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Abstract
Globally, combinations of drought andwarming are drivingwidespread treemortality and crown
dieback. Yet thresholds triggering either treemortality or crown dieback remain uncertain,
particularly with respect to two issues: (i) the degree towhich heat waves, as an acute stress, can trigger
mortality, and (ii) the degree towhich chronic historical drought can have legacy effects on these
processes. Using forest study sites in southwestern Australia that experienced dieback associatedwith
a short-termdrought with a heatwave (heatwave-compounded drought) in 2011 and span a gradient
in long-termprecipitation (LTP) change, we examined the potential for chronic historical drought to
amplify treemortality or crown dieback during a heatwave-compounded drought event for the
dominant overstory speciesEucalyptusmarginata andCorymbia calophylla.We showpronounced
legacy effects associatedwith chronically reduced LTP (1951–1980 versus 1981–2010) at the tree level
in both study species.When comparing areas experiencing 7.0% and 11.5%decline in LTP, the
probability of treemortality increased from low (<0.10) to high (>0.55) in both species, and
probability of crown dieback increased fromhigh (0.74) to nearly complete (0.96) inE.marginata.
Results frombeta regression analysis at the stand-level confirmed tree-level results, illustrating a
significant inverse relationship between LTP reduction and either treemortality (F=10.39,
P=0.0073) or dieback (F=54.72,P<0.0001). Ourfindings quantify chronic climate legacy effects
during awell-documented treemortality and crown dieback event that is specifically associatedwith
an heatwave-compounded drought. Our results highlight how insights into both acute heatwave-
compounded drought effects and chronic drought legacies need to be integrated into assessments of
howdrought andwarming together trigger broad-scale treemortality and crown dieback events.

Introduction

Compound climate events, including the combination
of drought and atmospheric warming, are recognized
as an important driver of widespread tree mortality
events worldwide (Breshears et al 2013, Mitchell
et al 2014, Allen et al 2015), and have implications for
tree species distributions, forest composition, struc-
ture, and functioning (Mathys et al 2016). Severe
droughts, with and without warming, have resulted in

several high-profile tree mortality events worldwide
(Allen et al 2010), highlighting the need to understand
the climate conditions and thresholds necessary to
trigger such events.

Climatological drought and warming events are
categorized in a variety of ways based on their dura-
tion, frequency, and intensity, and these have varying
effects on trees and forests (McDowell et al 2008,
Barbeta and Peñuelas 2016). Chronic water stress
commonly increases background mortality rates in
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tree populations (Pangle et al 2015, Berdanier and
Clark 2016), and incites tree decline (Bigler et al 2006),
especially when opportunistic pests and pathogens are
present (Hart et al 2014). In contrast, short-term dry-
ing and heating events, such as acute drought and heat
waves, cause severe acute water stress in trees, typified
by rapid loss of stem conductivity and leaf turgor
(Anderegg et al 2014, Bader et al 2014), leading to tree
crown dieback, tree mortality, and widespread forest
mortality in severe cases (Anderegg et al 2015). Of
particular interest, however, are the interacting and
compounded effects of chronic and acute drought and
heat events on trees and forests, since both climatic
averages and extreme events are predicted to change
for many areas of the world over the coming decades
(Collins et al 2013).

Under future climate scenarios, increasing average
atmospheric temperatures (chronic warming) are
expected to produce more intense, and more frequent
acute heatwave events (Meehl and Tebaldi 2004), and
are predicted to drive widespread tree mortality
(McDowell et al 2015). To date, most research has
focused on the effects of individual drought events on
tree mortality. More recently, the important interac-
tion between drought and heat has been identified as a
driver of forest change (Adams et al 2009, Breshears
et al 2013, Allen et al 2015). Efforts to distinguish
between different types of warming, including chronic
and acute warming, and their respective effects on
trees and forests, are largely missing from the litera-
ture. A steady increase in anthropogenic warming
(chronic warming) is now expected to amplify water
stress, even in the absence of significant changes to
precipitation, and lead to forest die-off (Williams
et al 2012, McDowell et al 2015). Research investigat-
ing the effects of heat waves (i.e. acute warming) on
trees is at its infancy. Heat waves have been shown to
negatively affect the growth of trees (Pichler andOber-
huber 2007), and have sometimes occurred con-
currently with observations tracking tree mortality
(Matusick et al 2012, Bader et al 2014, Mitchell
et al 2014). The resilience of trees to the primary and
secondary effects of heat waves is not well understood,
especially when combined with drought (Teskey
et al 2015).

Several studies have shown the combined effects of
chronic and acute drought conditions on trees, and
that the response of trees to an acute drought, is par-
tially determined by historical precipitation (Heres
et al 2014, Macalady and Bugmann 2014, Barbeta
et al 2015, Young et al 2017, Liu et al 2018). It remains
unclear, however, whether the magnitude of chronic
drought affects tree and forest responses to acute heat-
wave and drought events. Shifts in precipitation pat-
terns with climate change are likely to be highly
variable within a region, and therefore the magnitude
of chronic drought experienced by trees is likely to
vary. To examine the interactions between chronic
drought and acute heatwave-compounded drought on

trees, we used a series of forest sites that experienced
significant dieback triggered by a heatwave-com-
pounded drought event and fall across a gradient of
chronic drought in the Mediterranean-climate region
of southwestern Australia. This region has experi-
enced a significant reduction in precipitation in the
past 40 years and experienced an acute heatwave-com-
pounded drought event in 2011, making it an ideal
location for examining the effects of compounded for-
est stress. A variety of previous studies in the region
have examined sites affected and unaffected by
drought in order to determine which factors predis-
pose trees and forest patches to mortality and dieback
(Matusick et al 2012, Brouwers et al 2013, Matusick
et al 2013, and Challis et al 2016). Forest sites prone to
dieback during drought included those that are water-
shedding (Matusick et al 2012), at high landscape posi-
tions (Challis et al 2016), with shallow, rocky soils
close to rock outcrops, on steep slopes (Brouwers
et al 2013), and more densely stocked (Matusick
et al 2013). In this work, we use only areas that experi-
enced high mortality from drought to examine whe-
ther long-term drought and heat stress contributed to
canopy loss during the 2011 heatwave-compounded
drought event. Specifically, we sought to answer the
following questions: (1) does chronic drought exacer-
bate tree mortality (i.e. death of aboveground struc-
tures) and crown dieback (i.e. partial death of tree
crown) when triggered by an acute heatwave-com-
pounded drought event, and (2) how does heatwave-
triggered tree mortality and crown dieback vary along
a gradient of chronic drought?

Methods

The Mediterranean-type climate of southwestern
Australia is characterized by long, dry summer periods
followed by cool, wet winters, with nearly 80% of
rainfall occurring from April to October (southern
hemisphere autumn to spring) (Bates et al 2008). The
region has experienced a significant shift in annual
rainfall since the 1970s. The greatest precipitation
reduction has occurred during the winter months,
with winter declines ranging from 30% to 50% from
1969 to 2012 for most of the region (Indian Ocean
Climate Initiative 2012). Regional climate projections
for the southwest region show a continued, consistent
reduction in winter rainfall and overall warming over
the coming decades (Andrys et al 2017). In 2010,
southwestern Australia experienced its driest winter in
recorded history (42% below the long-term average,
Cai et al 2011), which was followed by the hottest year
on record in 2011, driven by a series of intense heat
waves (Bureau ofMeteorology 2012).

The study takes place on twenty study sites in the
Northern Jarrah Forest, southwestern Australia,
which were severely affected (>70% canopy dieback)
by heatwave-compounded drought in 2011 and
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randomly selected for field sampling (figure 1) from a
population of sites identified during an aerial survey in
May 2011 (∼three months following the onset of
damage) (seeMatusick et al 2013 for methods pertain-
ing to the aerial survey, site selection, and site delinea-
tion) (see supplemental material for detailed
description of the disturbance event is available online
at stacks.iop.org/ERL/13/095002/mmedia). Within
this severely affected forest, three points were ran-
domly selected on a 20 m×20 m grid using fGIS for-
estry cruise software (Wisconsin DNR-Division of
Forestry), and were used as centers of 6 m fixed radius
plots (0.011 ha). The network of study sites is con-
sidered a representative sample of drought-susceptible
forest, and sites are generally located at similar eleva-
tions, landscape positions, and have similar edaphic
properties (supplementalmaterial, table S1).

DuringMay/June 2011, each site and plot was vis-
ited and all trees greater than 1 cm diameter at breast
height (DBH) were identified to species level, and
measured for height and DBH using standard forestry
methods. Each tree was also categorized by its crown
condition into one of four classes, including healthy,
dying, recently killed, and long dead (see Matusick
et al 2013 for a more detailed description). Study sites
were re-measured in April 2015 (49 months following
the onset of damage) using identical methods to the
first survey with the exception that only trees greater
than 10 cm DBH in 2011 were re-identified, since
many of the smaller diameter stems affected by the
drought had fallen. Treemortality was defined as those

trees considered dead (no living tissue above 1.3 m) in
the second survey that were alive pre-drought. Crown
dieback was defined as those trees showing crown
effects in 2011 and having living foliage during the sec-
ond survey.

Potential climate predictors of tree mortality and
crown dieback were either extracted directly or
derived from the AustralianWater Availability Project
(AWAP), 5 km×5 km resolution gridded spatial
dataset, which was developed by interpolating histor-
ical empirical data from climate stations throughout
the Australian continent (Jones et al 2009, Raupach
et al 2009). The AWAP dataset includes daily max-
imum and minimum temperature, daily precipitation
available from the 1910s to present, and 0900 local
standard time daily vapor pressure, available from the
1970s to present. It is one of themost widely used grid-
ded observational climate products in Australia, and
has been used for numerous studies concerning heat
waves, drought (e.g. Gallant et al 2013, Lewis and
Karoly 2013), and the evaluation of regional climate
models (e.g. Andrys et al 2015, Kala et al 2015).

Potential climate predictors derived from the
AWAP dataset examined in this study included pre-
cipitation, average annual temperature, average aus-
tral summer temperature (December–February), the
12 month Standardized Precipitation Index (SPI)
(derived from daily precipitation), and the 12 month
Standardized Precipitation Evapotranspiration Index
(SPEI) (derived from daily precipitation and temper-
ature) (see supplemental material for additional

Figure 1. Study sites (black dots) located in a sub-regional hot-spot and distributed across a gradient of long-termprecipitation
change (1951–1980 versus 1981–2010) in theNorthern Jarrah Forest of southwestern Australia. Darker shades represent larger
long-termprecipitation reductions over the past 30 years (chronic drought). Grid cells are 5 km×5 km.
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details). The climate variables were selected to repre-
sent water supply (precipitation, SPI) and atmospheric
water demand (temperature, SPEI); the two drivers of
widespread tree mortality and crown dieback (Bre-
shears et al 2013). For each potential predictor variable
(e.g. precipitation, temperature, SPI, SPEI), long- and
short-term changes were calculated. The long-term
change for each predictor variable was defined as the
difference in the 30 year mean prior to, and following
1980 (1951–1980 versus 1981–2010) and placed on a
percent scale (see supplementalmaterial for rationale).
To represent the short-term climate conditions, the
proportional change in 2010 versus the long-term
average (1951–2010)was calculated for each predictor.

To assess which climate variables were suitable
predictors of tree mortality and crown dieback, we
performed analyses at both the tree- and stand (popu-
lation)-levels. Since a previous tree-level analysis, 16
months following the event, showed the two domi-
nant overstory species, E. marginata and C. calophylla
responded differently shortly following the 2011
heatwave-compounded drought event (Ruthrof
et al 2015), the species were analyzed separately for
tree-level analysis here. However, the species were
combined for stand-level analyses since (1) stand-level
results reported after 49 months showed that species
composition did not change (Matusick et al 2016), and
(2) C. calophylla represented <20% of the overstory
trees, andwas found on only∼60%of the plots (Matu-
sick et al 2013). At the tree-level, we assessed the ability
for independent variables (table 1) to predict treemor-
tality and tree crown dieback using amultilevel, binary
logistic regression modeling approach. Since the cli-
mate predictor variables included in the final logistic
models were predominately restricted to long-term
changes, the influence of short-term climate change
variables (the effect of 2010) on tree mortality and die-
back was examined separately using univariate binary

logistic models. At the stand-level, independent vari-
ables were assessed using beta regression analyses for
proportional data (see supplementary material for
additional statisticalmethods).

Results

Climate trends
A long-term reduction in precipitation since 1950 is
evident across the study sites in the Northern Jarrah
Forest, with the first, second, and third driest years on
record occurring in 2010, 2006, and 2015, respectively
(figure 2(a)). Corresponding with the drying trend, the
Northern Jarrah Forest has experienced a steady
decline in SPEI since 1950, including three of the four
lowest values being observed since 2010 (figure 2(b)).
In a shorter chronology (since 1972), the study sites
have also experienced an increase in VPD since 2009,
with the highest values occurring during the heat
waves of 2011 (figure 2(c)).

Tree-level
A total of 875 E. marginata andC. calophylla trees were
tracked over the study. From the hierarchical cluster
analysis, DBH (tree-level), DEN (plot-level), LTSPEI,
STST, and LTP (site-level) had the highest correlations
within and lowest correlations between clusters (table
S2). Each of the selected site-level variables was
independent from one another at P<0.05 from
subsequent correlation analyses and therefore were
eligible for inclusion in the logistic regression models
(table S3). Additionally, results of correlation analysis
of variables across measurement levels found each of
the variables of interest are independent of one
another (table S4).

Three hierarchical models (tree-level, tree-level+
plot-level, tree-level+plot-level+stand-level) were

Table 1. Independcent variables considered in logistic regressionmodels, including select summary statistics for 20 sites in theNorthern
Jarrah Forest of southwestern Australia experiencing treemortality and crown dieback triggered by a heatwave-compounded drought.

Variable Level Range Mean Median

Pre-drought diameter (DBH) (cm) Tree 10.0–105.1 22.0 17.0

Plot density (DEN) (trees ha−1) Plot 91–1273 636 636

Plot basal area (BA) (m2ha−1) Plot 6.0–154.6 37.2 31.6

LTa SPIb change (LTSPI) (%) Site −170.3 to−153.9 −162.7 −163.5

STc SPI change (STSPI) (%) Site −2502.2 to−4973.3 −3217.2 −3119.0

LT SPEId change (LTSPEI) (%) Site −160.9 to−148.4 −153.8 −153.3

ST SPEI change (STSPEI (%) Site −2729.9 to−1778.1 −2068.5 −2049.4

LTprecipitation change (LTP) (%) Site −10.9 to−7.2 −9.2 −9.7

ST precipitation change (STP) (%) Site −49.9 to−46.6 −48.5 −48.7

LT summer temperature change (LTST) (%) Site 0.1–0.5 0.8 0.8

ST summer temperature change (STST) (%) Site 5.3–5.7 5.6 5.5

LT annual temperature change (LTAT) (%) Site 2.6–3.2 2.9 2.9

ST annual temperature change (STAT) (%) Site 3.5–4.4 4.1 4.2

a Long-term change (1951–1980 versus 1981–2010).
b Standardized Precipitation Index.
c Short-term change (2010 versus 1951–2010).
d Standardized Precipitation Evapotranspiration Index.
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produced for each of the two dependent variables
(tree mortality and crown dieback) and tree species.
For species and dependent variables, the full model
(tree-level+plot-level+stand-level) was selected,
since each of the three nested models were sig-
nificantly different from one another fromChi-square
deviance tests (P<0.05).

Of the five predictor variables included in the
logistic models, long-term precipitation change
(LTP), representative of long-term drought and
chronic water stress, was the only one found to be
very significant at P<0.05 for E. marginata trees kil-
led (T=−3.15, P=0.0018) and those experiencing
dieback (T=−2.04, P=0.0424), and for C. calo-
phylla trees killed (T=−2.45, P=0.0189). How-
ever, this was not the case for C. calophylla
experiencing dieback (T=−1.35, P=0.1857). No
other variables included in the models significantly
explained trees killed or affected. Each of the final
models has adequate discrimination based on the
ROC area under the curve value (table S5). Addition-
ally, each model passed the Standard Pearson

goodness-of-fit test, which is a conservative good-
ness-of-fit test (Kuss 2001). The probability of tree
mortality increased with declining LTP (increasing
chronic water stress) in both species, and crown die-
back increased with declining LTP in E. marginata
(figure 3). High variability was observed with respect
to the mean proportion of E. marginata stems killed
and affected by dieback, and C. calophylla stems
experiencing dieback (figure 4). However, plot-level
trends match findings from the probabilities calcu-
lated at the tree-level. Pre-drought tree density
(DEN) was also moderately significant (P<0.1) for
C. calophylla trees killed (T=1.69, P=0.0981),
with a higher probability of mortality occurring on
denser plots (figure 5).

Results fromunivariate binary logisticmodels sug-
gests that the magnitude of the drought in 2010 (STP)
had limited influence on the pattern of mortality and
dieback observed 49 months post-drought in E. mar-
ginata and C. calophylla (table 2). The only short-term
climate predictor thatmay have contributed to pattern
explanation was the change in 2010 annual

Figure 2. Five year runningmean annual precipitation (cm) (a), 12 monthlymean SPEI (b), andmean annual summer vapor pressure
deficit (VPD) (c) (lines), and departure frommean (bars) from1951 to 2015 for precipitation and SPEI, and 1971 to 2015 for VPD for
20 study sites within theNorthern Jarrah Forest of southwestern Australia. Site-level climate data are from theAustralianWater
Availability Project (AWAP) gridded observations of daily precipitation,maximumandminimum temperature, and 0900 LST vapor
pressure, at a 5 km resolution, over theAustralian continent.
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temperature compared to the long-termmean (STAT)
for C. calophylla mortality and dieback, but not for E.
marginata. In this case,C. calophylla treemortality and
dieback increased with the magnitude of 2010 annual
temperature (figure 6).

Stand-level
From the beta regression, LTP was the only variable
included in themodel to contribute significantly to the
pattern of stand mortality (table 3). Stand mortality
increased with decreasing LTP (figure 7). Concerning
stand dieback, STST, and LTP were found significant
in the regression model (table 3). The proportion of
canopy experiencing dieback was inversely related to
LTP, and veryweakly related to STST (figure 8).

Discussion

Our findings provide evidence that chronic drought
conditions exacerbate tree mortality and crown die-
back during an acute heatwave-compounded drought.
A small but increasing list of studies are highlighting
the important link between temperature (atmospheric
moisture demand) and drought (water availability) on
tree health, with most studies focusing on tree
mortality occurring during drought with either no
warming or an increasing temperature trend (table 4).
However, climate change is also expected to cause
more frequent and intense heat waves, which have
largely not been considered in studies of tree mortality
under drought. One explanation is that, aside from

Figure 3.Observed and predicted probabilities for treemortality (a), (b), and crown dieback (c) in Eucalyptusmarginata (a), (c) and
Corymbia calophylla (b) following heatwave-compounded drought in 2011 in relation to long-termprecipitation change (%) in the
Northern Jarrah Forest of southwesternAustralia. Long-termprecipitation changewas found to be very significant (P<0.05) from
logistic regression analyses. Shaded areas represent the 95% confidence interval for the probability distribution.
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observations of rapid tree mortality associated with
temperature spikes in Australia (Mitchell et al 2014),
there has been limited evidence that heat waves have
contributed to mortality events on a large-scale to
date. In southwestern Australia, a heatwave-com-
pounded drought triggered loss of stem conductivity
and rapid tree mortality in multiple forest and wood-
land ecosystems (Matusick et al 2012, Matusick
et al 2013, Bader et al 2015, Challis et al 2016). This
current study uses observational data to document
chronic legacy effects during one of the best-

documented tree mortality events that was triggered,
in part, by a heatwave. Recently, Liu et al (2018)
documented similar amplifying effects of chronic
drought on tree mortality in a field experiment, where
multiple heatwave-compounded droughts impacted
their LTP exclusion experiment site. Collectively, these
studies highlight the important interacting effects of
chronic drought and acute heat events, both of which
are expected to increase in Mediterranean and other
climate regions in the coming decades (Andrys
et al 2017).

Figure 4.Mean proportion ofEucalyptusmarginata killed (a) and experiencing dieback (b), andCorymbia calophylla killed (c) in the
Northern Jarrah Forest of southwesternAustralia. Error bars represent the standard error of themean. Values in parentheses represent
themean number of stemsmeasured per plot.

7

Environ. Res. Lett. 13 (2018) 095002



A growing body of recent climatological studies
examining compound climate events have shown that
(1) extreme drought and heat events are correlated
worldwide, and (2) their dependence gets stronger
with increased atmospheric warming (Zcheischler and
Seneviratne 2017), (3) the frequency of heatwave-
compounded drought events are increasing (Maz-
diyasni and AghaKouchak 2015), and (4) climate
models predict heatwave-compounded drought
events to become common by 2050 in certain regions
(Sedlmeier et al 2018). Given these findings, even in
the absence of change to precipitation patterns, atmo-
spheric warming alone will drive more frequent and
severe heatwave-compounded drought events, with
significant impacts to trees ecosystems (Williams
et al 2012). All characteristics of heat waves, including
their magnitude, frequency, and duration are highly
sensitive to global warming (Horton et al 2016).
Therefore, it is very likely that forests will experience

additional future changes as concurrent heat waves
and droughts drive interacting acute and chronic stress
effects.

While studies highlighting the interacting effects
of drought and heat waves on forests are more recent,
the importance of climate legacy, including the pattern
of past drought, has been recognized as an important
factor regulating tree response to future drought
(Anderegg et al 2013, Anderegg et al 2015, Peltier
et al 2016). For example, experiments from a ground-
water dependent Mediterranean-type forest have
shown that isohydric species experience increased
crown defoliation and synergistic mortality effects
during acute drought if they have experienced chronic
drought (Barbeta et al 2015, Liu et al 2018). Retro-
spective dendrochronological studies have con-
sistently detected legacy impacts from drought on
subsequent growth and mortality patterns (Heres
et al 2014, Macalady and Bugmann 2014, Berdanier

Figure 5.Observed and predicted probability forCorymbia calophyllamortality following heatwave-compounded drought in 2011 in
relation to pre-drought tree density in theNorthern Jarrah Forest of southwestern Australia. Plot density was found to bemoderately
significant (P<0.1) from logistic regression analysis. Shaded areas represent the 95% confidence interval for the probability
distribution.

Table 2.Results fromunivariate binary logisticmodels examining the influence of short-term (2010 versus 1951–2010) climate change
predictors on patterns of E.marginata andC. calophyllamortality and dieback in theNorthern Jarrah Forest, southwesternAustralia.

Dependent variable Independent variable Estimate Standard error df T-value P-value

Eucalyptusmarginatamortality STAT 177.03 184.46 237 0.96 0.3382

STP 3.88 25.92 237 0.15 0.8810

STSPI −0.06 0.09 238 −0.67 0.5031

STSPEI −0.08 0.18 238 −0.46 0.6480

E.marginata dieback STAT 366.52 230.26 237 1.59 0.1128

STP 18.27 32.80 237 0.56 0.5779

STSPI 0.10 0.11 238 0.85 0.3944

STSPEI 0.22 0.22 238 0.97 0.3346

Corymbia calophyllamortality STAT 839.76 390.31 24 2.15 0.0417

STP 56.83 41.21 23 1.38 0.1812

STSPI 0.18 0.14 23 1.33 0.1968

STSPEI 0.32 0.30 24 1.06 0.2994

C. calophylla dieback STAT 901.68 339.98 24 2.65 0.0140

STP 4.13 37.85 23 0.11 0.9140

STSPI 0.23 0.14 23 1.6 0.1239

STSPEI 0.43 0.30 24 1.44 0.1637
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and Clark 2016). Observational field studies are also
showing that trees historically experiencing dryer
conditions experience higher mortality rates during
extreme drought (Anderegg et al 2013, Young
et al 2017). This study adds to the growing body of lit-
erature on the topic by highlighting the magnitude of
chronic drought as a significant factor at the land-
scape-scale. This factor may be particularly important
in regions where strong climate change gradients are
occurring, such as southwestern Australia, or regions
where a single ecosystem or forest type occurs across a
wide geographical area.

Although the climate legacy explanation is one
that seems representative in light of our analysis, there
are some possible alternative explanations for the pat-
terns of tree mortality and crown dieback reported in
this study. First, the response of highly resilient tree
species to disturbance may also be dictated by the
duration of stress events (van der Bolt et al 2018) and
the post-disturbance climate, which may have varied
across the sites. However, these climate factors were
not considered here since the primary objective was to
more broadly examine chronic and acute climate indi-
cators. Second, land-use and land management his-
tory may influence tree mortality and crown dieback
during heatwave-compounded drought. However,
generally there is limited detailed information at the
scale of our sites. In the absence of a comprehensive
understanding of site history, the contribution of
land-use and management history to forest effects
from drought remains unclear. In order to explore
these alternate explanations, and tomake broader gen-
eralizations about drought legacies, a greater number
of events and sites need to be examined.

Environmental stress periods leading to forest dis-
turbance, acting singly, or in combination (e.g. Miao
et al 2009), can reduce the resilience of ecosystems
(Buma and Wessman 2011) and are expected to push
ecosystems past critical tipping points in the future

Figure 6.Observed and predicted probability forCorymbia calophyllamortality (a) and dieback (b) following heatwave-compounded
drought in relation to short-term temperature change (2010 versus 1951–2010) in theNorthern Jarrah Forest, southwestern Australia.

Table 3.Results of beta regressionmodel examining the effects of
independent variables on stand-levelmortality and canopy dieback
patterns 49months following heatwave-compounded drought in
theNorthern Jarrah Forest, southwestern Australia.

Standmortality Canopy dieback

Independent

variable F-value P-value F-value P-value

DBH 2.61 0.1322 1.42 0.2552

DEN 0.14 0.7157 0.14 0.7108

LTP 10.39 0.0073 54.72 <0.0001

LTSPEI 3.35 0.0921 1.67 0.2192

STST 1.71 0.2150 14.33 0.0023
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(Laurance et al 2011, Reyer et al 2015). Ecosystems
may change most rapidly and profoundly in regions
experiencing compound events ormultiple stress peri-
ods, occurring concurrently, or in quick succession
(Allen et al 2015). In the Northern Jarrah Forest, and
elsewhere, the combination of drought and warming
has corresponded with beetle outbreaks (Seaton
et al 2015), forest fires (Gouveia et al 2016), and asso-
ciated widespread terrestrial carbon losses (Berner
et al 2017). Not only do these processes have an impact
on forest structure and functioning, but also the

potential to profoundly alter our future atmosphere
and climate (Zemp et al 2017).

Conclusions

This study highlights the important interacting effects
of chronic historical drought legacies and acute
heatwave-compounded drought on forest trees. Long-
term precipitation change was the most significant
climate predictor of tree mortality and crown dieback
triggered by an acute heatwave-compounded drought

Figure 7.The proportion ofEucalyptusmarginata andCorymbia calophylla trees (combined) that died on 20 study sites following the
2011 heatwave-compounded drought, increases with increasing long-term (1951–1980 versus 1981–2010) precipitation change in the
Northern Jarrah Forest of southwesternAustralia. Shaded areas represent 95% confidence interval of themean.

Figure 8.The proportion ofEucalyptusmarginata andCorymbia calophylla trees (combined) that experienced crown dieback on 20
study sites following the 2011 heatwave-compounded drought, increases with increasing long-term (1951–1980 versus 1981–2010)
precipitation change andweakly decreases with short-term (2010 versus 1951–2010) summer temperature change in theNorthern
Jarrah Forest of southwestern Australia. Shaded areas represent 95% confidence interval of themean.
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in the Northern Jarrah Forest. This study also illus-
trates a relationship between themagnitude of chronic
drought and tree mortality and crown dieback. Forest
experiencing a greater magnitude of chronic drought
had lower resistance (crown dieback) and resilience
(tree mortality) to the acute heatwave-compounded
drought than forest experiencing less severe chronic
drought. The relationships between interacting
chronic and acute drought stress periods and their
combined impacts on forests, such as those reported
here, will, firstly, need to be integrated into assess-
ments of how drought and warming together trigger
broad-scale tree mortality and crown dieback events,
and secondly, need to be incorporated into process-
based and empirical models to improve predictions of
how forest ecosystems will be altered with climate
change into the future.

Acknowledgments

This research was conducted as part of the Western
Australian State Centre of Excellence for Climate

Change Woodland and Forest Health. D D Breshears
was supported by a Sir Walter Murdoch Distinguished
Collaborator award from Murdoch University, the US
National Science Foundation (EF-1340649 and EF-
1550756), the Consortium for Arizona-Mexico Arid
Environments, and the Arizona Agriculture Experiment
Station.We thank theWestern Australia Department of
Parks andWildlife for providing permission to conduct
the work, P Biggs (CSIRO) andMRaupach (CSIRO) for
access to the Australian Water Availability Project
(AWAP) datasets, and C Marbus, S Seaton, T Paap
(Murdoch University), L Samuelson and J O’Donnell
(Auburn University) for technical support, field assis-
tance, and helpful comments on previous versions. The
authors have no conflict of interest.

ORCID iDs

GeorgeMatusick https://orcid.org/0000-0003-
3198-4113
KatinkaXRuthrof https://orcid.org/0000-0003-
2038-2264

Table 4. Selection of example observational, experimental, and review studies that investigate the interacting effects ofmultiple types of
warming as a catalyst for drought-induced treemortality or dieback resulting shortly following drought (current) or fromdrought legacy.

Warming Drought

Catalyst Current Legacy

Nonea Observational: Observational:

Allen andBreshears (1998) Anderegg et al (2013)
Macalady andBugmann (2014)
Anderegg et al (2015)
Berdanier andClark (2016)

Experimental: Experimental:

Plaut et al (2013) Anderegg et al (2013)
Pangle et al (2015)
Reviews:

Allen et al (2010)
Chronicb Observational: Observational:

Breshears et al (2005) Heres et al (2014)
Michaelian et al (2011) Peltier et al (2016)
Herguido et al (2016)
Experimental:

Adams et al (2009)
Duan et al (2014)
Duan et al (2015)
Reviews:

Allen et al (2010)
Allen et al (2015)

AcuteHeatwavec Observational: Observational:

Matusick et al (2013) This study

Bader et al (2014)
Mitchell et al (2014)
Experimental: Experimental:

Zhao et al (2013) Liu et al (2018)
Liu et al (2018)

a Minimal or no significant warming associatedwith drought.
b Long-termwarming trends combinedwith drought.
c Short-term extreme heat event.

11

Environ. Res. Lett. 13 (2018) 095002

https://orcid.org/0000-0003-3198-4113
https://orcid.org/0000-0003-3198-4113
https://orcid.org/0000-0003-3198-4113
https://orcid.org/0000-0003-3198-4113
https://orcid.org/0000-0003-3198-4113
https://orcid.org/0000-0003-2038-2264
https://orcid.org/0000-0003-2038-2264
https://orcid.org/0000-0003-2038-2264
https://orcid.org/0000-0003-2038-2264
https://orcid.org/0000-0003-2038-2264


References

Abbott I and LoneraganO1986Ecology of Jarrah (Eucalyptus
marginata) in theNorthern Jarrah Forest ofWestern Australia
(Perth:WesternAustralia Department of Conservation and
LandManagement) pp 1–118 I-XVI

AdamsHD,Guardiola-ClaramonteM, Barron-GaffordGA,
Villegas J C, BreshearsDD, ZouCB, Troch PA and
HuxmanTE 2009Temperature sensitivity of drought-
induced treemortality portends increased regional die-off
under global-change-type droughtProc. Natl Acad. Sci. 106
7063–6

AllenCD andBreshearsDD1998Drought-induced shift of a
forest-woodland ecotone: rapid landscape response to
climate variation Proc. Natl Acad. Sci. 95 14839–42

AllenCD, BreshearsDDandMcDowell NG2015On
underestimation of global vulnerability to treemortality and
forest die-off fromhotter drought in theAnthropocene
Ecosphere 6 1–55

AllenCD et al 2010A global overview of drought and heat-induced
treemortality reveals emerging climate change risks for
forests Forest Ecol.Manage. 259 660–84

Allison P 2014Measures offit for logistic regression Proc. SASGlobal
Forum 2014Conf.Paper 1485-2014

AndereggWRL, Anderegg LDL, Berry J A and FieldCB 2014 Loss
of whole-tree hydraulic conductance during severe drought
andmulti-year forest die-offOecologia 175 11–23

AndereggWRL, Flint A,HuangC-Y, Flint L, Berry J A, Davis FW,
Sperry J S and Field CB 2015Treemortality predicted from
drought-induced vascular damageNat. Geosci. 8 367–71

AndereggWRL, Plavcová L, Anderegg LDL,HackeUG,
Berry J A and Field CB 2013Drought’s legacy:multiyear
hydraulic deterioration underlies widespread aspen forest
die-off and portends increased future riskGlob. Change Biol.
19 1188–96

Anderson-Teixeira K J,Miller AD,Mohan J E,Hudiberg TW,
Duval BD andDeLucia EH 2013Altered dynamics of forest
recovery under a changing climateGlob. Change Biol. 19
2001–21

AndrewME, Ruthrof KX,MatusickG andHardyGE S J 2016
Spatial configuration of drought disturbance and forest gap
creation across environmental gradients PLoSOne 11
e0157154

Andrys J, Kala J and Lyons T J 2017Regional climate projections of
mean and extreme climate for the southwest ofWestern
Australia (1970–1999 compared to 2030–2059)Clim.Dyn. 48
1723–47

Andrys J, Lyons T J andKala J 2015Multi-decadal evaluation of
WRFdownscaling capabilities overWesternAustralia in
simulating rain-fall and temperature extremes J. Appl.
Meteorol. Climatol. 54 370–94

BaderMK-F et al 2014 Spatio-temporal water dynamics inmature
Banksiamenziesii trees during drought Physiologia Plantarum
152 301–15

Barbeta A,Mejía-ChangM,Ogaya R, Voltas J, DawsonTE and
Peñuelas J 2015The combined effects of a long-term
experimental drought and an extreme drought on the use of
plant-water sources in aMediterranean forestGlob. Change
Biol. 21 1213–25

Barbeta A and Peñuelas J 2016 Sequence of plant responses to
droughts of different timescales: lessons fromhold oak
(Quercus ilex) forestsPlant Ecol. Diversity 9 321–38

Bates B,Hope P, Ryan B, Smith I andCharles S 2008Key findings
from the Indian ocean climate initiative and their impact on
policy development inAustraliaClim. Change 89 339–54

Bennett AC,McDowell NG, AllenCGandAnderson-Teixeira K J
2015 Larger trees suffermost during drought in forests
worldwideNat. Plants 15139 1–5

Berdanier AB andClark J S 2016Multiyear drought-induced
morbidity preceding tree death in southeasternUS forests
Ecol. Appl. 26 17–23

Berner L T, LawBE,Meddens A JH andHicke J A 2017Tree
mortality fromfires, bark beetles, and timber harvest during a

hot and dry decade in thewesternUnited States (2003–2012)
Environ. Res. Lett. 12 065005

Bigler C, BräkerOU, BugmannH,DobbertinMandRigling A 2006
Drought as an incitingmortality factor in Scots pine stands of
Valais, Switzerland Ecosystems 9 330–43

BreshearsDD et al 2005Regional vegetation die-off in response to
global-change-type drought Proc. Nat. Acad. Sci. 102 15144–8

BreshearsDD,AdamsHD, EamusD,McDowell NG, LawD J,
Will R E,WilliamsAP andZouCB2013The critical
amplifying role of increasing atmosphericmoisture demand
on treemortality and associated regional die-off Frontiers
Plant Sci. 4 1–4

BrouwersN,MatusickG, Ruthrof KX, Lyons T andHardyG 2013
Landscape-scale assessment of tree crown dieback following
extreme drought and heat in aMediterranean eucalypt forest
ecosystem Landscape Ecol. 28 69–80

BrownAE, Zhang L,McMahanTA,WestemAWandVertessy RA
2005A review of paired catchment studies for determining
changes inwater yield resulting from alterations in vegetation
J. Hydrol. 310 28–61

BumaB andWessmanCA2011Disturbance interactions can
impact resiliencemechanisms of forestsEcosphere 2 1–13

Bureau ofMeteorology 2011Australia in February 2011. Product
code IDCKGCD1A00, AustralianGovernment Bureau of
Meteorology http://bom.gov.au/climate/current/month/
aus/archive/201102.summary.shtml

Bureau ofMeteorology 2012 Perth in 2011: hottest year on record
for PerthMetro. AustralianGovernment Bureau of
Meteorology http://bom.gov.au/climate/current/annual/
wa/archive/2011.perth.shtml

CaiW, vanRensch P, Borlace S andCowanT 2011Does the
SouthernAnnularMode contribute to the persistence of
multidecade-long drought over southwestWesternAustralia
Geophys. Res. Lett. 38 L14712

Challis A, Stevens J C,McGrathG andMiller B P 2016Plant and
environmental factors associatedwith drought-induced
mortality in two facultative phreatophytic treesPlant Soil 404
157–72

CollinsM et al 2013 Long-term climate change: projections,
commitments and irreversibilityClimate Change 2013: The
Physical Science Basis. Contribution ofWorkingGroup I to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change edT F Stocker et al (Cambridge: Cambridge
University Press)

D’AmatoAW,Bradford J B, Fraver S and Palik B J 2011 Forest
management formitigation and adaptation to climate
change: insights from long-term silviculture experiments
Forest Ecol.Manage. 262 803–16

Dell B, Bartle J R andTraceyWH1983Root occupation and root
channels of Jarrah Forest subsoilsAust. J. Bot. 31 615–27

DiffenbaughNS, SwainDL andToumaD2015Anthropogenic
warming has increased drought risk inCalifornia Proc. Natl
Acad. Sci. 112 3931–6

DuanH,DuursmaRA,HuangG, Smith RA,Choat B,
O’GradyAP andTissueDT 2014 Elevated [CO2] does not
ameliorate the negative effects of elevated temperature on
drought-inducedmortality inEucalyptus radiata seedlings
Plant, Cell Environ. 37 1598–613

DuanH,O’GradyAP,DuursmaRA,Choat B,HuangG, SmithRA,
Jiang Y andTissueDT2015Drought responses of two
gymnosperm species with contrasting stomatal regulation
strategies under elevated [CO2] and temperatureTree Physiol.
35 756–70

EneM, Leighton EA, BlueGL andBell B A 2014MultilevelModels
for Categorical DataUsing SAS® PROCGLIMMIX: The Basics
(Dallas: SASGlobal Forum)

Gallant A J E, ReederM J, Risbey J S andHennessy K J 2013The
characteristics of seasonal-scale droughts in Australia
1911–2009 Int. J. Climatol. 33 1658–72

Gouveia CM,Bistinas I, LiberatoMLR, Bastos A, KoutsiasN and
Trigo R 2016The outstanding synergy between drought,
heatwaves and fuel on the 2007 SouthernGreece exceptional
fire seasonAgric. ForestMeteorol. 218–219 135–45

12

Environ. Res. Lett. 13 (2018) 095002

https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.0901438106
https://doi.org/10.1073/pnas.95.25.14839
https://doi.org/10.1073/pnas.95.25.14839
https://doi.org/10.1073/pnas.95.25.14839
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1890/ES15-00203.1
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/10.1016/j.foreco.2009.09.001
https://doi.org/10.1007/s00442-013-2875-5
https://doi.org/10.1007/s00442-013-2875-5
https://doi.org/10.1007/s00442-013-2875-5
https://doi.org/10.1038/ngeo2400
https://doi.org/10.1038/ngeo2400
https://doi.org/10.1038/ngeo2400
https://doi.org/10.1111/gcb.12100
https://doi.org/10.1111/gcb.12100
https://doi.org/10.1111/gcb.12100
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1371/journal.pone.0157154
https://doi.org/10.1371/journal.pone.0157154
https://doi.org/10.1007/s00382-016-3169-5
https://doi.org/10.1007/s00382-016-3169-5
https://doi.org/10.1007/s00382-016-3169-5
https://doi.org/10.1007/s00382-016-3169-5
https://doi.org/10.1175/JAMC-D-14-0212.1
https://doi.org/10.1175/JAMC-D-14-0212.1
https://doi.org/10.1175/JAMC-D-14-0212.1
https://doi.org/10.1111/ppl.12170
https://doi.org/10.1111/ppl.12170
https://doi.org/10.1111/ppl.12170
https://doi.org/10.1111/gcb.12785
https://doi.org/10.1111/gcb.12785
https://doi.org/10.1111/gcb.12785
https://doi.org/10.1080/17550874.2016.1212288
https://doi.org/10.1080/17550874.2016.1212288
https://doi.org/10.1080/17550874.2016.1212288
https://doi.org/10.1007/s10584-007-9390-9
https://doi.org/10.1007/s10584-007-9390-9
https://doi.org/10.1007/s10584-007-9390-9
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1890/15-0274
https://doi.org/10.1890/15-0274
https://doi.org/10.1890/15-0274
https://doi.org/10.1088/1748-9326/aa6f94
https://doi.org/10.1007/s10021-005-0126-2
https://doi.org/10.1007/s10021-005-0126-2
https://doi.org/10.1007/s10021-005-0126-2
https://doi.org/10.3389/fpls.2013.00266
https://doi.org/10.3389/fpls.2013.00266
https://doi.org/10.3389/fpls.2013.00266
https://doi.org/10.1007/s10980-012-9815-3
https://doi.org/10.1007/s10980-012-9815-3
https://doi.org/10.1007/s10980-012-9815-3
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1890/ES11-00038.1
https://doi.org/10.1890/ES11-00038.1
https://doi.org/10.1890/ES11-00038.1
http://www.bom.gov.au/climate/current/month/aus/archive/201102.summary.shtml
http://www.bom.gov.au/climate/current/month/aus/archive/201102.summary.shtml
http://www.bom.gov.au/climate/current/annual/wa/archive/2011.perth.shtml
http://www.bom.gov.au/climate/current/annual/wa/archive/2011.perth.shtml
https://doi.org/10.1029/2011GL047943
https://doi.org/10.1007/s11104-016-2793-5
https://doi.org/10.1007/s11104-016-2793-5
https://doi.org/10.1007/s11104-016-2793-5
https://doi.org/10.1007/s11104-016-2793-5
https://doi.org/10.1016/j.foreco.2011.05.014
https://doi.org/10.1016/j.foreco.2011.05.014
https://doi.org/10.1016/j.foreco.2011.05.014
https://doi.org/10.1071/BT9830615
https://doi.org/10.1071/BT9830615
https://doi.org/10.1071/BT9830615
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1111/pce.12260
https://doi.org/10.1111/pce.12260
https://doi.org/10.1111/pce.12260
https://doi.org/10.1093/treephys/tpv047
https://doi.org/10.1093/treephys/tpv047
https://doi.org/10.1093/treephys/tpv047
https://doi.org/10.1002/joc.3540
https://doi.org/10.1002/joc.3540
https://doi.org/10.1002/joc.3540
https://doi.org/10.1016/j.agrformet.2015.11.023
https://doi.org/10.1016/j.agrformet.2015.11.023
https://doi.org/10.1016/j.agrformet.2015.11.023
https://doi.org/10.1016/j.agrformet.2015.11.023
https://doi.org/10.1016/j.agrformet.2015.11.023


Hart S J, VeblenTT, Eisenhart K S, Jarvis D andKulakowski D
2014Drought induces spruce beetle (Dendroctonus
rufipennis) outbreaks across northwesternColoradoEcology
95 930–9

Heres A-M, Camarero J J, López BC andMartínez-Vilalta J 2014
Declining hydraulic performances and low carbon
investments in tree rings predate Scots pine drought-induced
mortalityTrees 28 1737–50

Herguido E, Granda E, Benavides R,García-CervigónA I,
Camarero J J andValladares F 2016Contrasting growth and
mortality responses to climate warming of two species in a
continentalMediterranean ecosystem Forest Ecol.Manage.
363 149–58

HortonRM,Mankin J S, LeskC, Coffel E andRaymondC2016A
review of recent advanced in research on extreme heat events
Curr. Clim. Change Rep. 2 242–59

HosmerDWand Lemeshow S 1980Goodness offit tests for
multiple logistic regressionmodelCommun. Stat.-Theory
Methods 16 965–80

IndianOceanClimate Initiative 2012Western Australia’sWeather
andClimate: A Synthesis of IndianOceanClimate Initiative
Stage 3 Research (Australia: CSIRO andBoM)

JonesDA,WangWand Fawcett R 2009High-quality spatial climate
data-sets for AustraliaAust.Meteorol. Oceanographic J. 58
233–48

Kala J, Andrys J, Lyons T J, Foster I J and Evans B J 2015 Sensitivity of
WRF to driving data and physics options on a seasonal time-
scale for the southwest ofWesternAustraliaClim.Dyn. 44
633–59

KussO2001A SAS/IMLmacro for goodness-of-fit testing in
logistic regressionmodels with spadrse data 26th Annual SAS
Users Group Int. Conf.Paper 265-26

LauranceWF et al 2011The 10Australian ecosystemsmost
vulnerable to tipping pointsBiol. Conservation 144 1472–80

Lewis SC andKarolyD J 2013Anthropogenic contributions to
Australia’s record summer temperatures of 2013Geophys.
Res. Lett. 40 3705–9

Limousin J-M, Longepierre D,HucR andRambal S 2010Change in
hydraulic traits ofMediterraneanQuercus ilex subjected to
long-term throughfall exclusionTree Physiol. 30 1026–36

LindenmayerDB, LauranceWF and Franklin J F 2012Global
decline in large old trees Science 338 1305–6

LiuD,Ogaya R, Barbeta A, YangX and Peñuelas J 2018 Long-term
experimental drought combinedwith natural extremes
accelerate vegetation shift in aMediterranean holmoak forest
Environ. Exp. Bot. 151 1–11

MacaladyAK andBugmannH2014Growth-mortality
relaitonships in PiñonPine (Pinus edulis) during severe
droughts of the past century: shifting processes in space and
time PLoSOne 9 e92770

Mathys A S, CoopsNC andWaring RH2016An ecoregion
assessment of projected tree species vulnerabilities in western
NorthAmerica through the 21st centuryGlob. Change Biol.
23 920–32

MatusickG, Ruthrof KX, BrouwersNC,Dell B andHardyGE S J
2013 Sudden forest canopy collapse correspondingwith
extreme drought and heat in aMediterranean-type Eucalypt
forest in southwestern Australia Eur. J. Forest Res. 132
497–510

MatusickG, Ruthrof KX andHardyGE S J 2012Drought and heat
triggers sudden and severe dieback in a dominant
Mediterranean-type woodland speciesOpen J. Forestry 2
183–6

MatusickG, Ruthrof KX, Fontaine J B andHardyGE S J 2016
Eucalyptus forest shows low structural resistance and
resilience to climate change-type drought J. Vegetation Sci. 27
493–503

MazdiyasniO andAghaKouchakA 2015 Substantial increase in
concurrent droughts and heatwaves in theUnited StatesProc.
Natl Acad. Sci. 12 11484–9

McCullagh P 1985On the asymptotic distribution of Pearson’s
statistic in linear exponential-familymodels Int. Stat. Rev. 53
61–7

McDowell N andAllenCD2015Darcy’s law predicts widespread
forestmortality under climatewarmingNat. Clim. Change 5
669–72

McDowell N et al 2008Mechanisms of plant survival andmortality
during drought: why do some plants survive while others
succumb to drought?NewPhytologist 178 719–39

McDowell NG et al 2015Multi-scale predictions ofmassive conifer
mortality due to chronic temperature riseNat. Clim. Change
6 295–300

Meehl GA andTebaldi C 2004More intense,more frequent, and
longer lasting heat waves in the 21st century Science 305
994–7

Miao S, ZouCB andBreshearsDD2009Vegetation responses to
extreme hydrological events: sequencemattersAm.
Naturalist 173 113–8

MichaelianM,Hogg EH,Hall R J andArsenault E 2011Massive
mortality of aspen following severe drought along the
southern edge of theCanadian boreal forestGlob. Change
Biol. 17 2084–94

Mitchell P J, O’GradyAP,Hayes KR and Pinkard EA2014
Exposure of trees to drought-induced die-off is defined by a
common climatic threshold across different vegetation types
Ecol. Evol. 4 1088–101

OsiusG andRojekD1992Normal goodness-of-fit tests for
multinomialmodels with large degrees of freedom J. Am.
Stat. Assoc. 87 1145–52

PaapT, BrouwersNC, Burgess T andHardyG 2017 Importance of
climate, anthropogenic disturbance and pathogens
(Quambalaria coyrecup andPhytophthora spp.) onmarri
(Corymbia calophylla) tree health in southwestWestern
AustraliaAnn. Forest Sci. 74 62

Pangle R E, Limousin J-M, Plaut J A, Yepez EA,Hudson P J,
Boutz A L,GehresN, PockmanWTandMcDowell NG2015
Prolonged experimental drought reduces plant hydraulic
conductance and transpiration and increasesmortality in a
piñon-juniper woodland Ecol. Evol. 5 1618–38

PeltierDMP, FellM andOgle K 2016 Legacy effects of drought in
the southwesternUnited States: amulti-species synthesis
Ecol.Monogr. 86 312–26

Pichler P andOberhuberW2007Radial growth responses of
coniferous forest trees in an inner Alpine environment to
heat-wave in 2003 Forest Ecol.Manage. 242 688–99

Plaut J A,WadsworthWD, Pangle R, Yepez EA,McDowell NG and
PockmanWT2013Reduced transpiration response to
precipitation pulses precedesmortality in a piñon-juniper
woodland subject to prolonged droughtNewPhytologist 200
375–87

Poot P andVeneklaas E J 2013 Species distribution and crown
decline are associatedwith contrastingwater relations in four
common sympatric eucalypt species in southwestern
Australia Plant Soil 364 409–23

RaupachMR, Briggs P R,HaverdV, King EA, PagetM and
Trudinger CM2009Australianwater availability project
(AWAP): CSIROmarine and atmospheric research
component:final report for phase 3CAWCRTechnical Report
No. 013AustralianGovernment, Bureau ofMeteorology

Reyer CPO et al 2015 Forest resilience and tipping points at
different spatio-temporal scales: approaches and challenges
J. Ecol. 103 5–15

Ruthrof KX, Fontaine J,MatusickG, BreshearsD, LawD,
Powell S andHardyG 2016Howdrought-induced forest die-
off altersmicroclimate and increases fuel loadings and fire
potentials Int. J.Wildland Fire 25 819–30

Ruthrof KX,MatusickG andHardyG 2015 Early differential
responses of co-dominant canopy species to drought-
induced forest dieback inMediterranean southwestern
Australia Forests 6 2082–91

Seaton S,MatusickG, Ruthrof KX andHardyGE S J 2015Outbreak
ofPhoracantha semipunctata in response to severe drought in
aMediterranean Eucalyptus forest Forests 6 3868–81

Sedlmeier K, FeldmannH and Schädler G 2018Compound summer
temperature and precipitation extremes over center Europe
Theor. Appl. Climatol. 131 1493–501

13

Environ. Res. Lett. 13 (2018) 095002

https://doi.org/10.1890/13-0230.1
https://doi.org/10.1890/13-0230.1
https://doi.org/10.1890/13-0230.1
https://doi.org/10.1007/s00468-014-1081-3
https://doi.org/10.1007/s00468-014-1081-3
https://doi.org/10.1007/s00468-014-1081-3
https://doi.org/10.1016/j.foreco.2015.12.038
https://doi.org/10.1016/j.foreco.2015.12.038
https://doi.org/10.1016/j.foreco.2015.12.038
https://doi.org/10.1007/s40641-016-0042-x
https://doi.org/10.1007/s40641-016-0042-x
https://doi.org/10.1007/s40641-016-0042-x
https://doi.org/10.1080/03610928008827941
https://doi.org/10.1080/03610928008827941
https://doi.org/10.1080/03610928008827941
https://doi.org/10.22499/2.5804.003
https://doi.org/10.22499/2.5804.003
https://doi.org/10.22499/2.5804.003
https://doi.org/10.22499/2.5804.003
https://doi.org/10.1007/s00382-014-2160-2
https://doi.org/10.1007/s00382-014-2160-2
https://doi.org/10.1007/s00382-014-2160-2
https://doi.org/10.1007/s00382-014-2160-2
https://doi.org/10.1016/j.biocon.2011.01.016
https://doi.org/10.1016/j.biocon.2011.01.016
https://doi.org/10.1016/j.biocon.2011.01.016
https://doi.org/10.1002/grl.50673
https://doi.org/10.1002/grl.50673
https://doi.org/10.1002/grl.50673
https://doi.org/10.1093/treephys/tpq062
https://doi.org/10.1093/treephys/tpq062
https://doi.org/10.1093/treephys/tpq062
https://doi.org/10.1126/science.1231070
https://doi.org/10.1126/science.1231070
https://doi.org/10.1126/science.1231070
https://doi.org/10.1016/j.envexpbot.2018.02.008
https://doi.org/10.1016/j.envexpbot.2018.02.008
https://doi.org/10.1016/j.envexpbot.2018.02.008
https://doi.org/10.1371/journal.pone.0092770
https://doi.org/10.1111/gcb.13440
https://doi.org/10.1111/gcb.13440
https://doi.org/10.1111/gcb.13440
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.1007/s10342-013-0690-5
https://doi.org/10.4236/ojf.2012.24022
https://doi.org/10.4236/ojf.2012.24022
https://doi.org/10.4236/ojf.2012.24022
https://doi.org/10.4236/ojf.2012.24022
https://doi.org/10.1111/jvs.12378
https://doi.org/10.1111/jvs.12378
https://doi.org/10.1111/jvs.12378
https://doi.org/10.1111/jvs.12378
https://doi.org/10.1073/pnas.1422945112
https://doi.org/10.1073/pnas.1422945112
https://doi.org/10.1073/pnas.1422945112
https://doi.org/10.2307/1402880
https://doi.org/10.2307/1402880
https://doi.org/10.2307/1402880
https://doi.org/10.2307/1402880
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1038/nclimate2873
https://doi.org/10.1038/nclimate2873
https://doi.org/10.1038/nclimate2873
https://doi.org/10.1126/science.1098704
https://doi.org/10.1126/science.1098704
https://doi.org/10.1126/science.1098704
https://doi.org/10.1126/science.1098704
https://doi.org/10.1086/593307
https://doi.org/10.1086/593307
https://doi.org/10.1086/593307
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1002/ece3.1008
https://doi.org/10.1002/ece3.1008
https://doi.org/10.1002/ece3.1008
https://doi.org/10.1080/01621459.1992.10476271
https://doi.org/10.1080/01621459.1992.10476271
https://doi.org/10.1080/01621459.1992.10476271
https://doi.org/10.1007/s13595-017-0658-6
https://doi.org/10.1002/ece3.1422
https://doi.org/10.1002/ece3.1422
https://doi.org/10.1002/ece3.1422
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1016/j.foreco.2007.02.007
https://doi.org/10.1111/nph.12392
https://doi.org/10.1111/nph.12392
https://doi.org/10.1111/nph.12392
https://doi.org/10.1111/nph.12392
https://doi.org/10.1007/s11104-012-1452-8
https://doi.org/10.1007/s11104-012-1452-8
https://doi.org/10.1007/s11104-012-1452-8
https://doi.org/10.1111/1365-2745.12337
https://doi.org/10.1111/1365-2745.12337
https://doi.org/10.1111/1365-2745.12337
https://doi.org/10.1071/WF15028
https://doi.org/10.1071/WF15028
https://doi.org/10.1071/WF15028
https://doi.org/10.3390/f6062082
https://doi.org/10.3390/f6062082
https://doi.org/10.3390/f6062082
https://doi.org/10.3390/f6113868
https://doi.org/10.3390/f6113868
https://doi.org/10.3390/f6113868
https://doi.org/10.1007/s00704-017-2061-5
https://doi.org/10.1007/s00704-017-2061-5
https://doi.org/10.1007/s00704-017-2061-5


Sergent A-S, Rozenberg P andBrédaN 2014Douglas-fir is
vulnerable to exceptional and recurrent drought episodes and
recovers less well on less fertile sitesAnn. Forest Sci. 71
697–708

Smith S E,MendozaMG, ZúñigaG,HallbrookK,Hayes J L and
ByrneDN2013 Predicting the distribution of a novel bark
beetle and its pine hosts under future climate conditions
Agric. Forest Entomol. 15 212–26

Specht R L, RoeME andBoughtonVH1974Conservation ofmajor
plant communities in Australia and PapuaNewGuineaAust.
J. Bot. 4 (Suppl. 7) 667

Teskey R,Wertin T, Bauweraerts I, AmeyeM,McGuireMA and
SteppeK 2015Responses of tree species to heat waves and
extreme heat events Plant, Cell Environ. 38 1699–712

van der Bolt B, vanNes EH, Bathiany S, VollebregtME and
SchefferM2018Climate reddening increases the chance of
critical transitionsNat. Clim. Change 8 478–84

Vincente-Serrano SM,Beguería S and López-Moreno J I 2010A
multiscalar drought index sensitive to global warming: the
standardized precipitation evapotranspiration index J. Clim.
23 1696–718

WartonD I andHui FKC2011The arcsine in asinine: the analysis
of proportions in ecology Ecology 92 3–10

WilliamsAP, Seager R, Abatzoglou J T, Cool B I, Smerdon J E and
Cool ER 2015Contribution of anthropogenic warming to

California drought during 2012–2014Geophys. Res. Lett. 42
6819–28

WilliamsAP et al 2012Temperature as a potent driver of regional
forest drought stress and treemortalityNat. Clim. Change 3
292–7

WuH,HayesM J,WilhiteDA and SvobodaMD2005The effect of
the length of record on the standardized precipitation index
calculation Int. J. Climatol. 25 505–20

WuH, SvobodaMD,HayesM J,WilhiteDA andWen F 2007
Appropriate application of the standardized precipitation
index in arid locations and dry seasons Int. J. Climatol. 27
65–79

YoungD JN, Stevens J T, Earles JM,Moore J, Ellis A, Jirka A L and
Latimer AM2017 Long-term climate and competition
explain forestmortality patterns under extreme drought Ecol.
Lett. 20 78–86

Zcheischler J and Seneviratne S I 2017Dependence of drivers affects
risks associatedwith compound events Sci. Adv. 3 e1700263

ZempDC, Schleussner C-F, BarbosaHM J,HirotaM,Montade V,
SampaioG, Staal A,Wang-Erlandsson L andRammigA 2017
Self-amplified Amazon forest loss due to vegetation-
atmosphere feedbacksNature Comm. 8 14681

Zhao J, HatmannH, Trumbore S, ZieglerW andZhang Y 2013High
temperature causes negative whole-plant carbon balance
undermild droughtNewPhytologist 200 330–9

14

Environ. Res. Lett. 13 (2018) 095002

https://doi.org/10.1007/s13595-012-0220-5
https://doi.org/10.1007/s13595-012-0220-5
https://doi.org/10.1007/s13595-012-0220-5
https://doi.org/10.1007/s13595-012-0220-5
https://doi.org/10.1111/afe.12007
https://doi.org/10.1111/afe.12007
https://doi.org/10.1111/afe.12007
https://doi.org/10.1111/pce.12417
https://doi.org/10.1111/pce.12417
https://doi.org/10.1111/pce.12417
https://doi.org/10.1038/s41558-018-0160-7
https://doi.org/10.1038/s41558-018-0160-7
https://doi.org/10.1038/s41558-018-0160-7
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1002/2015GL064924
https://doi.org/10.1002/2015GL064924
https://doi.org/10.1002/2015GL064924
https://doi.org/10.1002/2015GL064924
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1002/joc.1142
https://doi.org/10.1002/joc.1142
https://doi.org/10.1002/joc.1142
https://doi.org/10.1002/joc.1371
https://doi.org/10.1002/joc.1371
https://doi.org/10.1002/joc.1371
https://doi.org/10.1002/joc.1371
https://doi.org/10.1111/ele.12711
https://doi.org/10.1111/ele.12711
https://doi.org/10.1111/ele.12711
https://doi.org/10.1126/sciadv.1700263
https://doi.org/10.1038/ncomms14681
https://doi.org/10.1111/nph.12400
https://doi.org/10.1111/nph.12400
https://doi.org/10.1111/nph.12400

	Introduction
	Methods
	Results
	Climate trends
	Tree-level
	Stand-level

	Discussion
	Conclusions
	Acknowledgments
	References



