.5
and 0.9% mortality rate (GCM range: 0.6 – 1.7%) in RCP 8.5 (Fig. 4;
Table A.3). The 4FRI-I scenario reduced mortality rates by 51% and 46%
in 2020–2059 compared to the same time period with no thinning in
RCP 4.5 and RCP 8.5, respectively. However, by the late-century time
period, mortality increased in the 4FRI-I scenario, especially in RCP 8.5.

Fig. 4. Distributions of annual mortality for all scenarios and time periods in a) RCP 4.5 and b) RCP 8.5. The wider, green boxes represent the distribution of values
from the median GCM and the thinner, grey boxes to the left and right of the wider boxes represent the range in values from the minimum and maximum GCMs,
respectively. The dashed line represents the median value for annual mortality in the contemporary period (1970–2010). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Relationship between the percent reduction in annual mortality and the percent reduction in basal area (BA) for the mid-century time period (2020–2059) for
a) RCP 4.5 and b) RCP 8.5. The BA reduction from the no thinning scenario to the 4FRI scenario is shown in green and the BA reduction from the no thinning scenario
to the 4FRI-Intensive scenario is shown in blue. The colored lines represent the linear relationship between percent reduction in mortality and percent reduction in
BA for each scenario. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We found mortality in RCP 4.5 for 2060–2099 to be 1.1% (GCM range:
0.7 – 1.7%) and 2.4% (GCM range: 1.4 – 4.7%; Fig. 4; Table A.3) in RCP
8.5. For RCP 4.5, this is a reduction of 39% over the same time period
with no thinning. But in RCP 8.5, there is only a 9% reduction over the
same time period with no thinning.
We identified two relationships that are useful for understanding
variability in mortality patterns among stands. First, for the mid-century
period (2020–2059), the reduction in drought mortality was propor
tionate to thinning intensity, with the highest reductions in mortality
predicted to occur in stands with the highest thinning intensity (Fig. 5).
Second, we found significant spatial heterogeneity in drought mortality
across the study area, which was driven by both input soil and climate
conditions, as well as by variation among stands in the treatment pre
scriptions (e.g. variation in target BA and tree size) defined by 4FRI
(Fig. 6).
Mortality projections using USFS soils data indicate a similar pattern
of mortality across scenarios as the gridded soils data, showing that
thinning treatments reduced mortality (Fig. A.2). However, the USFS
soils data, with shallower depths, produced SWA values that were sub
stantially lower than the gridded soils data and thus, higher mortality
rates overall.

represent the historical range of variation in the region could have
46–51% lower mortality rates when compared to the same time period
with no thinning. Large-scale tree mortality due to climate change has
been predicted (Allen et al., 2010; Choat et al., 2012; McDowell et al.,
2016), but our results suggest that forest restoration via ecological
thinning provides an opportunity to enhance forest stand resistance to
hot drought. Other studies have shown that hot drought and higher tree
density can increase mortality (Allen et al., 2010; Bradford et al., 2022;
Bradford and Bell, 2017; McDowell et al., 2006; Young et al., 2017) and
here we applied those concepts to a specific, ongoing restoration effort
and included modeling future hot drought in these locations with a
water balance model to assess the influence of soil moisture.
Our model utilized relationships found from across the range of
ponderosa pine in the western U.S. and considered multi-year temper
ature and drought anomalies, as well as wet periods that may have
mitigated drought effects. Including these anomalies with tree density
and their interactions, indicates that competition for resources (e.g. soil
moisture) is a dominant influence in tree mortality and will likely have
greater influence as hot droughts become more prevalent with future
climate conditions (Luo and Chen, 2013, 2011). Reducing basal areas
can reduce the stress trees experience as temperature rises and soil
moisture declines by lowering the competition for resources. Our study
did not simulate post-treatment tree growth or demography, keeping the
treatment BA consistent into the future, following the implementation
plan for 4FRI which will use periodic prescribed fire to maintain treat
ments. However, if BA levels do not remain consistent, trees will likely
grow faster due to increased access to resources made available by
thinning (Bradford et al., 2020) and the effects of the thinning could
diminish in time as competition for resources increases again (Sohn
et al., 2016).
Without thinning, our results suggest that ponderosa pine mortality
will likely increase and could lead to substantial widespread tree mor
tality and potentially a loss of forest cover in the region. Trees that died
from insect mortality were not specifically excluded from the original
model used to develop the relationships in our model and thus, we
cannot say whether the mortality represented in our models were caused
by drought alone or if drought predisposed the trees to insect mortality

4. Discussion
Models developed in this study predict that changing climate con
ditions will increase tree mortality rates in the 4FRI landscape by
45–57% by mid-century without thinning. However, our results suggest
that large-scale forest restoration projects that reduce tree density, such
as 4FRI, have the potential to ameliorate the effects of climate change
and keep mortality rates low for decades. Our contemporary mortality
rates, around 1%, were consistent with other studies from the region
(Bradford and Bell, 2017; van Mantgem et al., 2009). We found that
under RCP 4.5 and RCP 8.5 scenarios, mid-century (2020–2059), 4FRI
ecological restoration could sustain mortality rates near or below
contemporary rates and could have 31–35% lower mortality rates when
compared to the same time period with no thinning. We also found that
density reductions beyond those planned by 4FRI and meant to
7
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Fig. 6. Spatial distribution of the annual mortality across stands in the contemporary time period and the no thinning scenario and the 4FRI scenario in the 2020–259
time period, RCP 4.5. The donut plots represent the proportion of stands in each category of annual mortality. The lines between polygons depict that the northern
portion of the landscape has been moved closer to the main portion of the landscape for display purposes.

(Ganey and Vojta, 2011). Insect mortality is likely to intensify with
climate change (Bentz et al., 2010; Raffa et al., 2008; Williams and
Liebhold, 2002) and will likely be a greater factor in tree mortality in
this region than in the past. Our model did not include tree mortality
from wildfire, but other studies have suggested that wildfire intensity
will increase with climate change and contribute to even higher tree
mortality (Hurteau et al., 2014; McCauley et al., 2019). Widespread tree
die-off from drought, insects, and wildfire may occur at faster rates than
tree growth and recruitment, decreasing the ability of forests to recover
(Allen et al., 2015).
Few strategies exist for managers to increase forest resistance and
limit the potential loss of forest cover, especially under future climate
change, but our results suggest that forest restoration could accomplish
this. In dry, fire-prone forests, restoration often includes moving toward
historical stand structures and fire regimes. The goal of forest restoration
often includes reducing wildfire risk, improving wildlife habitat, and
restoring forest structure, function, and processes (U.S. Department of
Agriculture, Forest Service, 2013). Maintaining dry forest cover is
important because the forests provide ecosystem services like carbon
storage, nutrient cycling, and hydrologic regulation as well as have
cultural and recreational value (Breshears et al., 2011). A series of
complementary studies have demonstrated the additional co-benefits
associated the 4FRI restoration program, minimizing growth vulnera
bility (Bradford et al., 2020), increasing water supply (Robles et al.,
2014), and stabilizing carbon (McCauley et al., 2019). The results from
this study show the additional restoration benefit of increased forest

stand resistance to drought under future climate change. While our
study evaluated the mortality reductions across individual stands, the
cumulative effect of restoration at the landscape scale could have
additional hydrologic benefits that would be likely to improve survival.
Management to reduce tree densities may be a viable strategy in the
coming decades to improve forest resistance and prevent large-scale die
offs if restoration is implemented at the broadest scale feasible.
Limitations to our models include the ability of the regional model to
predict into new spatial and temporal conditions, including the thinning
scenarios modeled. While the observed values for covariates from our
study region are consistent with the observed values from the full region,
the thinning scenarios could potentially represent combinations of BA
by climate conditions that weren’t well represented in the regional
model. The regional model from contemporary time periods doesn’t
represent the novel conditions expected during late-century timeperiod, especially in RCP 8.5. The temperature anomalies in late-century
2060–2099 time period are outside the range of temperature anomalies
on which the mortality model was developed (Fig. 3; Bradford et al.,
2022). Due to the lifespan of ponderosa pine, we assumed many trees
that occur in the future time periods would have been recruited in
contemporary climates. We calculated our anomalies to reflect this by
subtracting the future temperatures from the contemporary means,
leading to large temperature anomalies by the late century. Contem
porary temperature anomalies in our study averaged 0.12 ◦ C and
considering the range of historical variation, anomalies from the midcentury time period, while higher than the contemporary anomalies,
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may be reasonable. But temperature anomalies in the late century range
to above 5◦ and the maximum GCMs in RCP 8.5 average 7.4◦ . Thus,
relationships developed from those temperature anomalies are limited,
as are our insights into the effect of BA reduction on mortality using
those projections. As it is generally unknown, we also did not include the
species’ ability to adapt or acclimate to these future conditions. Addi
tionally, although we considered a suite of climate models, near-term
climate projections of both SWA and temperature are inherently more
reliable than long-term, when RCPs and GCMs diverge from each other
more (Briley et al., 2021). Given that planning windows for forest
managers typically span 10–20 years, mid-century predictions are likely
more relevant and are consistent with conclusion that a reduction in BA
will reduce ponderosa pine mortality. The differences between RCP 4.5
and RCP 8.5, combined with the higher confidence in the projections
from the RCP 4.5 models, indicate that if emissions stay near those
projected in RCP 4.5, we would expect the effects of forest restoration on
mortality to last decades longer than in the RCP 8.5-projected emissions.
However, if emissions do follow the trajectory of RCP 8.5, our results
indicate that BA reductions alone may not prevent large-scale tree
mortality and shifting the species composition to more drought tolerant
species may need to be considered (Franklin and Johnson, 2012).
The gridded soils data we used (Hengl et al., 2017) likely introduced
error into the model projections because they overestimated the soil
depth compared to locally collected soils data from US Forest Service.
However, the over-estimated depths led to higher SWA and therefore,
provided conservative estimates of mortality due to drought. Our mor
tality predictions from the USFS soils data showed overall higher mor
tality but a similar pattern across scenarios and a similar reduction in
mortality due to BA reduction (Fig. A.2).
Modeling studies that predict current and future drought mortality
based strictly on climate factors are likely to overestimate the extent and
severity of drought in western dry forests because they do not account
for the modifying influence of forest structure or landscape patterns
(McDowell et al., 2016; Williams et al., 2013). This is likely a critical
omission because BA increased dramatically across many western dry
forests due to fire suppression (Covington and Moore, 1994; Fulé et al.,
1997; Hagmann et al., 2021), and contemporary restoration projects aim
to increase the pace and scale of forest restoration. 4FRI is only one
restoration project in the Collaborative Forest Landscape Restoration
Program (CFLRP), which has completed fuel reduction treatments on 3.8
million ha across the western USA, and there are other programs in the
region (Initiative, 2019; South Yuba River Citizens League, 2019). The
results of our work indicate that thinning may have the potential to
reduce mortality across all these landscapes in which significant density
reduction is planned. Many dry forests are at risk from tree die-offs from
drought and insects, but this study shows that accelerating forest
restoration that reduces tree density can limit the risk of tree loss.
Reducing tree mortality into mid-century will allow for additional time
to understand and mitigate the underlying causes of climate change and
reduce the effects of forest loss.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foreco.2022.120088.
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