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Summary

� Growth patterns recorded in tree rings may predict drought ‘winners’ and ‘losers’. Past stu-

dies of drought-killed trees have produced conflicting evidence. Some show killed trees were

highly responsive to climate, while others suggest killed trees were climate-insensitive or

became less sensitive over time.
� We leveraged ring width data from 2934 drought-killed and -surviving trees of seven spe-

cies to compute growth sensitivity to seasonal climate variables via a Bayesian mixed effects

model. Aided by clustering analyses, we evaluated how species conformed to three alternative

hypotheses (theories): relative to surviving trees, killed trees (H1) have ‘flashy’ climate

responses, (H2) are ‘decoupled’ from climate, or (H3) have ‘declining’ sensitivity over time.
� Differences in growth patterns were not consistent across species or status (surviving/

killed). Drought-killed subalpine fir and Engelmann spruce exhibited ‘flashy’ growth – higher
sensitivity of growth to climate over time – compared with survivors. Drought-killed aspen,

Scots pine, and Norway spruce showed stable, climate-insensitive growth compared with sur-

vivors, suggesting ‘decoupling’ from climate. Most species showed nonstationary sensitivities,

but rather than declining, some sensitivities increased, even in surviving trees.
� Our flashy-decoupled-declining framework links predictions for future drought-induced

mortality to potential mechanisms, enhancing ecological and physiological understanding of

growth–climate patterns preceding drought mortality events.

Introduction

Forests play a dominant role in the terrestrial carbon cycle and
are increasingly threatened by large-scale mortality events (Van
Mantgem et al., 2009; Allen et al., 2015; Anderegg et al., 2020).
With rising temperatures and intensification of the water cycle
(Swain et al., 2025), droughts are affecting tree growth and mor-
tality across all biomes (Allen et al., 2010; Hammond et al.,
2022). In response to drought, tree species can exhibit various
survival strategies that interact with climate variability, forest
dynamics, and physiological traits (Baldi & La Porta, 2022).
Identifying intra- and interspecific patterns in tree growth
responses to drought is thus essential to understanding risks to
future carbon storage (Chen et al., 2012; Gazol et al., 2018; DeS-
oto et al., 2020; Zeng et al., 2023). Moreover, understanding
how tree growth responds to climate over time could point to
intraspecific growth strategies that create drought ‘winners’ and
‘losers’ (Gazol et al., 2023).

Tree rings provide temporally rich, annually resolved data on
the relationship between tree growth and climate (Marti-
nelli, 2004; Schöngart et al., 2006; Tipton et al., 2016) and have
even shown early warning signs of mortality up to 20 yr preced-
ing death (Cailleret et al., 2019). Numerous studies of tree
drought mortality have been conducted (Mäkinen et al., 2001;

Bigler et al., 2004; Haavik et al., 2011; Ireland et al., 2014), yet
our ability to predict drought-related mortality remains poor
(Meir et al., 2015; McDowell et al., 2016). Furthermore, growth
responses to climate (i.e. climate sensitivity) are influenced by
many factors including physiological traits, microsite conditions,
competition, and genetic variation (Gessler et al., 2017; Choat
et al., 2018; Trugman et al., 2021). The study of drought-killed
trees can therefore be useful to identify the diversity of
drought-response strategies and to understand regionally specific
patterns in climate sensitivity of dying trees (Cailleret
et al., 2019; DeSoto et al., 2020).

We identified three competing concepts of how the likelihood
of drought-induced mortality could be inferred from tree-ring
time series. For some species, (1) highly variable growth–climate
responses over time can be indicative of a higher potential for
mortality (Ogle et al., 2000; Cailleret et al., 2017, 2019; Smith
et al., 2019). This ‘flashy’ growth response to climate may be a
drought strategy focused on recovery instead of avoidance but
could also reflect more ‘acquisitive’ traits (Wright et al., 2010;
Maracahipes et al., 2018; Umaña et al., 2023) that entail greater
risk during drought events. By contrast, (2) both low climate sen-
sitivity and low growth can indicate a higher probability of future
mortality (Bigler et al., 2006; Gillner et al., 2013; DeSoto
et al., 2020). Often, such trees have radial growth that appears
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‘decoupled’ from climate, showing small ring widths with very
little variation (i.e. reduced sensitivity to climate variation). Sev-
eral other studies describe tree and forest mortality in the context
of (3) ‘declining’ growth, in which reductions in growth or cli-
mate sensitivity associated with an inciting event (e.g. a severe
drought) can subsequently lead to eventual mortality (Min-
orsky, 2003; Voelker et al., 2008; Amoroso et al., 2017). In this
scenario, declining trees never recover to predrought levels of
growth or climate sensitivity and slowly die (Bigler et al., 2007;
Cailleret et al., 2017; DeSoto et al., 2020). It remains unclear
whether any of these growth patterns are universal, as past studies
employed different approaches, or whether tree growth in dying
trees proceeds differently in different species and regions of the
world.

Tree growth strategies may represent trade-offs that influence
tree responses to drought stress, leading to either survival or mor-
tality (Willi & Van Buskirk, 2022). Thus, improved characteriza-
tion and understanding of tree growth patterns are essential to
identifying potential winners and losers in the face of climate
change. For example, radial tree growth with ‘flashy’ climate sen-
sitivity could be indicative of trees prioritizing growth over repair,
possibly leading to early death if drought return intervals are
short (Anderegg et al., 2012). Such strategies may also reflect
other life-history trade-offs, in which, for example, we might
expect primary successional species that prioritize growth to
quickly reach dominant canopy status to do so at the expense of
biotic defense (Crouch et al., 2021). Tree growth that is less tem-
porally variable, appearing ‘decoupled’ from climate, could be a
strategy focused on continuous allocation to repair, defense, or
maintenance at the cost of low growth (Anderegg et al., 2015;
Peltier et al., 2016; Huang et al., 2021; Leifsson et al., 2023), or
an indication of competition-stress (Ford et al., 2017; Luo
et al., 2020). Importantly, more frequent regional droughts and
rising temperatures (Williams et al., 2022) are likely leading to
gradual changes in growth–climate sensitivity over time (Peltier
& Ogle, 2020; Wilmking et al., 2020), which is likely to be
species-dependent.

We evaluated growth–climate relationships of drought-
surviving trees and drought-killed trees using tree-ring data
from seven species (five gymnosperms and two angiosperms) in
the United States and western Europe. We sought to under-
stand how growth–climate responses (i.e. climate ‘sensitivities’)
differed between drought-killed and drought-surviving trees of
the same species. We developed a Bayesian hierarchical model
that estimated the effects of climate on ring width, including
lagged climate effects (‘memory’; Ogle et al., 2015). We com-
puted indices of ring width sensitivity to different seasonal cli-
mate variables and performed clustering of those sensitivity
indices, allowing us to evaluate three hypotheses related to the
growth patterns of drought-killed trees relative to
drought-surviving trees, which we will refer to throughout as
(H1) flashy, (H2) decoupling, and (H3) declining. We
hypothesized that (H1) dying trees were more sensitive to cli-
mate before death, with higher variation in growth than surviv-
ing trees of the same species, reflecting a ‘flashy’, more
acquisitive growth strategy. Alternatively, (H2) dying trees were

less sensitive to seasonal climate (‘decoupled’), reflecting a more
conservative growth strategy. As a third alternative, (H3) dying
trees were ‘declining’ (i.e. gradual weakening of growth–climate
sensitivities over time), demonstrating their inability to recover
from damage incurred by past stress. Our results highlight the
complexity and diversity of tree growth responses to climate
stress within and among species, and that these responses likely
depend upon site history and species traits (e.g. acquisitive vs
conservative) that influence their physiological behavior and
lead to differing drought responses.

Materials and Methods

Study area and species

We used a subset of records from a previously compiled dataset
comprising 58 published and unpublished studies of tree-ring
widths and mortality (Cailleret et al., 2017). At each site,
drought-surviving and drought-killed trees of the same species
were identified and cored; tree cores were cross-dated and annual
ring widths measured using standard dendrochronology methods
(Stokes, 1996). From this dataset, we extracted 133 sites (23 spe-
cies) in which ‘drought’ was reported as the predominant cause
of tree mortality. We further subset the data, selecting species
with at least 100 trees (surviving and killed trees combined), pro-
ducing a dataset with 93 sites consisting of 12 different species.
We incorporated data for another species (Populus tremuloides,
quaking aspen) representing 18 sites in the western United States
(Ireland et al., 2014). Some species were excluded following preli-
minary analyses due to poor model mixing and convergence
issues, likely resulting from comparatively small sample sizes or
nonsignificant climate effects due to the use of relatively coarse
climate data (see ‘Climate data’ in the Materials and Methods
section). The final datasets thus consisted of seven species
(Table 1) that are widely studied, commercially and culturally
important, and have distributions spanning North America and
Europe (Fig. 1). These species represent both conifers and broad-
leaf species: Pinus sylvestris L. (Scots pine), Abies alba Mill. (silver
fir), Quercus rubra L. (red oak), Picea engelmannii Parry ex
Engelm. (Engelmann spruce), Picea abies (L.) Karst. (Norway
spruce), P. tremuloides Michx. (quaking aspen), and Abies lasio-
carpa (Hook.) Nutt. (subalpine fir).

Climate data

Monthly climate data (mean temperature and total precipitation)
were obtained from the Climatic Research Unit (CRU) gridded
dataset (0.5° resolution) for the 1901–2017 period (Harris
et al., 2020). Although it is likely that climate data at such coarse
resolution can fail to capture microclimate conditions that trees
experience (Ford et al., 2013), CRU gridded data met our tem-
poral and spatial requirements needed to match our annual
tree-ring data. We anticipated that (1) growth sensitivities to cli-
mate (e.g. temperature and precipitation) depend on the season-
ality of climate, in which effects may differ between cold (e.g.
winter) and warm (e.g. summer) seasons, and (2) changes
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(trends) in such sensitivities might also depend on season. Thus,
we aggregated monthly climate data into ‘seasons’ (i.e. winter
and summer). Summer represents the current year’s growing sea-
son and was defined as the months with higher-than-average
monthly temperatures, in which the average (mean) temperature
was computed across all months over the period 1905–2016.
The winter season includes months with lower-than-average
monthly temperatures, when trees are likely dormant. Therefore,
the winter season begins in the year preceding the growing sea-
son, as the effects of winter do not impact tree radial growth until
the subsequent growing season. Winter and summer season defi-
nitions can vary by site; for instance, a particular site might define
winter as October to March and summer as April to September,
whereas another site might define winter as September to Febru-
ary and summer as March to August.T
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Fig. 1 Maps of sites located across the (a) United States and (b) Europe.
The colored polygons represent the native ranges of each study species,
and the points of the same color indicate the sites where each species was
sampled. (a) In the United States, the species include aspen, subalpine fir,
Engelmann spruce, and northern red oak; (b) in Europe, they include
Norway spruce, silver fir, and Scots pine.
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Model description and implementation

Since studies have revealed that the effects of climate on tree
growth (ring widths) can last up to 4 years after an extreme cli-
mate event (Anderegg et al., 2015), we implemented a variant of
the Bayesian stochastic antecedent modeling (SAM) framework
(Ogle et al., 2015; Peltier et al., 2018) to estimate the impact of
current and past climate, up to 4 years before ring formation.
Distinct from previous SAM variants applied to tree-ring data
(e.g. Peltier et al., 2018), we allowed the effects of temperature
and precipitation to vary by season, thus allowing for the possibi-
lity of season-specific influences of a given climate covariate (e.g.
temperature). Furthermore, to account for site-level climate var-
iation and its effects on climate sensitivity, we chose to model cli-
mate sensitivities hierarchically. Therefore, we implemented a
Bayesian hierarchical regression model for tree growth (i.e. ring
width) vs seasonal climate (e.g. winter and summer precipitation
and temperature) to explore variation in climate sensitivity
between drought-killed and drought-surviving trees. Below, we
describe the model structure, which we implemented separately
for drought-killed and drought-surviving trees, for each species.

The hierarchical Bayesian model that we implemented is analo-
gous to a mixed effects regression model. Within the Bayesian fra-
mework, we must specify (1) the likelihood of the data (response
variable) based on an appropriate sampling distribution and (2)
priors for unknown parameters in the model (i.e. regression coeffi-
cients, variance terms). The Bayesian procedure combines the likeli-
hood and priors via Bayes theorem (Gelman et al., 2014) to
produce posterior estimates of all model parameters and any
derived quantities (quantities that are functions of parameters and
potentially data), thus explicitly quantifying uncertainty in these
quantities. We thus began by defining the likelihood of
log-transformed ring width, RW= log(r+ 1), where r is the origi-
nal ring width (mm), and we add 1 to r since some cores had miss-
ing rings (i.e. r= 0). For each year y and core c, we assumed that
RWy,c was normally distributed, with mean μr,c and variance σ2:

RW y,c � Normal μy,c , σ
2

� �
Eqn 1

The mean log-scale ring width, μy,c , is regressed on tree age
(Age) at the time of ring formation, the previous year’s growth
index (RWy�1,c), and antecedent seasonal precipitation (Pant), tem-
perature (Tant), and their interactions (Pant×Tant). For simplicity,
let X1, X2, X3, and X4 denote winter P

ant, summer Pant, winter Tant,
and summer Tant, respectively. The mean model is as follows:

μy,c ¼ α1,c þ α2,c � Agey,c þ α3,c � RW y�1,c

þ ∑
4

j¼1

βj ,s cð Þ � X j ,y,s cð Þ þ ∑
4

k¼jþ1

∑
3

j¼1

γj ,k,s cð Þ � X j ,y,s cð Þ � X k,y,s cð Þ

Eqn 2

The intercept (α1), age effect (α2), and autoregressive effect
(α3) all vary at the level of core, c. The main effects (β1, . . ., β4)
of antecedent seasonal climate (Xj terms) all vary at the level of

site, where s(c) denotes site s associated with core c. Similarly, the
six different two-way interaction effects (γ1,2, . . ., γ3,4) associated
with interactions between climate variables Xj and Xk also vary at
the level of site, s. All two-way climate interactions were included
to account for nonlinear effects of climate on tree growth (Lloyd
et al., 2013; Wilmking et al., 2020). Age (Agey,c) and prior growth
(RWy�1,c) were standardized at the core level such that both have
a mean of zero and a standard deviation (SD) of 1. The antece-
dent climate covariates (X terms) are based on standardized seaso-
nal climate data (will be discussed later).

The antecedent climate variables, Pant and Tant (or, more gen-
erally, X1, X2, X3, and X4), are calculated as the weighted averages
of the yearly seasonal total precipitation or average temperature
over the past 4 years up to and including the end of the concur-
rent growing season. For antecedent climate variable Xj, in year y
at site s:

X j ,y,s = ∑
4

t = 0

wj ,t � x j ,y�t ,s Eqn 3

Note that xj,y,s denotes the original, yearly, standardized seaso-
nal climate variable, in which each climate variable was standar-
dized by site within a given species using site-level means and
SD. The importance weights, wj,t, are unique to each climate
variable for each species but assumed invariant across sites within
a species; the weights were estimated for each year t into the past
up to 4 years ago relative to year y for each variable Xj. Weights
were constrained to sum to 1 across all lags (t= 0 (concurrent
year), 1, 2, 3, 4) for a given variable and season, so they are inter-
preted as the relative importance of climate during a given ‘lag’
year and season for each climate variable.

To complete the model specification, we assigned standard, rela-
tively noninformative priors to all parameters in the model. We
assumed hierarchical priors for the core-level (i.e. α terms) and
site-level parameters (e.g. β and γ terms) in Eqn (2), thus treating
core and site as random effects. The core-level parameters (α terms)
were assigned hierarchical normal priors that varied around
site-level means. All site-level parameters (β and γ terms and
site-level means for the α terms) were assigned hierarchical normal
priors that varied around global means representing the
species-status group effects (status= ‘drought-killed’ or ‘surviving’),
thus treating species-status group as fixed effects. Relatively nonin-
formative (diffuse) normal priors were assigned to the global means,
and wide uniform priors were assigned to all SD terms introduced
by the hierarchical priors. A relatively noninformative Dirichlet
prior was assigned to the yearly seasonal importance weights (wj

vectors, each length 5) in Eqn (3) to ensure that the weights sum to
1 and are constrained between 0 and 1. Diffuse normal priors, wide
uniform priors, and relatively noninformative priors all minimize
the influence of the prior on the posterior results, allowing the data
and the likelihood to primarily govern the posterior estimates of the
model parameters (Gelman et al., 2014).

The model described by Eqns (1–3) was fit in JAGS 4.0.0
(Plummer, 2003) via the R (R Core Team, 2022) packages RJAGS

(Plummer, 2008) and JAGSUI (Kellner, 2024) following standard
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Markov chain Monte Carlo (MCMC) simulation methods. To
explore mixing and convergence of sampled parameters (i.e. the
MCMC sequences), we used the potential scale reduction factor
(psrf) (Gelman & Rubin, 1992; Brooks & Gelman, 1998) via
the autojags function in the JAGSUI package. Models were
deemed to have converged if the psrf point estimates of all para-
meters were < 1.1. Posterior summary statistics were calculated
for each quantity of interest, including the posterior mean, SD,
and 95% central credible interval (CI) defined by the 2.5th and
97.5th percentiles. Parameters were considered significantly dif-
ferent between status categories if the CI for one status category
(e.g. surviving trees) did not contain the posterior mean of the
other category (i.e. drought-killed trees). Climate sensitivities
were considered statistically significant when the CI associated
with the relevant coefficient (i.e. β or γ terms) did not
include zero.

Realized climate sensitivities

Given Eqn (2) includes two-way interactions among climate vari-
ables, we cannot interpret the main effects as climate sensitivities.
Thus, we quantified the growth sensitivities to the different seaso-
nal climate variables by calculating the partial first derivatives of
the expected (mean) log-scale ring width, μ, with respect to each
climate variable. This calculated quantity (a ‘realized climate sen-
sitivity’) summarizes the sensitivity of ring widths to seasonal cli-
mate by accounting for the main and interactive effects of
different antecedent climate variables. We computed these rea-
lized climate sensitivities (RS) at the species- and status-level
across years and sites. For example, the time-varying RS of
log-scale ring width to antecedent winter precipitation, X1,j in
Eqn (1), is computed as:

RS l ,y =
dbμy
dbX 1,y

=bβ1 þ bγ1,2 � bX 2,y þ bγ1,3 � bX 3,y þ bγ1,4 � bX 4,y

Eqn 4

The ‘^’ notation for expected log-scale ring width, bμ, and for
the climate variables, bX j,y, indicates site-level estimates of these
quantities for a given species and status group. Similarly, the bβ
and bγ terms denote the global-level climate effects that are repre-
sentative of the focal species-status group. The RS for a focal cli-
mate variable (e.g. bX 1,y ) varies annually, conditional on other
climatic conditions occurring during each year, as governed by
the interaction effects, for example bγ1,2, bγ1,3, and bγ1,4 in Eqn (2).
Note that the RS values describe the degree to which log(r + 1),
where r (ring width) is in units of mm, changes in response to
one SD change in each climate variable, and thus, the RS values
are comparable across species and status groups.

Then, the RSj,y values for each climate covariate Xj are used to
assess mean climate sensitivity, variability in (SD) climate sensi-
tivity, and climate sensitivity trends (i.e. changes in sensitivity
over time). In particular, first we calculated the overall mean sen-
sitivity (averaging RS across all years) for each climate variable’s
sensitivity index (i.e. for each RSj, j= 1, 2, 3, 4 variables).

Second, we summarized the temporal variation in each RSj (for
each covariate Xj) by calculating the SD of the yearly RS values.
Third, we evaluated the temporal trend of the RSj indices across
years by regressing the RS values on year and using the slope coef-
ficient from those regressions as an index of trend. Importantly,
the Bayesian approach allows us to obtain posterior distributions
for the time-varying RS values, in addition to aforementioned
summaries (mean, SD, trends). In particular, we computed the
temporally varying RS indices for each climate variable and spe-
cies using 15 000 posterior samples (5000 samples per chain; 3
chains) of the parameters (bβ and bγ terms). Next, we computed all
three RS indices (mean, SD, and slope or trend) for each poster-
ior sample of the RSj time series; then, we computed posterior
mean and 95% CI of these 15 000 mean, SD, and slopes to pro-
vide overall estimates of mean sensitivity, temporal variability in
the climate sensitivities, and temporal trends in the climate sensi-
tivities for each species and status group.

Hierarchical clustering of realized climate sensitivities

To evaluate differences in growth–climate responses among spe-
cies and status groups, we performed hierarchical clustering using
the mean, SD, and trend of the RS indices for all climate vari-
ables across all species-status combinations. After standardizing
the RS values, we calculated the distance matrix and performed
complete hierarchical clustering in R using the hclust function.
This analysis produced a dendrogram for which we could evalu-
ate grouping (clusters) of species and status groups. Each branch
should support species-status combinations (leaves) that share
similar growth–climate characteristics based on the RS indices.
The arrangement of the branches reveals how similar the RS
indices of the leaves are to each other. The height (or length) of
the branches shows how similar (or different) the RS indices
of the leaves are from one another, with greater height indicating
larger differences.

Results

Model performance

The coefficient of determination (R2) from regressions of
observed vs predicted ring widths (r) spanned 0.68–0.93 (see
Supporting Information Fig. S1, for drought-killed trees and see
Fig. S2, for drought-surviving trees), indicating that the model fit
the data well across all species and status groups. The highest R2

occurred for surviving and killed subalpine fir and surviving
Engelmann spruce (R2= 0.93) and the lowest for surviving aspen
(R2= 0.68). The model tended to fit the ring width data better
for drought-killed trees such that the R2 for drought-killed trees
was higher than the R2 for surviving trees for most species, except
Engelmann spruce and subalpine fir.

Summary of seasonal climate effects

Across species and status groups, c. 80% of the climate main
effects were significant (i.e. 95% CI did not contain zero), and
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nearly 70% of the climate two-way interactions were significant.
Some of the main effects differed between drought-killed and
drought-surviving trees within a given species, which we summar-
ize here. For gymnosperms, the effect of summer precipitation
on ring width differed significantly between surviving and dying
trees of the same species (Fig. S3). Surviving Scots pine, subal-
pine fir, and Norway spruce are expected to grow more in
response to increases in summer precipitation than their drought-
killed counterparts. Conversely, drought-killed silver fir and
Engelmann spruce trees are expected to grow more in response to
summer precipitation relative to surviving trees. Surviving Engel-
mann spruce trees were the only group responding negatively to
summer precipitation. Although the winter precipitation effect
was significant for over half the species, Norway spruce and sub-
alpine fir were the only two species for which the effects of winter
precipitation differed by status, with drought-killed trees
responding positively and surviving trees responding negatively
to increases in winter precipitation (Fig. S3).

The summer temperature effect was significant across all spe-
cies (Fig. S3). Silver fir, subalpine fir, surviving aspen, and red
oak growth were enhanced by warmer summer temperatures. By
contrast, Scots pine, Engelmann spruce, killed aspen, and Nor-
way spruce responded negatively to warmer summer tempera-
tures. Summer temperature effects differed in sign only for
surviving and killed aspen. Summer temperature effects differed
in magnitude, but not sign, for subalpine fir and Engelmann
spruce and did not differ in magnitude between surviving and
dying trees for silver fir, red oak, Scots pine, and Norway spruce.
However, the effect of winter temperature differed significantly
between surviving and dying angiosperms; surviving aspen and
red oak trees produced narrower rings with increasing winter
temperatures. By contrast, winter temperature was nonsignificant
for drought-killed red oak, while the effect was less negative for
dying aspen compared to surviving aspen.

While the main effects offer initial insight into potential cli-
mate sensitivities, they must be interpreted with caution in the
presence of interacting climate effects. Thus, we focus on the rea-
lized sensitivities next (RS, see Eqn 4; Figs S1).

Single growth strategies fail to capture diverse climate
mortality signals

RS often differed between drought-killed and drought-surviving
trees (Figs S4–S10), but differences were not consistent across
species; we highlight three examples. Drought-killed subalpine fir
exhibited highly variable sensitivity to winter temperatures, illus-
trating ‘flashy’ growth responses compared with drought-
surviving trees (Fig. 2a). Drought-killed Scots pine showed
reduced sensitivity to summer precipitation and overall lower var-
iation in that sensitivity compared with drought-surviving trees
(Fig. 2b), providing an example of dying trees that are relatively
‘decoupled’ from climate variation. Drought-killed silver-fir
showed ‘declining’ sensitivity to summer temperature, but so did
surviving silver-fir (Fig. 2c). In short, we found evidence for each
of the three hypotheses, with different species’ responses to seaso-
nal climate aligning with different hypotheses.

Summarizing patterns in growth responses across RS indices,
climate variables, species, and status groups, hierarchical cluster-
ing identified four relatively distinct groups (Fig. 3). Critically,
all four groups contained dying trees of one species and surviving
trees of another, indicating differences were not consistent across
species or across status groups. The clustering algorithm placed
drought-killed and drought-surviving trees in different groups for
five species (Engelmann spruce, Norway spruce, Scots pine, sub-
alpine fir, and aspen), indicating dying and surviving trees have
different growth–climate sensitivities in these species (Fig. 3).
Aspen is the only species for which drought-killed and drought-
surviving trees were not only in different groups but they were
also notably separated within the dendrogram. That is, drought-
killed aspen were placed in Group 2 and surviving aspen in
Group 3, indicating that the growth–climate relationships dif-
fered greatly among dying and living aspen (Fig. 3). Conversely,
surviving and dying trees for two species (dead red oak and silver
fir) were placed in the same group (4), suggesting that drought-
killed and drought-surviving trees exhibited similar growth–
climate characteristics for these two species (Fig. 3).

Evidence for flashy growth (H1)

We categorized growth–climate sensitivity as comparatively flash-
ier when drought-killed (or drought-survived) trees had a higher

Fig. 2 Examples of realized climate sensitivities (RS) of log-scale ring width
for different species. (a) Drought-killed subalpine fir trees are associated
with high variation in the RS of growth to winter temperature, illustrating
a ‘flashy’ growth strategy. (b) Drought-killed Scots pine trees show
reduced sensitivity and lower variation in response to summer
precipitation, an example of dying trees appearing ‘decoupled’ from
climate. (c) Silver fir trees show declining sensitivity of growth to winter
temperature over time regardless of status. Solid colored lines are the
posterior means of the annual RS values; shaded regions denote the 95%
central credible interval. The solid black horizontal line is the zero line.
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RS mean and/or higher SD when compared to drought-surviving
(or drought-killed) trees of the same species. Surviving Norway
spruce and Scots pine, along with dying Engelmann spruce
(Fig. 3; Group 1), had a high mean RS to summer precipitation;
that is, increases in summer precipitation led to comparatively
larger increases in ring width (Fig. 4b–d) across all three species
in this group. Dying Engelmann spruce trees were almost twice
as sensitive to summer precipitation relative to surviving trees
(Fig. 4b), consistent with H1. The dendrogram branching struc-
ture in Group 1 (Fig. 3) suggests a subgroup consisting of surviv-
ing Norway spruce and Scots pine, which share high variability
(high RS SD) in the effects of winter temperature and precipita-
tion over time (Fig. 4g,h). Group 3 (Fig. 3) is the smallest group,
consisting of dying subalpine fir and surviving aspen, which share
high variability in the (negative) effects of winter temperature
(Fig. 5a,d,e,h). The SD of RS to winter temperature for dying
subalpine fir is 1.3 times higher than for surviving subalpine fir
(Fig. 5h), consistent with H1. Surviving aspen shared this flashy
response to winter temperature, compared with drought-killed
aspen, with surviving aspen being 1.8 times more sensitive to
winter temperature (Fig. 5a).

Evidence for decoupling (H2)

Ring widths in drought-surviving Engelmann spruce and in
drought-killed Norway spruce and Scots pine (Fig. 3; group 2)
are relatively insensitive to (‘decoupled’ from) summer precipita-
tion (Fig. 4b–d,f–h). Their growth is only one-fifth as sensitive to
summer precipitation as their drought-killed (Engelmann spruce)
or surviving (Norway spruce and Scots pine) counterparts, sup-
porting H2. The length of the dendrogram terminal branches
within Group 2 (Fig. 3) suggests that dying Norway spruce and
Scots pine have very similar growth characteristics, forming a
subgroup of two. In addition to decoupling from summer preci-
pitation, dying Norway spruce and Scots pine show little to no

(positive) sensitivity to winter temperature, with very low varia-
bility (low SD) in the effects of winter temperature over time
(Fig. 4c,d,g,h). Both drought-killed and drought-surviving silver
fir, a subset of Group 4 (Fig. 3), appear decoupled from winter
precipitation (Fig. 5c).

Drought-killed aspen showed five times less variation in
growth due to the (negative) effects of winter temperature, com-
pared with surviving aspen (Fig. 4a,e). Drought-killed aspen
showing very low variability (low SD) in the effects of winter
temperature over time supports H2 (Fig. 4e). Furthermore,
drought-killed aspen were moderately less sensitive to and had
less variation in response to summer temperature, and growth
responses to summer temperature notably differed by status.
Increasing summer temperature had the effect of reducing growth
in drought-killed aspen but increasing growth in surviving aspen
(Figs 4a, 5a).

Evidence for decline (H3)

The dendrogram (Fig. 3) shows that within Group 4, the branch-
ing patterns indicate that surviving and dying trees cluster closely
together within two species (i.e. silver fir and red oak), implying
that they share similar growth–climate relationships regardless of
their status. Notably, surviving subalpine fir clusters more closely
with both surviving and dying silver fir than with red oak, sug-
gesting greater similarity in growth response between subalpine
and silver fir than between subalpine fir and red oak. Surviving
and dying red oak exhibit similar negative sensitivity to winter
precipitation and positive sensitivity to summer precipitation
(Fig. 5b). However, negative trends in summer temperature sen-
sitivity and positive trends in winter precipitation sensitivity sug-
gest declining sensitivities (Fig. 5j). Surviving and dying silver fir
and surviving subalpine fir show declining sensitivity to summer
temperature (Fig. 5k,l), as the positive effects of temperature
diminished over time. Surviving Scots pine, surviving Norway

Fig. 3 Complete hierarchical clustering
dendrogram using the mean, SD, and trend of
the four seasonal realized climate sensitivities
(RS). The cluster dendrogram shows four distinct
groups of species/status combinations (leaves)
that share similar growth–climate characteristics.
The arrangement of the branches reveals how
similar the RS of the leaves are to each other. The
distance (length) of the branches (horizontal
lines) shows how similar or different the RS of
leaves are from one another, with greater height
indicating larger differences.
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spruce, and dying Engelmann spruce (Fig. 3; Group 1) show
negative sensitivity to summer temperature coupled with a posi-
tive trend (Fig. 4j–l), which implies decreasing sensitivity over
time. Interestingly, drought-killed subalpine fir shows declining
climate sensitivity to most climate variables, except for winter
temperature, which shows an increasingly negative trend in sensi-
tivity; thus, sensitivity to winter temperature has been increasing
over time (Fig. 5d,l).

Geographical differences in trends

Although trends in growth–climate sensitivities (RS indices) were
detected in multiple species, often these trends were not signifi-
cantly different between surviving and dying trees of the same
species. However, there were more significant differences in the
trend of climate effects for surviving and dying trees in the arid
southwestern United States. For example, drought-killed and sur-
viving subalpine fir and Engelmann spruce trees had significantly
different trends for all four seasonal climate variables. The

average trend of RS to winter temperature, summer temperature,
and summer precipitation differed significantly between drought-
killed and surviving aspen trees. Additionally, subalpine fir,
Engelmann spruce, and aspen all have at least one RS trend that
differs in sign (i.e. positive/negative) between surviving and dying
trees. Dying aspen show a negative trend in RS to summer tem-
perature, indicating an exacerbating negative effect of summer
temperature, in contrast to the enhanced positive effects of sum-
mer temperature for surviving aspen. Interestingly, dying Engel-
mann spruce have a positive trend of RS to summer temperature,
indicating that the detrimental effects of summer temperature
have been diminishing over time, whereas surviving trees show
the opposite (a negative RS trend).

Discussion

Our study explored three hypotheses related to mechanisms
underlying growth–climate responses of drought-killed trees rela-
tive to those that survive. Relative to surviving trees, drought-

Fig. 4 Summary statistics of seasonal realized climate sensitivities (RS) for aspen, Engelmann spruce, Norway spruce, and Scots pine (Dendogram groups 1
and 2; Fig. 3). Summary statistics include posterior means and 95% central credible intervals (CIs) for the mean (a–d), SD (e–h), and temporal trend (i–l) in
the annual RS values, faceted by species and colored by status. Filled symbols denote mean, SD, and trends that are significantly different from zero, and
unfilled symbols represent those with 95% CI that cross zero (the gray vertical dashed line).
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killed trees either demonstrated highly variable growth–climate
responses over time (flashy), low climate sensitivity, or low
growth–climate variability (decoupled), or reductions in climate
sensitivity over time (declining). No single hypothesis could
describe the growth–climate patterns of drought-killed trees, as
dying trees exhibited varied growth patterns across species.
Drought-killed subalpine fir and Engelmann spruce exhibited
‘flashy’ growth in response to seasonal climate compared with
conspecific trees that survived, supporting H1. Conversely,
drought-killed Scots pine, Norway spruce, and aspen showed
more stable, less climate-sensitive growth than survivors, reflect-
ing ‘decoupling’ from climate, supporting H2. Moreover, silver
fir and red oak had similar responses to climate across
drought-surviving and drought-killed trees. Evidence of declining
temperature and precipitation sensitivity was detected for surviv-
ing and dying silver fir and red oak, supporting H3. Drought-
killed trees of many species also showed evidence of a decline in

climate sensitivities for at least one seasonal climate variable.
Interestingly, drought-killed trees of some species had positive
trends in their climate sensitivities, the opposite of H3, indicating
that these trees became more tightly coupled to climate over time.
These differences may be explained by species traits, forest types,
and region, where, for example, the time and severity of droughts
have been very different between the United States and Europe.
Integrating these multiple hypotheses together into a single fra-
mework provides an opportunity to understand the varied drivers
of drought mortality across species and regions.

Flashy growth (H1) is a risky, resource-acquisitive strategy

In this study, Engelmann spruce and subalpine fir trees were gen-
erally sampled near the southern edge of their ranges, in which
the risks and intensity of drought are likely the strongest (Sá-
nchez-Salguero et al., 2017; Anderegg et al., 2019). For these

Fig. 5 Summary statistics of seasonal realized climate sensitivities (RS) for aspen, red oak, silver fir, and subalpine fir (Dendrogram groups 3 and 4; Fig. 3).
Summary statistics include posterior means and 95% central credible intervals (CIs) for the mean (a–d), SD (e–h), and temporal trend (i–l) in the annual RS
values, faceted by species and colored by status. Filled symbols denote mean, SD, and trends that are significantly different from zero, and unfilled symbols
represent those with 95% CI that cross zero (the gray vertical dashed line).
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high-elevation sites, dying subalpine fir and Engelmann spruce
showed high variation in growth sensitivity to winter temperature
and precipitation. Bigler et al. (2007) showed that early-season
droughts from 1978 to 2002 were more detrimental to subalpine
fir and Engelmann spruce growth than late-season droughts,
likely due to heavy reliance on winter snowpack for growing sea-
son soil moisture. Warming winters can cause early snowmelt
and runoff, leaving less water available for bud burst and growth
early in the growing season. Their highly sensitive and variable
(flashy) growth strategy might be beneficial if trees are able to
quickly recover lost sapwood, leaf area, or fine roots after experi-
encing drought (Tomasella et al., 2017; Hesse et al., 2023). How-
ever, frequent and prolonged droughts may increase the risk of
hydraulic failure (Li et al., 2020).

Moreover, growth–climate responses that are highly flashy
could lead to structural overshoot (Zhang et al., 2021), poten-
tially making trees more vulnerable to drought impacts such as
mortality. An increase in biomass under favorable conditions due
to flashy growth responses may be challenging to sustain during
drought conditions, potentially resulting in cavitation or shed-
ding of branches and needles, which causes significant interann-
ual variability in growth (Nadal-Sala et al., 2021). Surviving
subalpine fir and Engelmann spruce trees displayed a more con-
servative strategy; these trees likely prioritized more energy-
intensive carbon tasks, such as repair and defense, over rapid
growth. While this conservative strategy may result in lower
growth, allocation of carbon toward defense rather than growth
could also reduce the risk of insect or pathogen attack, particu-
larly since drought conditions often coincide with biotic pressures
(Ogle et al., 2000; Kolb et al., 2019; Brienen et al., 2020).

Decoupling (H2) suggests persistent hydraulic failure and
carbon starvation

Unlike Engelmann spruce and subalpine fir, drought-killed
aspen, Norway spruce, and Scots pine trees exhibited a lower sen-
sitivity to climate relative to surviving trees. This pattern supports
H2 and suggests a struggle to meet needs for even minimal
growth (McDowell et al., 2022). Dying aspen were affected by
multiyear droughts from 2000 to 2008, coinciding with the
megadrought spanning 2000 to 2018 (Ireland et al., 2014; Wil-
liams et al., 2020). Consistent with previous aspen drought mor-
tality research, high summer temperatures are especially
detrimental to growth in dying trees (Anderegg et al., 2012),
whereas warmer conditions may have stimulated growth in sur-
viving trees. This reduced growth and lower climate sensitivity of
dying trees could result from a chronic imbalance in their carbon
status (e.g. associated with leaf or root dieback) and impaired
hydraulic conductance, related to loss of sapwood area over
time (Dickman et al., 2015; Pellizzari et al., 2016; Cailleret
et al., 2017; Trugman et al., 2018). Norway spruce trees experi-
enced one multiyear drought from 1999 to 2004, while some
Scots pine sites were affected by several droughts, including mul-
tiyear droughts, during the extended period between 1950 and
2005. Drought-killed Norway spruce and Scots pine trees were
less able to utilize summer precipitation than surviving trees

(Figs 4 and 5), again perhaps reflecting hydraulic limitations
associated with reduced leaf, sapwood, or root area, greater sensi-
tivity of stomatal conductance to atmospheric demand, or differ-
ences in rooting depths (Magnani et al., 2002; Jyske et al., 2010;
Martinez Del Castillo et al., 2024).

Dying Norway spruce trees in this study were found on rockier
and poorly drained, fine-grained soils compared with their sur-
viving counterparts, which may have limited their rooting area
and exposed their roots to drier conditions more frequently
(Mäkinen et al., 2001; Aakala et al., 2011). Additionally, com-
pared with other species in this study, Norway spruce trees were
sampled from a more central part of their geographic range
(Mäkinen et al., 2001; Aakala et al., 2011), where droughts were
less severe and less frequent. As a result, trees that occur in better
microsite conditions and have higher climate sensitivity may
recover from drought more effectively. The flashy responses to
climate may be less risky and more rewarding for these surviving
Norway spruce and Scots pine, as their locations had mean
annual precipitation (MAP) that was 1.5 to 2.5 times higher than
that of the sites sampled for Engelmann spruce and subalpine fir.

Declining sensitivity (H3) is not consistently related to
drought mortality

While ‘decline’ in vigor or climate sensitivity is a conceptually
attractive theory for tree mortality, we found that both drought-
surviving and drought-killed trees showed both decreasing
(‘declining’) and increasing (‘enhanced’) trends in climate sensi-
tivities for multiple seasonal climate variables. Dying subalpine
fir showed declining sensitivity to summer precipitation, summer
temperature, and winter precipitation, providing support for H3.
Unlike other species in this study, the subalpine fir and Engel-
mann spruce sites represented high-elevation communities in the
Colorado Rockies, USA. Recent climate warming in these forest–
alpine ecotones has resulted in compounding stressors, such as
dramatic changes in snow amount and duration (Siirila-
Woodburn et al., 2021), high biotic pressure (Lalande et al.,
2020), and unprecedented wildfire events (Higuera et al., 2021),
leading to decline (Perret et al., 2023). Consistent with some bor-
eal studies, we found positive trends in the effects of temperature
for some species (e.g. Scots pine, Norway spruce, and surviving
aspen), highlighting that trees in some sites may benefit from
additional warming (Wilmking et al., 2005; Martinez Del Cas-
tillo et al., 2024). However, negative trends (‘decline’) in sensitiv-
ity to summer temperature were found for dying and surviving
trees (e.g. silver fir and red oak), perhaps suggesting climate
change-associated pressures.

Tree responses to climate are also influenced by forest history
and disturbances such as fire or thinning (Marqués et al., 2022;
Rodman et al., 2024). In the Ozark and Ouachita Mountains in
Arkansas, USA, fire suppression has significantly contributed to a
decline in climate sensitivity for red oak associated with increased
competition (Soucy et al., 2005; Haavik et al., 2011). Our find-
ings indicate that both drought-surviving and drought-killed red
oak share similar climate sensitivities, steadily declining in their
sensitivities to summer temperature and winter precipitation.
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The cessation of fires has led to a marked shift in species estab-
lishment and forest succession, which formerly favored oaks in
early successional stages, but now shade-tolerant, fire-intolerant
species are favored (Soucy et al., 2005). Oaks have a relatively
high light requirement; therefore, as forests grew denser in the
absence of fire, competition for crucial resources, especially water
and light, intensified (Johnson et al., 2002). This increase in
competition pressure, combined with the stress of drought condi-
tions, likely resulted in a decline in growth and climate sensitivity
of red oak.

Likewise, surviving and dying silver fir trees had similar declin-
ing sensitivities to summer temperature. In the Spanish Pyrenees,
the observed decline of silver fir may be linked to historical log-
ging practices and drought stress driven by rising temperatures
(Camarero et al., 2011). Diameter-limit cutting was the domi-
nant timber harvesting method in this area, affecting primarily
fast-growing large trees and thereby allowing smaller, slower-
growing trees to persist (Camarero et al., 2017). While the reduc-
tion in competition postlogging may have led to temporary
increases in biomass, this surge in productivity ultimately proved
unsustainable under drought conditions, compromising the car-
bon balance of remaining trees and leading to a decline in their
climate sensitivities.

Negative trends in climate sensitivities were more frequently
observed for seasonal temperature effects than for seasonal precipi-
tation effects. This suggests that climate change will likely worsen
these negative trends. Additionally, we can expect to see more
abrupt changes in growth and possibly increased die-off among
trees in the southwestern United States. Trees from the southwes-
tern United States often exhibited divergent trends between
drought-killed and surviving trees. Conversely, European tree spe-
cies showed more consistent trends, with little difference between
drought-surviving and dying trees, indicating a greater synchrony
with climate. The intense and frequent historical drought events in
the arid southwestern United States have likely influenced growth–
climate responses. These trends imply that the effects of climate on
tree growth may be gradually evolving, and the significant intras-
pecific differences between drought-surviving and dying trees
could reflect important variations in phenotypic plasticity or high-
light instability in growth–climate relationships.

Conclusions and future directions

Integrating past studies, we propose a combined framework
(flashy-decoupled-declining) for assessing differences in growth
among dying and surviving trees, which may be useful for
species-specific prediction of future mortality risk. Using this fra-
mework, our study shows that climate sensitivity and its role in
drought mortality or survival reflect species-specific and region-
ally specific responses to the environment. Especially in areas
such as the southwestern United States, where aridity and
drought conditions are extreme and MAP is low, flashy or acqui-
sitive growth strategies can be risky during drought. However,
flashy responses to climate may be less risky and more rewarding
in areas of northern Europe with relatively higher MAP and
lower frequency and intensity of droughts, where climate

decoupling can lead to carbon starvation or persistent hydraulic
failure. A major finding is that most species had nonstationary
climate responses over time (e.g. Peltier & Ogle, 2020), but their
growth–climate relationships were inconsistently related to
drought-induced mortality. This may reflect ongoing risks of
future mortality, even in trees that survived the studies
synthesized here.

While the flashy-decoupled-declining framework captures key
statistical patterns in growth–climate relationships, future work
should more explicitly incorporate plant physiological traits to bet-
ter understand the mechanisms underlying mortality risk. Species-
and site-specific differences in hydraulic vulnerability, leaf area,
rooting depth, and carbon allocation strategies likely modulate how
trees respond to climate variability and drought stress. Integrating
trait data with climate sensitivity models or evaluating correlations
between climate sensitivities and traits may enable more predictive,
mechanistic assessments of drought mortality risk. This integrated
approach would be particularly valuable for forecasting future forest
composition under climate change, unifying both climatic drivers
and plant resilience strategies.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Scatter plots of predicted vs observed ring width in milli-
meters for drought-killed trees for the seven study species.

Fig. S2 Scatter plots of predicted vs observed ring width in milli-
meters for drought-surviving trees for the seven study species.

Fig. S3 Posterior estimates of the climate effects by status and
species.

Fig. S4 Realized climate sensitivities for drought-surviving and
drought-killed trees for Abies alba (silver fir) associated with each
seasonal climate variable: winter precipitation, winter tempera-
ture, summer precipitation, and summer temperature.

Fig. S5 Realized climate sensitivities for drought-surviving and
drought-killed trees for Abies lasiocarpa (subalpine fir) associated
with each seasonal climate variable: winter precipitation, winter
temperature, summer precipitation, and summer temperature.

Fig. S6 Realized climate sensitivities for drought-surviving and
drought-killed trees for Picea abies (Norway spruce) associated
with each seasonal climate variable: winter precipitation, winter
temperature, summer precipitation, and summer temperature.

Fig. S7 Realized climate sensitivities for drought-surviving and
drought-killed trees for Picea engelmannii (Engelmann spruce)
associated with each seasonal climate variable: winter precipita-
tion, winter temperature, summer precipitation, and summer
temperature.

Fig. S8 Realized climate sensitivities for drought-surviving and
drought-killed trees for Pinus sylvestris (Scots pine) associated
with each seasonal climate variable: winter precipitation, winter
temperature, summer precipitation, and summer temperature.

Fig. S9 Realized climate sensitivities for drought-surviving and
drought-killed (rust-colored lines and shading) trees for Populus
tremuloides (quaking aspen) associated with each seasonal climate
variable: winter precipitation, winter temperature, summer preci-
pitation, and summer temperature.

Fig. S10 Realized climate sensitivities for drought-surviving and
drought-killed trees for Quercus rubra (red oak) associated with
each seasonal climate variable: winter precipitation, winter tem-
perature, summer precipitation, and summer temperature.
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