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Abstract
1.	 Although forests serve critical roles maintaining biodiversity and provisioning 
ecosystem services, many tree species world-wide have experienced population 
declines due to climate change and other related factors. One such species is 
quaking aspen (Populus tremuloides), the most widely distributed tree species in 
North America, which has undergone reductions in survival, growth, and/or re-
cruitment in many parts of its range.

2.	 To understand the patterns in and drivers of aspen performance across its 
range in six western US states, we evaluated the importance of 44 climatic, 
topographic, and forest structure variables in explaining mortality, growth and 
adult recruitment rates in 263 plots over a 9-to-13-year period.

3.	 Aspen experienced substantial mortality during this study, with 4% of trees 
on average dying each year. In addition, aspen performed differently from 
co-occurring conifers, with their dominance declining during the study while 
conifers increased. Mortality rates for aspen increased with higher aspen canopy 
dieback and dead aspen in the initial sampling and decreased with increased 
initial dominance of aspen and conifers as well as increased precipitation and 
reduced aridity. Growth rates of aspen increased with higher temperatures and 
winter precipitation, in more upland and south-facing locations, and decreased 
with warmer and drier conditions relative to the historic baseline, greater initial 
aspen canopy dieback, higher initial dead aspen and greater initial dominance 
of aspen and conifers. Increased adult recruitment was associated with higher 
temperatures and winter precipitation as well as more upland and south-facing 
locations, whereas reduced recruitment occurred with higher initial aspen and 
conifer dominance, greater amounts of initial dead aspen, and hotter and drier 
conditions relative to the historic baseline.

4.	 Synthesis. Across the western United States, the health and dominance of aspen 
declined during a decade-long study, with annual mortality being three times 
greater than the recruitment of new adults. We frequently detected long-lasting 
effects, where areas that were challenging or optimal for aspen at the outset 
of our study continued to be so over the next decade. Intra-  and interspecific 
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1  |  INTRODUC TION

Forests cover 30% of the globe's terrestrial surface area (Keenan 
et  al., 2015) and provide a diverse range of ecosystem services, 
including the maintenance of biodiversity, hydrological and 
nutrient cycling, and carbon sequestration (Bonan,  2008; Pan 
et  al.,  2011; Trumbore et  al.,  2015). However, there is growing 
concern that many tree species are in decline due to extensive tree 
mortality, contracting stand cover and/or reduced recruitment 
(Allen et al., 2015; Anderegg et al., 2015; Breshears et al., 2005; 
Cohen et al., 2016; Hartmann et al., 2018; Hartmann et al., 2022; 
Luo & Chen, 2015; Millar & Stephenson, 2015; Peng et al., 2011; 
Trumbore et al., 2015; Van Mantgem et al., 2009). These episodic 
events can arise gradually or rapidly and involve the widespread 
loss of tree and stand health and overall vigour, leading to canopy 
die-off and eventual death. For example, Allen et  al.  (2010) 
conducted a global assessment of forest health and reported 
widespread evidence of increased tree mortality since 1970 in 
each of the wooded continents on Earth, spanning diverse forest 
types and climatic zones. McDowell et  al.  (2018) found that the 
mortality rates for trees in old-growth forests in the Amazon Basin 
have been increasing since 1980. In addition, Stanke et al. (2021) 
reported that five of the eight most abundant tree species in the 
western United States exhibited rapid population decline from 
2001 to 2018.

Increased temperatures and drought associated with anthropo-
genic climate change are frequently recognized as important drivers 
of tree decline around the world (Allen et al., 2010, 2015; Hammond 
et al., 2022; Yi et al., 2022). These factors can themselves lead to tree 
mortality and can also cause trees to become more susceptible to 
attack by insect herbivores and plant pathogens (Simler-Williamson 
et al., 2019; Teshome et al., 2020; Velásquez et al., 2018). However, 
it is often unclear the degree to which decline is occurring across 
the full geographic ranges of tree species and the extent to which 
climatic and topographic factors—along with stand structure, forest 
composition and biotic agents—mediate tree performance. Thus, 
understanding the dynamics and spatial extent of tree decline, as 
well as the many individual and interacting factors that drive such 
decline, is of great importance, given the essential role that trees 
play in ecological systems.

A growing number of studies have reported that quaking aspen 
(Populus tremuloides), the most widely distributed tree species in 
North America (Michaelian et al., 2011; Worrall et al., 2013), is ex-
periencing large-scale mortality as well as reduced recruitment in 

multiple areas of its geographic range (Crouch et al., 2023; Rogers 
et al., 2020; Singer et al., 2019; Worrall et al., 2013). For example, 
in a continent-wide review of data from close to 4000 plots across 
North America, Refsland and Cushman  (2021) reported that mor-
tality rates of aspen increased and growth rates decreased over the 
past two to three decades in numerous biomes. Such reports are 
particularly concerning given that aspen is one of the few deciduous 
trees in otherwise conifer-dominated montane landscapes (Rogers 
et al., 2007) and is recognized as a foundation and/or keystone spe-
cies (Rogers et  al., 2020) that plays critical roles in carbon cycling 
(Huang & Anderegg, 2012; Michaelian et  al., 2011), mediating fire 
dynamics (Harris et al., 2025) and supporting high levels of biodiver-
sity (Kuhn et al., 2011).

Numerous biotic and abiotic factors have been implicated in 
the decline of aspen. Many authors have found that anthropo-
genic climate change and associated water stress are important 
predictors of aspen dieback and mortality (Anderegg et al., 2013, 
2015; Chen et  al.,  2018; Worrall et  al.,  2013). Fire suppression 
and associated conifer encroachment have also been reported to 
drive aspen mortality (Brewen et al., 2021; Shinneman et al., 2013; 
St. Clair et al., 2013). Other investigators have shown that fungal 
pathogens (Marchetti et al., 2011; Zegler et al., 2012) and herbiv-
ory by insects (Chen et  al.,  2018; Crouch et  al., 2024) and both 
wild and domestic ungulates (Beschta & Ripple, 2009; Reikowski 
et  al.,  2022; Rhodes et  al.,  2018) reduce growth, recruitment 
and overall health of aspen populations. Lastly, forest structure 
and the presence of competing conifers may influence aspen 
mortality, growth and recruitment in many parts of its range 
(Bell et  al., 2014; Hember et  al., 2017; Kweon & Comeau, 2019; 
Trugman et  al.,  2018; Zhang et  al.,  2015). For example, Strand 
et al. (2009) identified three unique types of biophysical sites that 
make aspen more or less vulnerable to competing conifers. In their 
study, south-facing sites exposed to higher levels of solar radiation 
and often dominated by rock talus were less susceptible to conifer 
encroachment compared to more mesic forest sites with deeper 
soils. Likewise, they found that aspen located near springs or other 
highly mesic sites showed lower rates of conifer growth compared 
to the better drained mixed aspen-conifer forests. Similarly, stud-
ies of aspen in the Great Basin (Kulakowski et al., 2004; Shinneman 
& McIlroy, 2019; Yang et al., 2015) have suggested that aspen in 
arid regions may be less susceptible to conifer encroachment com-
pared to their counterparts in the Rocky Mountains and the Sierra 
Nevada, yet face greater threats due to climate change because 
they are already located at the dry end of their range. Hence, it is 

competition as well as hotter and drier conditions associated with climate change 
adversely influenced aspen populations.

K E Y W O R D S
aspen, climate change, demographic rates, growth rates, interspecific competition, 
intraspecific competition, large plot network, mortality rates, Populus tremuloides, recruitment 
rates, western United States
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critical to understand how topography and geography influence 
aspen performance by influencing both climate and competition 
with co-occurring conifers.

Although there is strong evidence for declining health and per-
formance of aspen populations and the importance of various biotic 
and abiotic drivers, considerable spatial variation in these patterns 
and mechanisms has been repeatedly observed. For example, 
Refsland and Cushman (2021) found that mortality rates for aspen in 
North America varied across the five biomes it inhabits, increasing 
in boreal forests, montane coniferous forests and prairie parklands, 
decreasing in mixed deciduous-coniferous forests, and not changing 
in deciduous forests. Even within each of these biomes, investigators 
have detected substantial spatial variation in mortality, growth and 
recruitment (Kulakowski et al., 2013). Similarly, studies have found 
considerable spatial variation in how well climate, drought, wild-
fire and various other factors predict aspen performance (Dudley 
et al., 2015; Huang & Anderegg, 2012; Kane et al., 2014; Michaelian 
et al., 2011; Shinneman & McIlroy, 2019; Worrall et al., 2013; Zegler 
et al., 2012). Such variation should not be surprising given the ex-
tensive geographic range and immense topographic, climatic and 
stand structure heterogeneity that aspen experiences. The key is 
to develop a comprehensive understanding of this variation and 
the relative contribution of multiple, potentially interacting drivers 
of demographic rates in different parts of aspen's range. To date, 
few studies of aspen have quantified their mortality, growth and re-
cruitment rates across broad regions and at decadal time scales and 
related them to climatic, topographic and vegetation characteristics. 
Here, we seek to fill this research gap to understand the long-term 
trends in and drivers of aspen health. Understanding how these mul-
tiple—and potentially competing—drivers of demographic rates vary 

across geographic space is critical for understanding the long-term 
persistence of this widespread and influential tree species.

We used an extensive network of plots distributed across six 
states in the western United States to address the following ques-
tions: (1) To what extent do the mortality, growth and recruitment 
rates of mature aspen vary across different geographic regions over 
a 10- to 13-year period? (2) Do aspen and co-occurring conifers dif-
fer in their performance across this plot network during the same 
time period? and (3) What climatic, topographic and stand structure 
variables best predict the recruitment, growth and mortality rates of 
mature aspen over a 10–13 period? By studying aspen populations 
across a large heterogeneous landscape, we aim to better under-
stand the complex, and potentially opposing, drivers of mortality, 
growth and recruitment rates of aspen.

2  |  METHODS

2.1  |  Study system

Our study was conducted in six topographically heterogeneous 
landscapes in the western United States—California, Nevada, Idaho, 
Montana, Wyoming and Utah (Figure 1). Mean annual precipitation 
varied greatly across this study region, being wettest in the Sierra 
Nevada and Cascade Mountains (368–1449 mm per year) and driest 
in the Great Basin (264–470 mm per year). The Sierra Nevada and 
Cascade portion of the study region experienced a Mediterranean-
type climate, receiving 5%–10% of their annual precipitation during 
the summer. The Great Basin received 15%–20% of its precipitation 
during the summer, while the Rocky Mountains, Wasatch Mountains 

F I G U R E  1 Locations of the 263 
plots in the western United States used 
to study demographic rates of aspen. 
Plots are coloured according to their 
assigned ecoregion, adapted from the 
US Environmental Protection Agency 
(Omernik & Griffith, 2014). The base layer 
for this map depicts climatic water deficit.
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and Colorado Plateau received 30%–40% of their precipitation dur-
ing the summer (Romme et al., 2009).

Quaking aspen is a fast-growing deciduous tree species that oc-
curred in our field plots at elevations ranging from 690 to 3155 m. 
Although it can reproduce sexually (Kreider & Yocom, 2021; Mock et al., 
2008), aspen also propagates asexually by suckering from roots, and 
clones can be very large and long lived (Kemperman & Barnes, 1976). 
This species commonly regenerates after fire, varies in ploidy level 
across its range, and exists as both successional stands and relatively 
stable, persistent stands (Callahan et al., 2013; Shinneman et al., 2013).

At our sites in the Sierra Nevada and Cascade Mountains, aspen 
co-occurred with numerous conifer species including ponderosa pine 
(Pinus ponderosa), Jeffrey pine (P. jeffreyi), lodgepole pine (P. contorta), 
incense cedar (Calocedrus decurrens), white fir (Abies concolor), red fir 
(A. magnifica), Douglas-fir (Pseudotsuga menziesii) and western juniper 
(Juniperus occidentalis). In the Great Basin, aspen co-occurred with 
single-leaf pinyon (P. monophylla), limber pine (P. flexilis) and Douglas-
fir. In the Rocky Mountains, aspen co-occurred with subalpine fir (A. 
lasiocarpa), Douglas-fir, limber pine, lodgepole pine and Utah juniper 
(Juniperus osteosperma). In the Wasatch Mountains and Colorado 
Plateau, aspen co-occurred with Engelman spruce (Picea engelman-
nii) and subalpine fir. In all the ecoregions where our study occurred, 
non-conifer tree species other than aspen were very uncommon, but 
included bigtooth maple (Acer grandidentatum), black cottonwood 
(Populus trichocarpa), willow (Salix spp.) and alder (Alnus spp.).

2.2  |  Aspen plot network

We addressed our research questions with data collected from 
263 long-term plots established by the US Forest Service's Forest 
Health Protection Program (Cluck, 2011; Guyon & Hoffman, 2011; 
Steed & Kearns, 2010) in mature aspen stands throughout California, 
Nevada, Idaho, Montana, Utah and Wyoming (Figure 1; Table 1). We 
assigned each plot to one of five ecoregions, adapted from Level II 
and III ecoregions as defined by the US Environmental Protection 
Agency (Omernik & Griffith, 2014): Sierra/Cascades, Great Basin, 
Northern Rockies, Middle Rockies and Wasatch/Colorado Plateau.

All study plots were randomly chosen among mapped aspen 
stands and were within a half mile of roads for ease of access. Plots 
had to contain at least two live mature aspen stems in California 
(Cluck,  2011), whereas they had at least seven mature aspen 

stems in Nevada, Utah, Wyoming, Idaho and Montana (Guyon & 
Hoffman, 2011; Steed & Kearns, 2010). We defined mature aspen 
stems as those with a diameter at breast height (DBH) of ≥12.7 cm. 
For each of our 263 plots, the average distance to their nearest plot 
was 11.0 km (± 15.3 S.D.).

All plots were circular in shape, with an 8 m radius, with plot cen-
tres monumented with metal posts. All trees with DBHs of ≥12.7 cm 
were permanently marked with metal tags. The location of all plot 
centers was documented using GPS units with submetre accuracy.

2.3  |  Field sampling

As shown in Table 1, all 263 plots were initially sampled between 
2006 and 2009 and then again between 2017 and 2019 to assess 
mortality, growth and recruitment rates of mature aspen stems. 
During the first and second samplings, the DBH, species and status 
(alive/dead) of aspen were recorded for all mature trees (DBH 
≥12.7 cm) in each plot. A tree was classified as being alive if it had 
green, living tissue just under the bark on the main stem, even if 
100% of the branches/leaves appeared dead. In addition, during 
the first sampling, canopy dieback was quantified for mature aspen 
stems using four categories: no dead branches in crown; 1%–33% of 
branches in crown dead; 34–66% of branches in crown dead; and 
67%–100% of branches in crown dead.

2.4  |  Response variables

We used data from our field sampling to calculate three plot-level 
response variables for mature aspen stems: annual percent mortality, 
annual percent growth rate and annual percent recruitment of 
mature stems. All response variables were normalized by the number 
of years between sampling times to account for differences in the 
study period among plots. Annual percent mortality was calculated 
as follows:

where nI and nF are the initial and final number of live mature aspen 
stems, respectively, and YI and YF are the initial and final year of sam-
pling, respectively.

Annual percent mortality rate =

(

nI − nF

)

∕nI

YF − YI

(100%)

TA B L E  1 Characteristics of the 263 plots used to assess aspen performance in this study.

Ecoregion No. plots First census Second census Elevation (m) MAT (°C) MAP (mm) CWD (mm)

Sierra/Cascades 75 2009 2019 1272-2231 3.5–8.6 369–2423 242–988

Great Basin 37 2006–2009 2019 1825-2883 2.3–6.8 331–715 544–1142

Wasatch/Colorado Plateau 40 2006, 2007 2019 2037-3155 0.8–4.5 545–958 218–620

Middle Rockies 80 2006, 2007 2017–2019 2088-2450 −0.1-6.5 341–879 257–1008

Northern Rockies 31 2007, 2008 2017–2019 690–1605 3.7–7.4 408–1088 423–856

Note: See Steed and Kearns (2010), Cluck (2011) and Guyon and Hoffman (2011) for additional details.

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5 of 16CUSHMAN et al.

Annual percent growth rate was calculated as follows:

where BAIi and BAFi are the initial and final BA, respectively, of each 
individual mature aspen stem i. For all analyses, the growth rate 
was log-transformed to meet model assumptions of normality of 
residuals.

We defined annual percent recruitment as the number of live 
aspen stems in each plot that transitioned into the mature stem size 
class during the study period, normalized by the number of mature 
aspen stems in the plot during the initial sampling to account for dif-
ferences in overall stem densities. Annual percent recruitment was 
calculated as follows:

where nR is the number of aspen stems newly recruited into the mature 
size class during the study period.

2.5  |  Predictor variables

To identify patterns in and drivers of three demographic rates in 
quaking aspen, we selected 44 initial predictor variables relating 
to climate, topography and stand characteristics listed in Table S1 
and summarized below. We included 20 climate-related variables 
because many studies had shown them to have strong effects on the 
demographic rates of aspen (see reviews by Kulakowski et al., 2013; 
Singer et al., 2019; Rogers et al., 2020; Refsland & Cushman, 2021). 
In addition, we included 12 variables related to the initial stand 
characteristics in our plots because we suspected that intraspecific 
and interspecific competition would be strong predictors of future 
aspen performance (see Bell et  al.,  2014). We also included 12 
variables related to topography because we hypothesized that they 
would have a strong mediating influence on water and nutrient 
availability for aspen (Refsland & Cushman, 2021).

2.5.1  |  Climate variables

We focussed on four general climate variables (Table S1): precipitation, 
minimum temperature, maximum temperature and climatic water 
deficit (CWD). Monthly data forṁ each of these variables were 
obtained from the Basin Characterization Model (BCM) for 2006–
2019. The BCM is a fine-scale (270 m) hydrological model that uses 
downscaled 800-m PRISM data (Daly et  al.,  2008), interpolated 
using gradient and inverse distance squared weighting onto 270 m 
DEM, and leverages an energy-balance model to calculate CWD 
(Flint et al., 2013). We summarized climate variables over the years 
of the study, starting at plot establishment and ending at resampling 

(i.e. 2006, 2007 or 2009 through 2017, 2018 or 2019—depending 
on a plot's history; see Table 1). We summarized climate seasonally 
during the study period by calculating the minimum, maximum and 
average values for the four climate variables in the spring (March–
May), summer (June–August), fall (September–November) and 
winter (December–February). We also calculated climate annual 
anomalies for temperature (minimum and maximum), precipitation 
and CWD, as the difference between average conditions during the 
study period (e.g. 2009–2019 for plots in the Sierra/Cascades; see 
Table 1) and the 30-year normals from PRISM for 1981–2010.

2.5.2  |  Topographic variables

To evaluate the influence of topography on aspen demographic 
rates, we derived the following variables: elevation, slope, aspect 
and heat load index (McCune & Keon,  2002). We calculated 
several additional variables derived from ⅓ arc-second (10-m) 
USGS digital elevation models: topographic convergence index 
(Beven & Kirkby,  1979), topographic position index, curvature, 
profile curvature and planform curvature (Table  S1). Aspect was 
transformed into an index of southness by folding along the north–
south line. We also created a version of aspect that was folded along 
the northeast–southwest line since southwest-facing slopes can 
experience more heating than directly south-facing slopes (McCune 
& Keon, 2002). The topographic convergence index is a proxy for 
cold air drainage and run-off accumulation based on the local slope 
and upslope area in the watershed. The topographic position index 
measures the elevation of a point relative to the average elevation of 
the neighbourhood surrounding the point (De Reu et al., 2013). We 
calculated the topographic position index for 100 m, 500 m, 2.25 km 
and 20–km-radius neighbourhoods. Curvature describes the degree 
of concavity or convexity surrounding each plot, with positive values 
associated with convex surfaces and negative values associated with 
concave surfaces. The profile curvature is calculated in the direction 
parallel to the slope and the planform curvature is calculated in the 
direction perpendicular to the slope.

2.5.3  |  Initial stand characteristic variables

Because stand age, stem density and individual differences in 
tree size all likely influence aspen performance, we calculated the 
following metrics for mature trees (DBH ≥12.7 cm) relating to initial 
stand structure and composition: total basal area (BA), stem density, 
and mean basal area of individual trees per plot. Each of these 
metrics was calculated for several different subsets of the stand (e.g. 
live aspen only, live conifers only; see Table S1 for a complete list). 
Finally, we quantified the relative abundance of aspen in the initial 
sampling in two ways: the ratio of aspen trees to the total number of 
trees and the ratio of live aspen BA to the total live BA.

To account for differences in initial stand health among our plots, 
we included mean canopy dieback rating of all live mature aspen 

Annual percent growth rate =

�

∑nF

i=1

BAFi − BAIi

BAIi

�

nF

YF − YI

(100%)

Annual percent recruitment of mature stems =

nR

nI

YF − YI

(100%)

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 16  |     CUSHMAN et al.

stems in each plot (described in Field Sampling) in the initial sampling 
as a predictor variable in our analyses.

2.6  |  Data analyses

2.6.1  |  Comparison of aspen and conifer 
performance

To compare the demographic trends of aspen and co-occurring 
conifers across the different regions, we calculated the plot-level 
annual percent change in live BA of mature stems over the study 
period. This captured the combined effects of mortality, adult 
recruitment, and growth rates in a single metric. We analysed these 
data using a Bayesian model, with annual percent change in live 
BA predicted by tree group (aspen versus conifers) and ecoregion. 
Change in annual percent BA was modelled as a normal distribution. 
We used relatively vague priors for all coefficients, with means 
drawn from a normal distribution (mean = 0, SD = 10) and precision 
drawn from a gamma distribution (rate = 2, shape = 0.1). Pairwise 
comparisons between all groups were performed by sampling from 
the posterior distributions and estimating the probability that points 
drawn from one distribution were higher or lower than another. 
Groups were considered distinct when this probability exceeded 
95%. Given that the comparison of trends among aspen and co-
occurring conifers required plots to contain at least one mature 
conifer in the initial sampling, our analysis was restricted to a subset 
(n = 234) of the total number of plots (n = 263), none of which were 
in the Great Basin region. Analyses were performed using the jagUI 
package in R (Kellner & Meredith, 2019).

2.6.2  |  Variation in demographic rates among 
ecoregions

To assess the degree to which mortality, growth and recruitment 
rates of mature aspen varied among our five ecoregions, we used 
Bayesian models where each of these variables was predicted by 
ecoregion. Mortality, growth (log-transformed) and recruitment 
rates (log-transformed) were modelled as normally distributed. 
We used relatively vague priors for all coefficients, with means 
drawn from a normal distribution (mean = 0, SD = 10) and 
precision drawn from a gamma distribution (rate = 2, shape = 0.1). 
Differences among groups were determined using the same 
pairwise posterior distribution method described previously. 
Analyses were performed using the jagUI package in R (Kellner & 
Meredith, 2019).

2.6.3  |  Variable reduction of predictor variables

The complete set of 44 potential predictor variables—grouped 
into climate, climate anomalies, topography and initial stand 

characteristics—was too large for standard linear models (Table S1). 
We elected to reduce the dimensionality of this set of potential 
variables using principal component analysis (PCA), which created 
new composite variables that reflected underlying correlational 
structures among potential explanatory variables, and then became 
the predictor variables used in linear models. This procedure was 
achieved by performing four separate PCAs in the R statistics 
package (R Core Team, 2023), which reduced the number of predictor 
variables from 44 to eight. PCAs were generated for climate, climate 
anomalies, topography and initial stand conditions. All data were 
centred and z-transformed before performing each PCA. We then 
extracted the first few axes from each PCA (depending on the 
explained variance and the interpretation). Although PCA axes 
within an analysis are orthogonal, between different analyses, they 
can be correlated. Despite this, we did not find high correlations 
among composite variables and thus all were retained for analyses 
(Figure S1).

2.6.4  |  Predicting aspen performance

To quantify the relationships between the composite predictor 
variables and each of our response variables, we used a Bayesian 
linear model with an error structure that incorporated geographic 
distances between plots. All composite predictor variables were z-
transformed to compare the relative strength of effect sizes. Since 
preliminary analyses indicated that aspen canopy dieback rating at 
the start of the study was often an important predictor variable, we 
included it as a covariate in each model.

Annual percent mortality and relative growth rate of mature 
stems (log-transformed) were modelled as normally distributed vari-
ables. They were predicted using multiple regression models that 
included each of the composite predictor variables from PCA, aspen 
canopy dieback rating at the start of the study and a spatial error 
structure calculated from the coordinates of each plot. This was 
done in R using the spLM function in the SpBayes package (Finley 
et al., 2007). We used vague priors with means drawn from a normal 
distribution (mean = 0, SD = 10). Models were run with four chains, 
each consisting of 5000 iterations and a 1000 burn-in period. Model 
convergence was assessed by examining trace plots and the Gelman-
Rubin convergence diagnostic associated with each parameter. For 
each model, we calculated an R2 using the mean of the predictive 
distribution for each data point to calculate the mean squared error 
of the residuals.

Ideally, we would have modelled adult aspen recruitment rate 
employing the same approach that we used for adult mortality and 
growth rates. However, a substantial number of our plots did not ex-
hibit any adult recruitment during the study period, which resulted 
in a response variable that was zero-inflated and did not meet the 
assumptions of a linear model. To address this issue, we modelled 
adult recruitment as a two-step process. First, we included all 263 
plots and modelled whether any recruitment occurred as a binary 
response variable. Second, we restricted our analysis to those plots 
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    |  7 of 16CUSHMAN et al.

with some adult recruitment and used the amount of adult recruit-
ment as the focal response variable.

The annual percent recruitment of mature stems was mod-
elled as a binary process using a generalized linear model with a 
binomial distribution and spatial error structure. Whether a site 
saw any recruitment was predicted using a multiple regression 
model that included each composite predictor variable (from 
PCA) and a spatial error structure calculated from the coordi-
nates of each plot. This was done in R using the spGLM function 
from the SpBayes package (Finley et  al., 2007). This model was 
run with four chains, each consisting of 10,000 iterations and a 
1000 burn-in period. Model convergence was assessed by exam-
ining trace plots and the Gelman-Rubin convergence diagnostic 
associated with each parameter. For this model, we calculated a 
McFadden R2 value by comparing the ratio of log likelihood from 
the full model to the log likelihood of an intercept-only model. We 
then modelled the amount of recruitment by removing all zeros 
from the dataset and log-transforming the data. The amount of 
recruitment (log-transformed) was modelled in the same way as 
mortality and growth as described above.

3  |  RESULTS

3.1  |  Comparison of aspen and conifer 
performance

The annual proportion change in live basal area (BA) was different 
for aspen and conifers inhabiting the same plots across three of the 
four geographic regions included in this analysis—Sierra/Cascades, 
Middle Rockies and Wasatch/Colorado Plateau (Figure 2, Table S2). 
Live BA of conifers increased over time in these regions, with mean 
values per plot ranging from 2.5% to 6.5% per year, whereas live BA 
of aspen decreased over time by 1.3% to 2.6% per year. In contrast, 
the annual proportion change in live basal area (BA) did not differ 
between aspen and conifers in the Northern Rockies (Figure 2).

3.2  |  Variation in demographic rates among 
ecoregions

We found a median annual mortality of 3.5% (IQR 1.7%–5.7%) for 
mature aspen stems in our plots. These rates differed among the 
five regions, with mortality being highest in the Great Basin and 
the Wasatch/Colorado Plateau, lowest in the Northern Rockies and 
intermediate in the Middle Rockies and Sierra/Cascades (Figure 3a, 
Table S3). The growth rate of mature aspen stems increased by a 
median of 1.9% (IQR 1.2%–3.0%) per year but did not differ among 
the five regions (Figure 3b, Table S3). No recruitment was observed 
in 58% of the plots, but in plots with recruitment, mature aspen 
stems increased by a median of 1.5% (IQR 0.8%–3.8%) per year, 
with these rates also not differing among the five regions (Figure 3c, 
Table S3).

3.3  |  Modelling mature aspen performance

3.3.1  |  Variable reduction of predictor variables

For the stand characteristics PCA, the first three principal com-
ponent axes explained 79% of the variation in initial conditions 
at the beginning of our study. The first axis represented the 
initial dominance of conifers in our plots, the second axis cor-
responded to the initial aspen dominance, and the third axis de-
scribed the initial basal area of dead aspen (Figure 4a, Table S4). 
For each axis, higher values indicated greater dominance  
or amount.

For climate anomalies PCA, the first principal component axis 
explained 50% of the variation, so we elected to use only one com-
posite variable. This axis described plots that experienced hotter and 
drier conditions during the study period (Table 1), relative to 30-year 
normals for 1981–2010 (Figure 4b, Table S4).

For the climate PCA, the first two principal component axes ex-
plained 70% of the variation and were used as predictor variables 
in our analyses of demographic rates. The first axis loaded variables 
relating to temperature and the timing of precipitation, with higher 
values associated with increased temperature and precipitation that 
falls primarily during the winter and lower values indicating sites that 
were cooler and received more precipitation in the summer (Figure 4c, 

F I G U R E  2 Proportional change in live basal area of mature 
aspen and conifer stems over the 9- to 13-year study period. 
Shapes indicate tree species and points are coloured by region. 
Only four of the five study regions are shown due to the lack of 
conifers in the Great Basin plots. The larger centre point denotes 
the mean of the posterior distribution of each group, and the error 
bars show 95% credible intervals. Letters in graph groups where 
less than 95% of the posterior distribution overlaps with groups of 
a different letter.
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8 of 16  |     CUSHMAN et al.

Table S4). The second axis represented variation in water availability, 
with higher values corresponding to increased precipitation, especially 
in non-summer months, and decreased aridity (Figure 4c, Table S4).

For the topography PCA, the first two principal component 
axes explained 41% of the variation. The first axis largely ex-
plained topographic position, with higher values corresponding 
to plots in upland areas, such as hill tops, and lower values indi-
cating plots in valleys (Figure  4d, Table S4). The second topogra-
phy axis explained variation in the heat load index, where higher 
values indicated hotter, more south-facing slopes (Figure  4d,  
Table S4).

3.3.2  |  Annual percent mortality rate for aspen

All parameters of the mortality model converged and collectively 
explained 49% of the variation in aspen mortality over the study pe-
riod, where our predictor variables explained 34% and an additional 
15% was due to the spatial error structure (Figure  S2, Table  S5). 
The strongest predictor of mortality was the level of aspen canopy 
dieback at the beginning of our study, a positive relationship three 
times stronger than any other predictor in the model (1.00 prob-
ability of direction [pd], Figure 5a, Table S5). Mortality was also re-
lated to each of the composite variables representing initial stand 
conditions. Increasing levels of initial conifer and aspen dominance 
were associated with lower annual mortality (0.98 and 0.95 pd, re-
spectively). Plots with greater initial dead aspen also experienced 
elevated mortality during the study period, an effect twice as strong 
as that for initial aspen or conifer dominance (0.99 pd). Finally, we 
found a relationship between aspen mortality rate and water avail-
ability, where increased precipitation and reduced aridity was as-
sociated with reduced aspen mortality (0.94 pd). We did not find a 
relationship between mortality and climate anomalies, upland posi-
tion, or heat load (Table S5).

3.3.3  |  Annual percent growth rate for aspen

All parameters of the growth model converged, collectively ex-
plaining 33% of the variation in aspen growth rates, with 25% due 
to our predictor variables and an additional 8% due to the spa-
tial error structure (Figures S4 and S5, Table S6). All four biotic 
predictor variables showed a negative relationship with aspen 
growth rate, with greater initial aspen dieback, initial dead aspen, 
and initial aspen and conifer dominance associated with reduced 
aspen growth (1.0 pd for all variables, Figure 5b, Table S6). Both 
climate predictor variables in the model were important, with 
greater aspen growth associated with increased temperature 
and greater winter precipitation (1.0 pd) and reduced growth 
associated with reduced water availability (0.89 pd). Climate 
anomalies were also important, with plots characterized by hot-
ter and drier conditions relative to the historic baseline expe-
riencing lower growth rates (0.95 pd). Finally, we found plots 
with more upland and south-facing locations (with higher heat 
loads) experiencing increased aspen growth (0.87 and 0.97 pd,  
respectively).

F I G U R E  3 Variation in mortality (a), growth (b), and recruitment 
rate (c) across the five ecoregions in the study area. The larger 
centre point denotes the mean of the posterior distribution of each 
group, and the error bars show 95% credible intervals. Letters in 
graph groups where less than 95% of the posterior distribution 
overlaps with groups of a different letter.
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    |  9 of 16CUSHMAN et al.

F I G U R E  4 Loadings from principal components analysis of original predictor variables onto new composite axes. Each panel shows the 
results of a separate PCA where the original variables were (a) stand characteristics, (b) climate anomalies, (c) climate and (d) topography.
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10 of 16  |     CUSHMAN et al.

3.3.4  |  Annual percent recruitment rate for aspen

All parameters in the binary recruitment model (some recruitment 
versus no recruitment) converged, but they only explained 3.5% of 
the variation in aspen recruitment (Figure  S6, Table  S7). Because 
this model explained little variation in whether any recruitment 
occurred, we did not interpret it further.

All parameters of the recruitment amount model converged, and 
they collectively explained 48% of the variation in aspen recruitment 
(after excluding sites where no recruitment occurred), where 35% 
was due to the predictor variables and an additional 13% was due 
to the spatial error structure (Figures S7 and S8, Table S8). Reduced 
adult recruitment was associated with higher initial aspen and coni-
fer dominance (0.95 and 1.0 pd, respectively), greater amounts of ini-
tial dead aspen (0.99 pd), and hotter and drier conditions relative to 
the historic baseline (0.86 pd, Figure 5c, Table S8). Greater amounts 
of adult recruitment were associated with higher temperatures and 
increased winter precipitation (0.86 pd) as well as occurring in more 
upslope (0.99 pd) and south-facing locations (0.85 pd).

4  |  DISCUSSION

In this paper, we evaluated the role of climate, topography and forest 
structure in predicting the mortality, growth and recruitment rates 
of quaking aspen over a 9- to 13-year period in 263 plots distributed 
across six states in the western United States (Figure  1; Table  1). 
Aspen experienced substantial mortality during our study—4% of 
the mature trees in plots died each year on average—which was 
three times greater than the recruitment of new adults (1.3%). In 
addition, aspen performed differently from co-occurring conifers, 
with the dominance of aspen declining during the study period while 
conifers increased. As summarized in Figure 6, our study detected 
a wealth of legacy effects, where variables relating to tree health 
and dominance at the start of our study were strong predictors 
of mortality, growth and recruitment rates of aspen during the 
following decade. In addition, lower mortality rates for aspen were 
associated with higher precipitation and reduced aridity, whereas 
increased growth and recruitment rates were associated with higher 
temperatures and winter precipitation, as well as cooler and wetter 
conditions relative to historic baselines.

4.1  |  Patterns in aspen performance

Mortality rates for aspen in our study ranged from 2.5% to 4.6% per 
year, with highest levels observed in the Great Basin, the most arid 
ecoregion included in our study. These results are similar to those re-
ported for North America by Refsland and Cushman (2021) based on 
forest inventory data from the United States (USDA Forest Service) 
and Canada (Canadian Forest Service). Although they could not ad-
dress the drivers of these patterns (due to blurred plot locations), 

F I G U R E  5 The relationship between composite predictor 
variables and aspen demographic rates in the western United 
States. Relationships are shown as posterior distributions 
with separate facets for each measured response variable: (a) 
mortality rate, (b) growth rate, and (c) recruitment rate. All 
coefficient estimates are standardized to facilitate comparison 
of the relative strength across response variables. The dotted 
line represents no effect and a distribution that is removed 
from this line shows strong evidence of a directional effect. 
The binary recruitment model is not shown as it lacked 
explanatory power.
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    |  11 of 16CUSHMAN et al.

Between 1985 and 2018 in 3962 plots distributed across five bi-
omes in North America, Refsland and Cushman  (2021) found that 
the mean annual mortality rates for mature aspen stems increased 
significantly over time. Annual mortality rates ranged from 2.0% to 
4.5%, with levels again being greatest in the most arid biome, mon-
tane coniferous forests. The findings from both studies suggest that 
aspen mortality is greatest in the drier portions of its range.

When aspen and conifers co-occurred in plots, we found that 
their performance was markedly different from each other. For this 
analysis, we focused on changes in live BA of trees in plots during 
the study period because it captured the combined effects of mor-
tality, adult recruitment, and growth rates in a single variable. Live 
BA of conifers increased by 2.5%–6.5% per year whereas live BA of 
aspen decreased by 1.3%–2.6% each year in three of the four ecore-
gions where this comparison was possible (Figure  2). Numerous 
factors may explain these findings and here we discuss four pos-
sibilities. Given that temperatures and aridity have been increas-
ing in the western United States over the past few decades (Cook 
et al., 2004; Overpeck & Udall, 2020), one possibility is that aspen 
and conifers responded to these environmental changes in oppo-
site ways. However, this seems unlikely given that a wide range of 
studies have shown that both broadleaf deciduous trees and coni-
fers have been adversely affected by increasing temperature and 
aridity associated with anthropogenic climate change (see Allen 
et al., 2010, 2015; Cohen et al., 2016; Hartmann et al., 2022; Van 
Mantgem et al., 2009). A second possibility is that levels of ungulate 
herbivory may have increased during our study period, with herbi-
vores preferentially feeding on aspen over conifers. Although ungu-
lates do indeed prefer aspen over conifers (Crouch et al., 2023), and 
there is a wealth of evidence indicating that herbivores adversely 
affect aspen (e.g. Reikowski et al., 2022; Rhodes et al., 2018; Rogers 
& Mittanck, 2014), we are not aware of studies showing that her-
bivore abundance increased in the western United States over the 
9- to 13-year period during which our study occurred. A third possi-
bility is that successional processes explain the temporal shift from 
aspen to conifer dominance that we observed in our study. Aspen 

is an early successional and relatively shade-intolerant species and 
is often replaced by conifers over time when the two groups co-
occur (Callahan et  al.,  2013; Kulakowski et  al.,  2004; Shinneman 
et  al., 2013). Another related possibility is that, due to long-term 
fire suppression, conifers have been expanding their dominance 
into aspen stands throughout the western United States, leading 
to increased competition with aspen and reductions in the latter's 
performance and dominance. Although we do not have data to eval-
uate it, we hypothesize that this is the most plausible explanation for 
the observed increases in BA of conifers and decreased BA of aspen 
shown in Figure 2. Many studies have documented that, in the ab-
sence of fire, extensive encroachment of conifers regularly occurs in 
aspen stands, leading to reductions in the latter's dominance, if not 
its outright replacement by conifers (e.g. Calder et al., 2011; Crouch 
et  al., 2023; Krasnow et  al., 2012; Kulakowski et  al., 2013; Singer 
et al., 2019; Zegler et al., 2012).

4.2  |  Drivers of aspen performance

Although our statistical models included a wide range of topographic 
and climatic variables (Table S1), which were often influential and 
are discussed below, we consistently found that factors related 
to stand structure at the beginning of our study were the best 
predictors of aspen demographic rates during the ensuing decade. 
For example, aspen stands that experienced elevated canopy 
dieback and mortality at the outset of our study continued this 
downward trajectory over the next decade (Figure 5a). The direction 
of these kinds of relationships was sometimes reversed, as sites that 
had high dominance of aspen and conifers at the beginning of our 
study experienced less mortality during the ensuing decade. Initial 
conditions also emerged as being important predictors of growth 
and recruitment rates, which typically decreased with greater 
levels of initial canopy dieback, dead aspen, and aspen and conifer 
dominance. These findings may suggest that legacy effects existed 
in our system. Anderegg et  al.  (2013), Anderegg et  al.  (2015) and 

F I G U R E  6 A schematic diagram 
summarizing the biotic and abiotic factors 
that best predict variation in mortality, 
growth and recruitment rates for mature 
aspen stems in the western United 
States. Only effects with a probability of 
direction greater than 0.90 are shown.
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Kannenberg et al. (2020) have discussed the existence of such effects 
for trees that have experienced pronounced water stress associated 
with drought. They report that the adverse effects of these events—
decreased growth and increased mortality—can persist long after the 
water stress has been alleviated and lead to lagged responses. These 
kinds of legacy effects may occur at smaller spatial scales, in addition 
to regional ones linked to large-scale drought events. Alternatively, 
our results may suggest that the same environmental conditions that 
drove mortality, growth and recruitment at the outset of our study 
continued to do so during the ensuing decade—challenging locations 
for aspen may continue to be challenging, and optimal locations may 
continue to be optimal well into the future. Working in southwestern 
Colorado, Worrall et al.  (2015) reported similar findings for aspen, 
where high-mortality areas and low-mortality areas persisted for 
many years. In addition, Kane et al. (2014) and Rogers et al. (2018) 
documented lagged response of aspen mortality to environmental 
stress. Zegler et  al.  (2012) also found that canopy dieback was 
correlated with the amount of dead aspen.

Our composite variables indicate that precipitation and water 
availability were important predictors of aspen demographic rates. 
Increased water availability (greater precipitation, especially in 
non-summer months, and reduced aridity; PC2) was associated 
with decreased mortality rates (Figure  5a), and higher tempera-
tures with increased winter precipitation (PC1) were associated 
with increased growth and recruitment rates (Figure  5b,c). Given 
that aspen is a fast-growing species with high water demand (Singer 
et al., 2019), it is not surprising that this species experienced lower 
mortality in areas receiving greater precipitation. Indeed, many 
studies have reported that aspen has exhibited pronounced mor-
tality levels at sites experiencing water shortages associated with 
drought (see Anderegg et al., 2013; Bell et al., 2014, 2015; Hanna & 
Kulakowski, 2012; Kulakowski et al., 2013; Michaelian et al., 2011; 
Refsland & Cushman, 2021; Singer et al., 2019). In addition, Clement 
et al.  (2019) reported that drought adversely influenced aspen re-
cruitment in Arizona.

Our results provide further support for the hypothesis that both 
intraspecific and interspecific competition have been important 
and long-lasting forces limiting aspen performance. Aspen in plots 
with greater dominance of both conifers and aspen at the beginning 
of the study experienced reduced growth and recruitment rates 
(Figure 5b,c). Given that aspen is highly shade intolerant, its growth 
may have been light limited in stands with relatively high density 
of aspen and conifers. Our results are consistent with other stud-
ies in the western United States, which have reported a negative 
relationship between the rates of aspen growth and the density of 
co-occurring trees (e.g. Berrill & Dagley, 2012; Bretfeld et al., 2016; 
Brown et al., 2006; Pierce & Taylor, 2010).

Our analyses indicated that aspen growth and recruitment 
rates decreased with increasing climate anomalies (Figure 5b,c). As 
anomalies increased, plots during our 9- to 13-year study period be-
came hotter and drier than they had been between 1981 and 2010 
(Figure 4b). This result is especially informative when combined with 
our finding that increased aspen growth and recruitment occurred in 

sites experiencing warmer temperatures combined with drier sum-
mers and wetter winters (Figure 4c). They suggest that, while aspen 
may benefit from relatively warm conditions and drier summers that 
may prolong the growing season, additional warming and drying be-
yond historical norms had negative consequences. Given that the 
western United States has become hotter and drier over the past 
few decades (e.g. Dannenberg et al., 2022; McKinnon et al., 2021; 
Zhang et al., 2021), it makes sense that the growth and recruitment 
rates of aspen would decrease with increasing climate anomalies. 
These findings, coupled with our findings of mortality being high-
est in the driest ecoregions, suggest that aspen, in addition to being 
influenced by climate per say, were also adversely responding to cli-
mate change, with areas experiencing the greatest warming having 
the largest declines.

At first glance, the increased growth and recruitment of aspen on 
upland sites (PC1) and south-facing aspect (PC2) may appear coun-
terintuitive. South-facing aspects and upland topographic positions 
should be associated with fewer resources, and hence, we might 
expect lower growth and recruitment rates based on resource avail-
ability alone. However, it is possible that these positive relationships 
represent conditions that favour aspen more than co-occurring co-
nifers. Topography has the potential to influence demographic rates 
of aspen directly, by increasing or decreasing resource availability, 
and indirectly by altering interactions with potential competing tree 
species. For example, in southwestern Idaho, Strand et  al.  (2009) 
found that aspen was relatively free from competition with conifers 
on south-facing slopes because the latter could not thrive there.

5  |  CONCLUSIONS

In one of the most geographically expansive field-based studies of 
quaking aspen to date, we have assessed the importance of climate, 
topography, and forest structure as drivers of mortality, growth, and 
recruitment rates in six western US states over a 9-13-year period. 
We have documented that mortality rates for aspen substantially 
exceeded recruitment of new adults, and as such the dominance of 
this tree species declined over the course of our study. In addition, 
we show that declining growth and recruitment rates of aspen 
have intensified due to climate change and have detected a range 
of long-lasting effects whereby aspens stands that were struggling 
or thriving at the outset of our study continued on these same 
trajectories over the next decade. Given our results and those of 
other studies, combined with the reality that climate change is 
projected to intensify in the coming decades, we suspect that the 
dominance of aspen, at least in the more arid parts of its range in 
western North America, will continue to decline in the future. If true, 
such changes would likely result in reductions in the many ecosystem 
services that aspen have historically provided.

AUTHOR CONTRIBUTIONS
J. Hall Cushman—Conceptualization, funding acquisition, project ad-
ministration, supervision, methodology, visualization, writing—original 

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  13 of 16CUSHMAN et al.

draft. Jacob A. Macdonald—Methodology, investigation, writing—
original draft. Christopher A. Halsch—Formal analysis, visualization, 
writing—original draft. Tyler K. Refsland—Methodology, writing—
review and editing. Brytten E. Steed—Methodology, investigation, 
writing—review and editing. Thomas E. Dilts—Methodology, writing—
review and editing.

ACKNOWLEDG EMENTS
We are extremely grateful to Kyle Merriam (US Forest Service) for 
introducing J.H.C. to the aspen plot network used in this study, and 
to Danny Cluck and John Gamon (US Forest Service) for providing 
invaluable logistical support. We thank Molly Willoughby, Stephen 
Zipkin and especially Liz Reikowski for assistance with all fieldwork. 
Alan Flint (USGS) generously provided all downscaled climate data. 
Matt Forister, Peter Weisberg and Jonathan Greenberg provided 
helpful feedback on the study design and sampling methods and 
commented on the early drafts of the manuscript. Additional 
comments on the manuscript were provided by Ben Blonder, 
Weifeng Wang, Stephanie Yelenik, Martin Geneva, Rachel Lloyd, 
Kadin Woolever, Kierstin Acuna and two anonymous reviewers. Bob 
Shriver and Kevin Shoemaker provided feedback on our calculations 
of demographics rates and statistical analyses. This research has 
been generously supported by funds from the Nevada Department 
of Wildlife, the University of Nevada, Reno, and the USDA Forest 
Service's Evaluation Monitoring Program.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing financial interests 
or personal relationships that could have appeared to influence the 
work reported in this paper.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​1365-​
2745.​70367​.

DATA AVAIL ABILIT Y S TATEMENT
All data and code used in this manuscript have been published  
on Dryad: https://​doi.​org/​10.​5061/​dryad.​s4mw6​m9md (Cushman 
et al., 2026).

ORCID
J. Hall Cushman   https://orcid.org/0000-0003-3210-4261 

R E FE R E N C E S
Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On underesti-

mation of global vulnerability to tree mortality and forest die-off 
from hotter drought in the Anthropocene. Ecosphere, 6(8), art129. 
https://​doi.​org/​10.​1890/​ES15-​00203.​1

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., 
Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. 
H., Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, N., 
Lim, J.-H., Allard, G., Running, S. W., Semerci, A., & Cobb, N. (2010). 
A global overview of drought and heat-induced tree mortality 

reveals emerging climate change risks for forests. Forest Ecology 
and Management, 259(4), 660–684. https://​doi.​org/​10.​1016/j.​
foreco.​2009.​09.​001

Anderegg, L. D. L., Anderegg, W. R. L., Abatzoglou, J., Hausladen, A. M., 
& Berry, J. A. (2013). Drought characteristics' role in widespread 
aspen forest mortality across Colorado, USA. Global Change Biology, 
19(5), 1526–1537. https://​doi.​org/​10.​1111/​gcb.​12146​

Anderegg, W. R. L., Hicke, J. A., Fisher, R. A., Allen, C. D., Aukema, J., 
Bentz, B., Hood, S., Lichstein, J. W., Macalady, A. K., McDowell, N., 
Pan, Y., Raffa, K., Sala, A., Shaw, J. D., Stephenson, N. L., Tague, 
C., & Zeppel, M. (2015). Tree mortality from drought, insects, and 
their interactions in a changing climate. New Phytologist, 208(3), 
674–683. https://​doi.​org/​10.​1111/​nph.​13477​

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014). Forest stand struc-
ture, productivity, and age mediate climatic effects on aspen decline. 
Ecology, 95(8), 2040–2046. https://​doi.​org/​10.​1890/​14-​0093.​1

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2015). Scale dependence 
of disease impacts on quaking aspen (Populus tremuloides) mortal-
ity in the southwestern United States. Ecology, 96(7), 1835–1845. 
https://​doi.​org/​10.​1890/​14-​1184.​1

Berrill, J.-P., & Dagley, C. M. (2012). Geographic patterns and stand vari-
ables influencing growth and vigor of Populus tremuloides in the 
Sierra Nevada (USA). ISRN Forestry, 2012, 1–9. https://​doi.​org/​10.​
5402/​2012/​271549

Beschta, R. L., & Ripple, W. J. (2009). Large predators and trophic cas-
cades in terrestrial ecosystems of the western United States. 
Biological Conservation, 142(11), 2401–2414. https://​doi.​org/​10.​
1016/j.​biocon.​2009.​06.​015

Beven, K. J., & Kirkby, M. J. (1979). A physically based, variable contrib-
uting area model of basin hydrology/un modèle à base physique de 
zone d'appel variable de l'hydrologie du bassin versant. Hydrological 
Sciences Bulletin, 24(1), 43–69. https://​doi.​org/​10.​1080/​02626​
66790​9491834

Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, 
and the climate benefits of forests. Science, 320(5882), 1444–1449. 
https://​doi.​org/​10.​1126/​scien​ce.​1155121

Breshears, D. D., Cobb, N. S., Rich, P. M., Price, K. P., Allen, C. D., Balice, R. 
G., Romme, W. H., Kastens, J. H., Floyd, M. L., Belnap, J., Anderson, 
J. J., Myers, O. B., & Meyer, C. W. (2005). Regional vegetation die-
off in response to global-change-type drought. Proceedings of the 
National Academy of Sciences, 102(42), 15144–15148. https://​doi.​
org/​10.​1073/​pnas.​05057​34102​

Bretfeld, M., Franklin, S. B., & Peet, R. K. (2016). A multiple-scale assess-
ment of long-term aspen persistence and elevational range shifts in 
the Colorado Front Range. Ecological Monographs, 86(2), 244–260. 
https://​doi.​org/​10.​1890/​15-​1195.​1

Brewen, C. J., Berrill, J.-P., Ritchie, M. W., Boston, K., Dagley, C. M., 
Jones, B., Coppoletta, M., & Burnett, C. L. (2021). 76-year de-
cline and recovery of aspen mediated by contrasting fire regimes: 
Long-unburned, infrequent and frequent mixed-severity wildfire. 
PLoS One, 16(2), e0232995. https://​doi.​org/​10.​1371/​journ​al.​pone.​
0232995

Brown, K., Hansen, A. J., Keane, R. E., & Graumlich, L. J. (2006). Complex 
interactions shaping aspen dynamics in the Greater Yellowstone 
Ecosystem. Landscape Ecology, 21(6), 933–951. https://​doi.​org/​10.​
1007/​s1098​0-​005-​6190-​3

Calder, W. J., Horn, K. J., & St. Clair, S. B. (2011). Conifer expansion re-
duces the competitive ability and herbivore defense of aspen by 
modifying light environment and soil chemistry. Tree Physiology, 
31(6), 582–591. https://​doi.​org/​10.​1093/​treep​hys/​tpr041

Callahan, C. M., Rowe, C. A., Ryel, R. J., Shaw, J. D., Madritch, M. D., & 
Mock, K. E. (2013). Continental-scale assessment of genetic diver-
sity and population structure in quaking aspen (Populus tremuloi-
des). Journal of Biogeography, 40(9), 1780–1791. https://​doi.​org/​10.​
1111/​jbi.​12115​

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70367
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70367
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70367
https://doi.org/10.5061/dryad.s4mw6m9md
https://orcid.org/0000-0003-3210-4261
https://orcid.org/0000-0003-3210-4261
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/gcb.12146
https://doi.org/10.1111/nph.13477
https://doi.org/10.1890/14-0093.1
https://doi.org/10.1890/14-1184.1
https://doi.org/10.5402/2012/271549
https://doi.org/10.5402/2012/271549
https://doi.org/10.1016/j.biocon.2009.06.015
https://doi.org/10.1016/j.biocon.2009.06.015
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1080/02626667909491834
https://doi.org/10.1126/science.1155121
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1890/15-1195.1
https://doi.org/10.1371/journal.pone.0232995
https://doi.org/10.1371/journal.pone.0232995
https://doi.org/10.1007/s10980-005-6190-3
https://doi.org/10.1007/s10980-005-6190-3
https://doi.org/10.1093/treephys/tpr041
https://doi.org/10.1111/jbi.12115
https://doi.org/10.1111/jbi.12115


14 of 16  |     CUSHMAN et al.

Chen, L., Huang, J., Dawson, A., Zhai, L., Stadt, K. J., Comeau, P. G., & 
Whitehouse, C. (2018). Contributions of insects and droughts to 
growth decline of trembling aspen mixed boreal forest of western 
Canada. Global Change Biology, 24(2), 655–667. https://​doi.​org/​10.​
1111/​gcb.​13855​

Clement, M. J., Harding, L. E., Lucas, R. W., & Rubin, E. S. (2019). The 
relative importance of biotic and abiotic factors influencing aspen 
recruitment in Arizona. Forest Ecology and Management, 441, 32–41. 
https://​doi.​org/​10.​1016/j.​foreco.​2019.​03.​026

Cluck, D. R. (2011). Forest health survey of northeastern California aspen 
(NE-SPR-12-01; pp. 1–33). U.S. Forest Service.

Cohen, W. B., Yang, Z., Stehman, S. V., Schroeder, T. A., Bell, D. M., Masek, 
J. G., Huang, C., & Meigs, G. W. (2016). Forest disturbance across 
the conterminous United States from 1985–2012: The emerging 
dominance of forest decline. Forest Ecology and Management, 360, 
242–252. https://​doi.​org/​10.​1016/j.​foreco.​2015.​10.​042

Cook, E. R., Woodhouse, C. A., Eakin, C. M., Meko, D. M., & Stahle, D. 
W. (2004). Long-term aridity changes in the western United States. 
Science, 306(5698), 1015–1018. https://​doi.​org/​10.​1126/​scien​ce.​
1102586

Crouch, C. D., Hofstetter, R. W., Grady, A. M., Edwards, N. N. S., & 
Waring, K. M. (2024). Oystershell scale (Hemiptera: Diaspididae) 
population growth, spread, and phenology on aspen in Arizona, 
USA. Environmental Entomology, 53(2), 293–304. https://​doi.​org/​
10.​1093/​ee/​nvae006

Crouch, C. D., Rogers, P. C., Moore, M. M., & Waring, K. M. (2023). 
Building ecosystem resilience and adaptive capacity: A systematic 
review of aspen ecology and management in the southwest. Forest 
Science, 69(3), 334–354. https://​doi.​org/​10.​1093/​forsci/​fxad004

Cushman, J. H., Macdonald, J. A., Halsch, C. A., Refsland, T. K., Steed, B. 
E., & Dilts, T. D. (2026). Decadal drivers of quaking aspen decline 
in the western United States [Dataset]. Dryad. https://​doi.​org/​10.​
5061/​dryad.​s4mw6​m9md

Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor, 
G. H., Curtis, J., & Pasteris, P. P. (2008). Physiographically sensitive 
mapping of climatological temperature and precipitation across the 
conterminous United States. International Journal of Climatology, 
28(15), 2031–2064. https://​doi.​org/​10.​1002/​joc.​1688

Dannenberg, M. P., Yan, D., Barnes, M. L., Smith, W. K., Johnston, M. 
R., Scott, R. L., Biederman, J. A., Knowles, J. F., Wang, X., Duman, 
T., Litvak, M. E., Kimball, J. S., Williams, A. P., & Zhang, Y. (2022). 
Exceptional heat and atmospheric dryness amplified losses of 
primary production during the 2020 U.S. southwest hot drought. 
Global Change Biology, 28(16), 4794–4806. https://​doi.​org/​10.​
1111/​gcb.​16214​

De Reu, J., Bourgeois, J., Bats, M., Zwertvaegher, A., Gelorini, V., 
De Smedt, P., Chu, W., Antrop, M., De Maeyer, P., Finke, P., Van 
Meirvenne, M., Verniers, J., & Crombé, P. (2013). Application of 
the topographic position index to heterogeneous landscapes. 
Geomorphology, 186, 39–49. https://​doi.​org/​10.​1016/j.​geomo​rph.​
2012.​12.​015

Dudley, M. M., Negron, J., Tisserat, N. A., Shepperd, W. D., & Jacobi, 
W. R. (2015). Influence of climate on the growth of quaking aspen 
(Populus tremuloides) in Colorado and southern Wyoming. Canadian 
Journal of Forest Research, 45(11), 1546–1563. https://​doi.​org/​10.​
1139/​cjfr-​2015-​0092

Finley, A. O., Banerjee, S., & Carlin, B. P. (2007). spBayes: An R package 
for univariate and multivariate hierarchical point-referenced spatial 
models. Journal of Statistical Software, 19(4), 1–24.

Flint, L. E., Flint, A. L., Thorne, J. H., & Boynton, R. (2013). Fine-scale 
hydrologic modeling for regional landscape applications: The 
California Basin characterization model development and per-
formance. Ecological Processes, 2(1), 25. https://​doi.​org/​10.​1186/​
2192-​1709-​2-​25

Guyon, J., & Hoffman, J. (2011). Survey of Aspen Dieback in the 
Intermountain Region. USDA Forest Service.

Hammond, W. M., Williams, A. P., Abatzoglou, J. T., Adams, H. D., 
Klein, T., López, R., Sáenz-Romero, C., Hartmann, H., Breshears, 
D. D., & Allen, C. D. (2022). Global field observations of tree die-
off reveal hotter-drought fingerprint for Earth's forests. Nature 
Communications, 13(1), 1761. https://​doi.​org/​10.​1038/​s4146​7-​022-​
29289​-​2

Hanna, P., & Kulakowski, D. (2012). The influences of climate on aspen 
dieback. Forest Ecology and Management, 274, 91–98. https://​doi.​
org/​10.​1016/j.​foreco.​2012.​02.​009

Harris, M. P., Coop, J. D., Balik, J. A., McFarland, J. R., Parks, S. A., & 
Stevens-Rumann, C. S. (2025). Aspen impedes wildfire spread in 
southwestern United States landscapes. Ecological Applications, 
35(5), e70061. https://​doi.​org/​10.​1002/​eap.​70061​

Hartmann, H., Bastos, A., Das, A. J., Esquivel-Muelbert, A., Hammond, 
W. M., Martínez-Vilalta, J., McDowell, N. G., Powers, J. S., Pugh, 
T. A. M., Ruthrof, K. X., & Allen, C. D. (2022). Climate change risks 
to global forest health: Emergence of unexpected events of el-
evated tree mortality worldwide. Annual Review of Plant Biology, 
73(1), 673–702. https://​doi.​org/​10.​1146/​annur​ev-​arpla​nt-​10282​
0-​012804

Hartmann, H., Moura, C. F., Anderegg, W. R. L., Ruehr, N. K., Salmon, 
Y., Allen, C. D., Arndt, S. K., Breshears, D. D., Davi, H., Galbraith, 
D., Ruthrof, K. X., Wunder, J., Adams, H. D., Bloemen, J., Cailleret, 
M., Cobb, R., Gessler, A., Grams, T. E. E., Jansen, S., … O'Brien, 
M. (2018). Research frontiers for improving our understanding of 
drought-induced tree and forest mortality. New Phytologist, 218(1), 
15–28. https://​doi.​org/​10.​1111/​nph.​15048​

Hember, R. A., Kurz, W. A., & Coops, N. C. (2017). Relationships between 
individual-tree mortality and water-balance variables indicate pos-
itive trends in water stress-induced tree mortality across North 
America. Global Change Biology, 23(4), 1691–1710. https://​doi.​org/​
10.​1111/​gcb.​13428​

Huang, C.-Y., & Anderegg, W. R. L. (2012). Large drought-induced abo-
veground live biomass losses in southern Rocky Mountain aspen 
forests. Global Change Biology, 18(3), 1016–1027. https://​doi.​org/​
10.​1111/j.​1365-​2486.​2011.​02592.​x

Kane, J. M., Kolb, T. E., & McMillin, J. D. (2014). Stand-scale tree mortality 
factors differ by site and species following drought in southwestern 
mixed conifer forests. Forest Ecology and Management, 330, 171–
182. https://​doi.​org/​10.​1016/j.​foreco.​2014.​06.​042

Kannenberg, S. A., Schwalm, C. R., & Anderegg, W. R. L. (2020). Ghosts 
of the past: How drought legacy effects shape forest functioning 
and carbon cycling. Ecology Letters, 23(5), 891–901. https://​doi.​org/​
10.​1111/​ele.​13485​

Keenan, R. J., Reams, G. A., Achard, F., De Freitas, J. V., Grainger, A., & 
Lindquist, E. (2015). Dynamics of global forest area: Results from 
the FAO global forest resources assessment 2015. Forest Ecology 
and Management, 352, 9–20. https://​doi.​org/​10.​1016/j.​foreco.​
2015.​06.​014

Kellner, K., & Meredith, M. (2019). Package ‘jagsUI’. A wrapper around 
“rjags” to streamline “JAGS” analyses. (Version Version 1.1) [R 
Package].

Kemperman, J. A., & Barnes, B. V. (1976). Clone size in American aspens. 
Canadian Journal of Botany, 54(22), 2603–2607.

Krasnow, K. D., Halford, A. S., & Stephens, S. L. (2012). Aspen resto-
ration in the eastern Sierra Nevada: Effectiveness of prescribed fire 
and conifer removal. Fire Ecology, 8(3), 104–118. https://​doi.​org/​10.​
4996/​firee​cology.​0803104

Kreider, M. R., & Yocom, L. L. (2021). Low-density aspen seedling es-
tablishment is widespread following recent wildfires in the western 
United States. Ecology, 102(10), e03436. https://​doi.​org/​10.​1002/​
ecy.​3436

Kuhn, T. J., Safford, H. D., Jones, B. E., & Tate, K. W. (2011). Aspen 
(Populus tremuloides) stands and their contribution to plant diver-
sity in a semiarid coniferous landscape. Plant Ecology, 212(9), 1451–
1463. https://​doi.​org/​10.​1007/​s1125​8-​011-​9920-​4

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/gcb.13855
https://doi.org/10.1111/gcb.13855
https://doi.org/10.1016/j.foreco.2019.03.026
https://doi.org/10.1016/j.foreco.2015.10.042
https://doi.org/10.1126/science.1102586
https://doi.org/10.1126/science.1102586
https://doi.org/10.1093/ee/nvae006
https://doi.org/10.1093/ee/nvae006
https://doi.org/10.1093/forsci/fxad004
https://doi.org/10.5061/dryad.s4mw6m9md
https://doi.org/10.5061/dryad.s4mw6m9md
https://doi.org/10.1002/joc.1688
https://doi.org/10.1111/gcb.16214
https://doi.org/10.1111/gcb.16214
https://doi.org/10.1016/j.geomorph.2012.12.015
https://doi.org/10.1016/j.geomorph.2012.12.015
https://doi.org/10.1139/cjfr-2015-0092
https://doi.org/10.1139/cjfr-2015-0092
https://doi.org/10.1186/2192-1709-2-25
https://doi.org/10.1186/2192-1709-2-25
https://doi.org/10.1038/s41467-022-29289-2
https://doi.org/10.1038/s41467-022-29289-2
https://doi.org/10.1016/j.foreco.2012.02.009
https://doi.org/10.1016/j.foreco.2012.02.009
https://doi.org/10.1002/eap.70061
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1111/nph.15048
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1111/j.1365-2486.2011.02592.x
https://doi.org/10.1111/j.1365-2486.2011.02592.x
https://doi.org/10.1016/j.foreco.2014.06.042
https://doi.org/10.1111/ele.13485
https://doi.org/10.1111/ele.13485
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.4996/fireecology.0803104
https://doi.org/10.4996/fireecology.0803104
https://doi.org/10.1002/ecy.3436
https://doi.org/10.1002/ecy.3436
https://doi.org/10.1007/s11258-011-9920-4


    |  15 of 16CUSHMAN et al.

Kulakowski, D., Kaye, M. W., & Kashian, D. M. (2013). Long-term aspen 
cover change in the western US. Forest Ecology and Management, 
299, 52–59. https://​doi.​org/​10.​1016/j.​foreco.​2013.​01.​004

Kulakowski, D., Veblen, T. T., & Drinkwater, S. (2004). The persistence 
of quaking aspen (Populus tremuloides) in the Grand Mesa Area, 
Colorado. Ecological Applications, 14(5), 1603–1614. https://​doi.​
org/​10.​1890/​03-​5160

Kweon, D., & Comeau, P. G. (2019). Relationships between tree survival, 
stand structure and age in trembling aspen dominated stands. 
Forest Ecology and Management, 438, 114–122. https://​doi.​org/​10.​
1016/j.​foreco.​2019.​02.​003

Luo, Y., & Chen, H. Y. H. (2015). Climate change-associated tree mortal-
ity increases without decreasing water availability. Ecology Letters, 
18(11), 1207–1215. https://​doi.​org/​10.​1111/​ele.​12500​

Marchetti, S. B., Worrall, J. J., & Eager, T. (2011). Secondary insects 
and diseases contribute to sudden aspen decline in southwestern 
Colorado, USA. Canadian Journal of Forest Research, 41(12), 2315–
2325. https://​doi.​org/​10.​1139/​x11-​106

McCune, B., & Keon, D. (2002). Equations for potential annual direct in-
cident radiation and heat load. Journal of Vegetation Science, 13(4), 
603–606. https://​doi.​org/​10.​1111/j.​1654-​1103.​2002.​tb020​87.​x

McDowell, N., Allen, C. D., Anderson-Teixeira, K., Brando, P., Brienen, R., 
Chambers, J., Christoffersen, B., Davies, S., Doughty, C., Duque, A., 
Espirito-Santo, F., Fisher, R., Fontes, C. G., Galbraith, D., Goodsman, 
D., Grossiord, C., Hartmann, H., Holm, J., Johnson, D. J., … Xu, X. 
(2018). Drivers and mechanisms of tree mortality in moist tropical 
forests. New Phytologist, 219(3), 851–869. https://​doi.​org/​10.​1111/​
nph.​15027​

McKinnon, K. A., Poppick, A., & Simpson, I. R. (2021). Hot extremes 
have become drier in the United States southwest. Nature Climate 
Change, 11(7), 598–604. https://​doi.​org/​10.​1038/​s4155​8-​021-​
01076​-​9

Michaelian, M., Hogg, E. H., Hall, R. J., & Arsenault, E. (2011). Massive 
mortality of aspen following severe drought along the southern 
edge of the Canadian boreal forest. Global Change Biology, 17(6), 
2084–2094. https://​doi.​org/​10.​1111/j.​1365-​2486.​2010.​02357.​x

Millar, C. I., & Stephenson, N. L. (2015). Temperate forest health in an 
era of emerging megadisturbance. Science, 349(6250), 823–826. 
https://​doi.​org/​10.​1126/​scien​ce.​aaa9933

Mock, K. E., Rowe, C. A., Hooten, M. B., Dewoody, J., & Hipkins, V. D. 
(2008). Clonal dynamics in western north American aspen (Populus 
tremuloides). Molecular Ecology, 17(22), 4827–4844. https://​doi.​org/​
10.​1111/j.​1365-​294X.​2008.​03963.​x

Omernik, J. M., & Griffith, G. E. (2014). Ecoregions of the contermi-
nous United States: Evolution of a hierarchical spatial framework. 
Environmental Management, 54(6), 1249–1266. https://​doi.​org/​10.​
1007/​s0026​7-​014-​0364-​1

Overpeck, J. T., & Udall, B. (2020). Climate change and the aridification 
of North America. Proceedings of the National Academy of Sciences, 
117(22), 11856–11858. https://​doi.​org/​10.​1073/​pnas.​20063​23117​

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., 
Phillips, O. L., Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., 
Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao, S., Rautiainen, A., 
Sitch, S., & Hayes, D. (2011). A large and persistent carbon sink in 
the world's forests. Science, 333(6045), 988–993. https://​doi.​org/​
10.​1126/​scien​ce.​1201609

Peng, C., Ma, Z., Lei, X., Zhu, Q., Chen, H., Wang, W., Liu, S., Li, W., Fang, 
X., & Zhou, X. (2011). A drought-induced pervasive increase in tree 
mortality across Canada's boreal forests. Nature Climate Change, 
1(9), 467–471. https://​doi.​org/​10.​1038/​nclim​ate1293

Pierce, A. D., & Taylor, A. H. (2010). Competition and regeneration in 
quaking aspen-white fir (Populus tremuloides-Abies concolor) for-
ests in the Northern Sierra Nevada, USA. Journal of Vegetation 
Science, 21(3), 507–519. https://​doi.​org/​10.​1111/j.​1654-​1103.​
2009.​01158.​x

R Core Team. (2023). R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna. 
https://​www.​R-​proje​ct.​org/​

Refsland, T. K., & Cushman, J. H. (2021). Continent-wide synthesis of 
the long-term population dynamics of quaking aspen in the face of 
accelerating human impacts. Oecologia, 197(1), 25–42. https://​doi.​
org/​10.​1007/​s0044​2-​021-​05013​-​7

Reikowski, E. S., Refsland, T., & Cushman, J. H. (2022). Ungulate herbi-
vores as drivers of aspen recruitment and understory composition 
throughout arid montane landscapes. Ecosphere, 13(9), e4225. 
https://​doi.​org/​10.​1002/​ecs2.​4225

Rhodes, A. C., Larsen, R. T., & St. Clair, S. B. (2018). Differential effects 
of cattle, mule deer, and elk herbivory on aspen forest regeneration 
and recruitment. Forest Ecology and Management, 422, 273–280. 
https://​doi.​org/​10.​1016/j.​foreco.​2018.​04.​013

Rogers, B. M., Solvik, K., Hogg, E. H., Ju, J., Masek, J. G., Michaelian, M., 
Berner, L. T., & Goetz, S. J. (2018). Detecting early warning signals 
of tree mortality in boreal North America using multiscale satellite 
data. Global Change Biology, 24(6), 2284–2304. https://​doi.​org/​10.​
1111/​gcb.​14107​

Rogers, P. C., & Mittanck, C. M. (2014). Herbivory strains resilience in 
drought-prone aspen landscapes of the western United States. 
Journal of Vegetation Science, 25(2), 457–469. https://​doi.​org/​10.​
1111/​jvs.​12099​

Rogers, P. C., Pinno, B. D., Šebesta, J., Albrectsen, B. R., Li, G., Ivanova, N., 
Kusbach, A., Kuuluvainen, T., Landhäusser, S. M., Liu, H., Myking, 
T., Pulkkinen, P., Wen, Z., & Kulakowski, D. (2020). A global view 
of aspen: Conservation science for widespread keystone systems. 
Global Ecology and Conservation, 21, e00828. https://​doi.​org/​10.​
1016/j.​gecco.​2019.​e00828

Rogers, P. C., Shepperd, W. D., & Bartos, D. L. (2007). Aspen in 
the Sierra Nevada: Regional conservation of a continen-
tal species. Natural Areas Journal, 27(2), 183–193. https://doi.
org/10.3375/0885-8608(2007)27[183:AITSNR]2.0.CO;2

Romme, W. H., Allen, C. D., Bailey, J. D., Baker, W. L., Bestelmeyer, B. 
T., Brown, P. M., Eisenhart, K. S., Floyd, M. L., Huffman, D. W., 
Jacobs, B. F., Miller, R. F., Muldavin, E. H., Swetnam, T. W., Tausch, 
R. J., & Weisberg, P. J. (2009). Historical and modern disturbance 
regimes, stand structures, and landscape dynamics in piñon–juni-
per vegetation of the Western United States. Rangeland Ecology & 
Management, 62(3), 203–222. https://​doi.​org/​10.​2111/​08-​188R1.​1

Shinneman, D. J., Baker, W. L., Rogers, P. C., & Kulakowski, D. (2013). Fire 
regimes of quaking aspen in the Mountain West. Forest Ecology and 
Management, 299, 22–34. https://​doi.​org/​10.​1016/j.​foreco.​2012.​
11.​032

Shinneman, D. J., & McIlroy, S. K. (2019). Climate and disturbance influ-
ence self-sustaining stand dynamics of aspen (Populus tremuloides) 
near its range margin. Ecological Applications, 29(6), 15. https://​doi.​
org/​10.​1002/​eap.​1948

Simler-Williamson, A. B., Rizzo, D. M., & Cobb, R. C. (2019). Interacting 
effects of global change on forest pest and pathogen dynamics. 
Annual Review of Ecology, Evolution, and Systematics, 50(1), 381–403. 
https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​11021​8-​024934

Singer, J., Turnbull, R., Foster, M., Bettigole, C., Frey, B., Downey, M., 
Covey, K., & Ashton, M. (2019). Sudden aspen decline: A review 
of pattern and process in a changing climate. Forests, 10(8), 671. 
https://​doi.​org/​10.​3390/​f1008​0671

St. Clair, S. B., Cavard, X., & Bergeron, Y. (2013). The role of facilitation 
and competition in the development and resilience of aspen for-
ests. Forest Ecology and Management, 299, 91–99. https://​doi.​org/​
10.​1016/j.​foreco.​2013.​02.​026

Stanke, H., Finley, A. O., Domke, G. M., Weed, A. S., & MacFarlane, D. 
W. (2021). Over half of western United States' most abundant tree 
species in decline. Nature Communications, 12(1), 451. https://​doi.​
org/​10.​1038/​s4146​7-​020-​20678​-​z

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.foreco.2013.01.004
https://doi.org/10.1890/03-5160
https://doi.org/10.1890/03-5160
https://doi.org/10.1016/j.foreco.2019.02.003
https://doi.org/10.1016/j.foreco.2019.02.003
https://doi.org/10.1111/ele.12500
https://doi.org/10.1139/x11-106
https://doi.org/10.1111/j.1654-1103.2002.tb02087.x
https://doi.org/10.1111/nph.15027
https://doi.org/10.1111/nph.15027
https://doi.org/10.1038/s41558-021-01076-9
https://doi.org/10.1038/s41558-021-01076-9
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.1111/j.1365-294X.2008.03963.x
https://doi.org/10.1111/j.1365-294X.2008.03963.x
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1073/pnas.2006323117
https://doi.org/10.1126/science.1201609
https://doi.org/10.1126/science.1201609
https://doi.org/10.1038/nclimate1293
https://doi.org/10.1111/j.1654-1103.2009.01158.x
https://doi.org/10.1111/j.1654-1103.2009.01158.x
https://www.R-project.org/
https://doi.org/10.1007/s00442-021-05013-7
https://doi.org/10.1007/s00442-021-05013-7
https://doi.org/10.1002/ecs2.4225
https://doi.org/10.1016/j.foreco.2018.04.013
https://doi.org/10.1111/gcb.14107
https://doi.org/10.1111/gcb.14107
https://doi.org/10.1111/jvs.12099
https://doi.org/10.1111/jvs.12099
https://doi.org/10.1016/j.gecco.2019.e00828
https://doi.org/10.1016/j.gecco.2019.e00828
https://doi.org/10.3375/0885-8608(2007)27[183:AITSNR]2.0.CO;2
https://doi.org/10.3375/0885-8608(2007)27[183:AITSNR]2.0.CO;2
https://doi.org/10.2111/08-188R1.1
https://doi.org/10.1016/j.foreco.2012.11.032
https://doi.org/10.1016/j.foreco.2012.11.032
https://doi.org/10.1002/eap.1948
https://doi.org/10.1002/eap.1948
https://doi.org/10.1146/annurev-ecolsys-110218-024934
https://doi.org/10.3390/f10080671
https://doi.org/10.1016/j.foreco.2013.02.026
https://doi.org/10.1016/j.foreco.2013.02.026
https://doi.org/10.1038/s41467-020-20678-z
https://doi.org/10.1038/s41467-020-20678-z


16 of 16  |     CUSHMAN et al.

Steed, B. E., & Kearns, H. S. J. (2010). Damage agents and condition of 
mature aspen stands in Montana and Northern Idaho (10–03). USDA 
Forest Service, Forest Health Protection, Northern Region.

Strand, E. K., Vierling, L. A., Bunting, S. C., & Gessler, P. E. (2009). Quantifying 
successional rates in western aspen woodlands: Current conditions, 
future predictions. Forest Ecology and Management, 257(8), 1705–
1715. https://​doi.​org/​10.​1016/j.​foreco.​2009.​01.​026

Teshome, D. T., Zharare, G. E., & Naidoo, S. (2020). The threat of the com-
bined effect of biotic and abiotic stress factors in forestry under a 
changing climate. Frontiers in Plant Science, 11, 601009. https://​doi.​
org/​10.​3389/​fpls.​2020.​601009

Trugman, A. T., Medvigy, D., Anderegg, W. R. L., & Pacala, S. W. (2018). 
Differential declines in Alaskan boreal forest vitality related to 
climate and competition. Global Change Biology, 24(3), 1097–1107. 
https://​doi.​org/​10.​1111/​gcb.​13952​

Trumbore, S., Brando, P., & Hartmann, H. (2015). Forest health and global 
change. Science, 349(6250), 814–818. https://​doi.​org/​10.​1126/​
scien​ce.​aac6759

Van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., Daniels, L. D., Franklin, 
J. F., Fulé, P. Z., Harmon, M. E., Larson, A. J., Smith, J. M., Taylor, A. 
H., & Veblen, T. T. (2009). Widespread increase of tree mortality 
rates in the Western United States. Science, 323(5913), 521–524. 
https://​doi.​org/​10.​1126/​scien​ce.​1165000

Velásquez, A. C., Castroverde, C. D. M., & He, S. Y. (2018). Plant–patho-
gen warfare under changing climate conditions. Current Biology, 
28(10), R619–R634. https://​doi.​org/​10.​1016/j.​cub.​2018.​03.​054

Worrall, J. J., Keck, A. G., & Marchetti, S. B. (2015). Populus tremuloides 
stands continue to deteriorate after drought-incited sudden aspen 
decline. Canadian Journal of Forest Research, 45(12), 1768–1774. 
https://​doi.​org/​10.​1139/​cjfr-​2015-​0225

Worrall, J. J., Rehfeldt, G. E., Hamann, A., Hogg, E. H., Marchetti, S. B., 
Michaelian, M., & Gray, L. K. (2013). Recent declines of Populus tremuloi-
des in North America linked to climate. Forest Ecology and Management, 
299, 35–51. https://​doi.​org/​10.​1016/j.​foreco.​2012.​12.​033

Yang, J., Weisberg, P. J., Shinneman, D. J., Dilts, T. E., Earnst, S. L., & 
Scheller, R. M. (2015). Fire modulates climate change response 
of simulated aspen distribution across topoclimatic gradients in 
a semi-arid montane landscape. Landscape Ecology, 30(6), 1055–
1073. https://​doi.​org/​10.​1007/​s1098​0-​015-​0160-​1

Yi, C., Hendrey, G., Niu, S., McDowell, N., & Allen, C. D. (2022). Tree 
mortality in a warming world: Causes, patterns, and implications. 
Environmental Research Letters, 17(3), 030201. https://​doi.​org/​10.​
1088/​1748-​9326/​ac507b

Zegler, T. J., Moore, M. M., Fairweather, M. L., Ireland, K. B., & Fulé, P. Z. 
(2012). Populus tremuloides mortality near the southwestern edge 
of its range. Forest Ecology and Management, 282, 196–207. https://​
doi.​org/​10.​1016/j.​foreco.​2012.​07.​004

Zhang, F., Biederman, J. A., Dannenberg, M. P., Yan, D., Reed, S. C., & 
Smith, W. K. (2021). Five decades of observed daily precipitation 
reveal longer and more variable drought events across much of 
the Western United States. Geophysical Research Letters, 48(7), 
e2020GL092293. https://​doi.​org/​10.​1029/​2020G​L092293

Zhang, J., Huang, S., & He, F. (2015). Half-century evidence from western 
Canada shows forest dynamics are primarily driven by competition 
followed by climate. Proceedings of the National Academy of Sciences, 
112(13), 4009–4014. https://​doi.​org/​10.​1073/​pnas.​14208​44112​

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Table  S1. Description of all 44 predictor variables used to model 
mortality, growth, and recruitment rates of mature aspen in 263 
plots across six states in the western United States.
Table  S2. Summary statistics for a Bayesian model examining 
regional differences in change in live basal area of mature trees.
Table  S3. Summary statistics for a Bayesian model examining 
differences among ecoregional with respect to mortality, growth 
and recruitment rates for mature aspen.
Table  S4. Loadings from four principal components analyses 
(performed within each variable type) for the first four axes.
Table  S5. Summary statistics for the Bayesian hierarchical model 
predicting mortality rate of mature aspen stems. The 2.5, 50 and 
97.5 quantiles are for standardized effect sizes.
Table  S6. Summary statistics for the Bayesian hierarchical model 
predicting relative annual growth rate of mature aspen stems (log-
transformed). The 2.5, 50 and 97.5 quantiles are for standardized 
effect sizes.
Table  S7. Summary statistics for the Bayesian hierarchical model 
predicting recruitment rate (binary) of mature aspen stems. The 2.5, 
50 and 97.5 quantiles are for standardized effect sizes.
Table  S8. Summary statistics for the Bayesian hierarchical model 
predicting recruitment rate (log-transformed) of mature aspen 
stems. The 2.5, 50 and 97.5 quantiles are for standardized effect 
sizes.
Figure S1. Correlations between all predictor variables in linear 
models. All correlations are less than 0.5.
Figure S2. Trace plots for each parameter in the mortality rate model.
Figure S3. Fitted versus observed values generated from the 
mortality rate model.
Figure S4. Trace plots for each parameter in the growth rate model.
Figure S5. Fitted versus observed values generated from the growth 
rate model.
Figure S6. Trace plots for each parameter in the recruitment 
(binomial) model.
Figure S7. Trace plots for each parameter in the recruitment rate 
(log-transformed) model.
Figure S8. Fitted versus observed values generated from the 
recruitment rate (log-transformed) model.

How to cite this article: Cushman, J. H., Macdonald, J. A., 
Halsch, C. A., Refsland, T. K., Steed, B. E., & Dilts, T. E. (2026). 
Decadal drivers of quaking aspen decline across the Western 
United States. Journal of Ecology, 114, e70367. https://doi.
org/10.1111/1365-2745.70367

 13652745, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70367 by C

hristopher H
alsch - U

niversity O
f N

evada R
eno , W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.foreco.2009.01.026
https://doi.org/10.3389/fpls.2020.601009
https://doi.org/10.3389/fpls.2020.601009
https://doi.org/10.1111/gcb.13952
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1126/science.1165000
https://doi.org/10.1016/j.cub.2018.03.054
https://doi.org/10.1139/cjfr-2015-0225
https://doi.org/10.1016/j.foreco.2012.12.033
https://doi.org/10.1007/s10980-015-0160-1
https://doi.org/10.1088/1748-9326/ac507b
https://doi.org/10.1088/1748-9326/ac507b
https://doi.org/10.1016/j.foreco.2012.07.004
https://doi.org/10.1016/j.foreco.2012.07.004
https://doi.org/10.1029/2020GL092293
https://doi.org/10.1073/pnas.1420844112
https://doi.org/10.1111/1365-2745.70367
https://doi.org/10.1111/1365-2745.70367

	Decadal drivers of quaking aspen decline across the Western United States
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Study system
	2.2  |  Aspen plot network
	2.3  |  Field sampling
	2.4  |  Response variables
	2.5  |  Predictor variables
	2.5.1  |  Climate variables
	2.5.2  |  Topographic variables
	2.5.3  |  Initial stand characteristic variables

	2.6  |  Data analyses
	2.6.1  |  Comparison of aspen and conifer performance
	2.6.2  |  Variation in demographic rates among ecoregions
	2.6.3  |  Variable reduction of predictor variables
	2.6.4  |  Predicting aspen performance


	3  |  RESULTS
	3.1  |  Comparison of aspen and conifer performance
	3.2  |  Variation in demographic rates among ecoregions
	3.3  |  Modelling mature aspen performance
	3.3.1  |  Variable reduction of predictor variables
	3.3.2  |  Annual percent mortality rate for aspen
	3.3.3  |  Annual percent growth rate for aspen
	3.3.4  |  Annual percent recruitment rate for aspen


	4  |  DISCUSSION
	4.1  |  Patterns in aspen performance
	4.2  |  Drivers of aspen performance

	5  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


