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E C O L O G Y

Drought- and heat-induced mortality of conifer trees is 
explained by leaf and growth legacies
Frank J. Sterck1*†, Yanjun Song1,2*†, Lourens Poorter1

An increased frequency and severity of droughts and heat waves have resulted in increased tree mortality and 
forest dieback across the world, but underlying mechanisms are poorly understood. We used a common garden 
experiment with 20 conifer tree species to quantify mortality after three consecutive hot, dry summers and tested 
whether mortality could be explained by putative underlying mechanisms, such as stem hydraulics and legacies 
affected by leaf life span and stem growth responses to previous droughts. Mortality varied from 0 to 79% across 
species and was not affected by hydraulic traits. Mortality increased with species’ leaf life span probably because 
leaf damage caused crown dieback and contributed to carbon depletion and bark beetle damage. Mortality also 
increased with lower growth resilience, which may exacerbate the contribution of carbon depletion and bark bee-
tle sensitivity to tree mortality. Our study highlights how ecological legacies at different time scales can explain 
tree mortality in response to hot, dry periods and climate change.

INTRODUCTION
Across the globe, climate change has led to an increased frequency 
and severity of drought and heat waves (1) and increased plant 
drought and heat stress. This has resulted in a reduced crown-vitality 
(2), growth and survival of trees (3), and increased forest dieback 
over the past decades (4, 5). Such forest dieback may impair ecosys-
tem functioning and wood production, result in biodiversity loss, 
and turn forests from a carbon sink into a carbon source (6). The 
future of many forests is therefore at stake (7), yet, our ability to pre-
dict the forest’s future is limited since we poorly understand the fac-
tors that underlie drought- and heat wave–induced tree mortality (8, 
9). One reason for this is that tree mortality is a complex process 
since it involves mechanisms that operate at different scales in space 
[from cells to roots, stem, and leaves to whole plant (9)] and time 
[from short-term hydraulic failure to longer-term crown dieback fol-
lowed by tree death (10)] and it is difficult to integrate them (11). 
Here, we evaluate three hypotheses for drought- and heat wave–in-
duced tree mortality highlighting the implications of species differ-
ences in hydraulic traits, leaf traits, and growth resilience (Fig. 1). We 
test these hypotheses using a long-term comparative study where 
tree mortality, hydraulic traits, leaf traits, and stem growth responses 
to drought have been quantified for 20 coniferous tree species.

Drought-induced tree mortality has been attributed to three dif-
ferent, interacting, mechanisms (Fig. 1) (12): (i) hydraulic failure 
which occurs when conduits embolize (become air-filled) because 
hydraulic safety margins (HSM) cannot be maintained and lead to 
lethal effects of dehydration, including irreversibly damaged cells 
and meristem death leading to crown dieback and mortality (13); (ii) 
depletion of carbon reserve pools reducing metabolic functioning 
and investments in maintenance, defense (14), and/or embolism re-
pair (15); and (iii) pests that may kill trees weakened by carbon de-
pletion or hydraulic failure (12). Many factors potentially predispose 

such causes of tree death in complex, interactive ways and are poorly 
understood (11). Here, we present three non-mutually exclusive hy-
potheses about the possible roles of such predisposing factors, which 
represent physiological legacies potentially lasting from days, years, 
to decades.

First, the hydraulic safety hypothesis postulates that failure of the 
water transporting system leads to plant death. Droughts may lead to 
continued water loss via leaky leaf stomata, leaf cuticles, or stem bark 
(16) after stomata close (17), causing increasingly (negative) water 
potentials in the water-transporting wood. Beyond a critical thresh-
old, the tension resulting from negative water potentials may pull air 
bubbles (embolisms) into water transporting conduits, impair water 
transport, and lead to the desiccation of branches and leaves, causing 
crown dieback and eventually tree mortality (10, 18). Trees may 
avoid such hydraulic failure by maintaining wide HSMs, with HSM 
quantified as the difference between the lowest water potential (Pmin) 
experienced by branches or leaves and the water potential at which 
tree branches lose 50% hydraulic conductivity (P50). A recent meta-
analysis indicates that hydraulic failure may often precede drought-
induced mortality (19), although the predictive role of HSM or 
related hydraulic traits for tree mortality varies across forests [see, 
e.g., (20–22)].

Second, the leaf legacy hypothesis postulates that species with 
short-lived leaves are better able to replace drought- or heat-
damaged and shed leaves, and track changes in environmental con-
ditions (Fig. 1) (23). Severe droughts may cause dehydration and, in 
combination with heat waves, irreversible leaf tissue damage (Fig. 1) 
(24). Alternatively, trees may actively shed leaves, thus reducing wa-
ter loss and embolism risks, and maintaining a hydrated and func-
tional crown (8). Both leaf damage and shedding come at the cost of 
a loss of leaf biomass, nutrients, and photosynthetic leaf area and, 
hence, lead to a reduction in current and/or future carbon gain (25). 
Species with cheap short-lived leaves may rapidly replace their leaf 
population and track annual dynamics in environmental conditions 
(23). In contrast, species with long-lived leaves, which are usually 
more expensive, may less easily replace damaged or lost leaves be-
cause their crown contains multiple, accumulated leaf cohorts; each 
year only a relatively small number of leaves is produced and canopy 
turnover is therefore slow. As a result, they may recover more slowly 
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in leaf area and growth (26). We hypothesize that tree species with 
longer leaf life span (LLS) face higher mortality risks in response to 
hot, dry periods due to legacies of leaf damage or leaf loss by crown 
dieback. Yet, the potential implications of LLS in explaining tree 
mortality risks remain untested (27).

Third, the growth-legacy hypothesis postulates that previous 
growth resilience responses to drought express tree vigor and the 
ability of trees to survive future droughts (Fig. 1) (27). Trees are 
long-lived organisms that face multiple droughts during their life. In 
general, trees reduce growth during extreme dry years but rapidly 
recover growth after such dry years (28). Conifer trees may, howev-
er, show slow growth recovery and in turn low resilience, and those 
trees typically face higher mortality risks during future droughts 
than conspecific conifer trees with rapid growth recovery (27). 
Growth recovery may be particularly critical for conifers because 
they have less storage parenchyma and therefore relatively low levels 
of carbohydrate reserves in the wood compared to angiosperm trees 
(29). Conifers may therefore face a limited capacity to pay for the 
growth of new wood, thus limiting growth recovery after drought. 
The implications of growth resilience differences in explaining mor-
tality risks across different tree species remain so far untested.

We thus hypothesized that tree species differ in their mortality 
responses to drought and heat waves because of differences in hy-
draulic traits, LLS, and/or growth resilience. We predict that mortal-
ity risks will be higher for tree species with (i) narrower HSMs and/
or hydraulic traits indicating higher risks for embolism, (ii) higher 

LLS and associated leaf traits indicating high costs for leaf area re-
covery and reduced ability to track environmental dynamics, and 
(iii) lower growth resilience to droughts before the lethal drought. 
We use a conceptual framework (Fig. 1) to discuss the possible 
mechanisms driving the drought- and heat-induced tree mortality 
for each of the predictions separately and, after that, discuss the pos-
sible feedback loops and synergies between these different mecha-
nisms of drought- and/or heat-induced tree mortality.

We test our predictions for 20 conifer tree species that are grown 
in monospecific stands in a common garden experiment in Nether-
lands since at least 1970 (table S1). Such a common garden approach 
excludes confounding geographic effects of macroclimate and soils 
on species’ responses to drought. In the winter covering the transi-
tion between 2017 and 2018, we sampled the stem cores to quantify 
stem growth resilience responses using ring data, and in the sum-
mer of 2018, we measured the HSMs and related hydraulic traits, 
LLS, and associated leaf traits. The stem growth resilience responses 
include the growth reduction during dry years and recovery during 
follow-up years and were measured from stem growth responses to 
the dry summers between 1970 and 2018 (figs. S1 and S2) (26). To 
assess tree mortality, we took advantage of a natural experiment, in 
which the hot and dry summer of 2018 caused negative impacts on 
the growth and survival of trees across Central Europe (30). Tree 
mortality in the common garden experiment was probably triggered 
by the year 2018 (fig. S2) and possibly enforced by the summers of 
2019 and 2020, which were also drier than average summers (31). 

Fig. 1. A conceptual framework for explaining tree mortality. The framework shows how legacy effects of hydraulic safety margin (HSM; short term, days to weeks), 
leaf life span (LLS; intermediate term, months to years), and growth resilience (years to decades) may contribute to drought- and heat-induced tree mortality through 
underlying processes and their implications for the main mechanisms causing tree death. Arrows refer to expected negative (−) or positive (+) effects. Numbers refer to 
feedback loops between the hydraulic safety and leaf legacy hypotheses (1a to 1c), leaf legacy and growth legacy hypotheses (2a and 2b), and interdependencies among 
three main potential causes of tree death (3a to 3c). The predisposing factors are probably associated with other traits, with abbreviations mentioned between paren-
theses. Hydraulic traits include embolism resistance P50, which is the branch water potential causing 50% loss in water conductance after the spread of air bubbles 
(emboli); pit diameter aperture (DPA) (32); the minimum leaf water potential observed during a severe, dry period (Pmin); the turgor loss point (TLP; the water potential at 
which leaves lose their turgor). The HSM was calculated as Pmin − P50. Leaf traits associated with LLS include leaf dry matter content (LDMC; the leaf dry mass divided by 
the leaf fresh mass), specific leaf area (SLA; leaf area per leaf mass), and leaf tissue density (LTD; the leaf dry mass per unit fresh leaf volume). The growth resilience is de-
termined by the growth resistance (stem growth reduction during a drought year) and growth recovery after the drought year (see Material and Methods for measure-
ments and calculations).
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The conifer species were growing in monospecific stands. To quan-
tify tree mortality after these hot and/or dry summers, we counted 
in spring 2021 for each monospecific stand the number of dead trees 
relative to all dead and alive trees present. Since we did not have an 
a priori idea of this sequence of droughts and its implication for tree 
mortality, we had not monitored crown dynamics or carbon deple-
tion from 2018 to 2021 but speculated on their roles following our 
conceptual framework. Our study shows that tree mortality differ-
ences across conifer tree species following hot and dry summers 
were driven by species-specific leaf and growth legacies, and not by 
species-specific hydraulic traits.

RESULTS
Mortality risk was not related to hydraulic traits
Tree mortality following the hot and dry 2018 summer varied from 
0 to 79% across species and was not significantly related to HSM 
(Fig. 2A) and its underlying components, the twig embolism resis-
tance and minimum twig water potential (fig. S3, B and C). Mortal-
ity was neither related to other hydraulic traits such as pit aperture 
diameter—a key driver of embolism resistance in these species 
(32)—nor to turgor loss point (TLP; fig. S3). Trees maintained leaf 
water potentials at relatively high levels (species average, −1.84) 
within a relatively narrow range (−2.42 to −1.42 MPa) and their 
positive HSM values (species average, 2.24; range, 1.14 to 5.10 MPa) 
indicate that hydraulic failure was avoided during the extremely dry 
and hot summer of 2018.

High mortality risks for species with longer leaf life spans
Mortality risks increased nonlinearly with LLS and were especially 
higher for species with maximum LLS >5 years (r2 = 0.64; Fig. 2B), 
although Abies alba had a relatively low mortality (11%) compared 
to other species with such long LLSs. Other leaf traits showed no 
significant relationships with tree mortality (fig. S4 and table S2). 
LLS was positively correlated with leaf tissue density and tended 
to be negatively correlated with specific leaf area (SLA) (Pearson 
r = −0.42, P = 0.06, double-sided; table S2). Species coming from 
colder areas had longer LLSs as LLS was negatively correlated with 
mean annual temperature (Spearman’s correlation, r = −0.46) and 
the temperature of the warmest month (r = −0.64) in the area of 

origin (Table 1). Species coming from colder areas (MAT) with lower 
transpiration demands (PET) also showed higher mortality (Table 1).

Mortality risks increased with lower growth resilience
Our results show that mortality following the hot and dry summers 
decreased nonlinearly with the growth resilience to drought aver-
aged for the 6 dry years from 1986 to 2013 (r2 = 0.34; Fig. 2C and 
figs. S1 and S2). The mortality responses were more strongly related 
to growth recovery than growth resistance (fig. S5). In particular, 
species with incomplete growth resilience to previous droughts (i.e., 
<1) faced higher mortality risks (>30%; Fig. 2C).

Leaf and growth legacy effects enforce each other
A multiple regression model including effects of HSM, LLS, and 
growth resilience explained 84% of the mortality differences across 
species (Table 2), also when accounting for possible collinearity be-
tween growth resilience versus LLS (table S3). These results show 
that the effects of leaf and growth legacies were significant, additive, 
and enforced each other, while HSM did not have a significant effect.

DISCUSSION
Mortality risk was not related to hydraulic traits
This is a rather surprising result, as the main proxies of hydraulic fail-
ure, especially HSM and embolism resistance, are generally thought to 
contribute to species mortality in response to drought (19, 20). Even 
during the severest dry period in 2018, trees maintained relatively 
high leaf water potentials (species average, −1.84; range, −2.42 to 
−1.42 MPa) and their HSMs were therefore sufficiently positive and 
wide (species average, 2.24; range, 1.14 to 5.10 MPa) to avoid hydrau-
lic failure during that extremely dry and hot summer. These HSM val-
ues are in line with values reported for gymnosperms worldwide, and 
larger than those reported for angiosperm trees (usually <1 MPa) in 
different biomes (33).

Our dataset includes multiple Pinaceae and Cupressaceae spe-
cies. Pinaceae are known to be relatively sensitive to hydraulic fail-
ure (34) and the five species with the highest embolism vulnerability 
in our study (with relatively low HSM < 1.5) belonged to the Pina-
ceae (Pinus armandii, Pinus strobus, Pinus nigra, Larix kaempferi, 
and Pseudotsuga menziesii; fig. S6). Yet, these species survived the 

Fig. 2. Conifer tree mortality patterns. Conifer species comparisons for patterns of mortality in response to the 2018 drought year with (A) the HSM, (B) LLS, and (C) 
growth resilience (N = 20 species). For each of the three hypotheses (see Fig. 1), we show the trait that best explains the predicted mechanism driving tree mortality. For 
the other associated traits, see figs. S3 to S5. Species abbreviations are explained in table S1. The shown result for resilience included six droughts preceding the 2018 
drought year (from 1986 onward): The result for a longer time series of droughts (including 1975–1976 and 1982–1983) is presented in fig. S8 and was used in (26, 28) but 
did not include Abies veitchii and P. armandii for one or two of these early droughts.
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2018 drought probably because they could avoid embolisms in 
shoots (35). It is possible that hydraulic failure risks were mitigated 
by relatively wetter and cooler summer months compared to the 
original distribution areas of multiple species (fig. S7). Moreover, 
trees may have root systems adapted to dry soils since the sandy 
soils are easily drained and the deep soil water table (~10 m) is out 
of reach for tree roots. While such soil conditions could favor inter-
ruptions in the soil root water continuum of trees (36) thus cutting 
off the water supply and risking gradual dehydration (37), mini-
mum twig water potentials (measured during the drought/heat 
wave in 2018) and positive HSMs imply that trees avoided lethal 
embolism levels (13) by strong stomatal control during that dry 
summer. These results confirm that hydraulic traits can be weak pre-
dictors for tree mortality (22) [but see (20)] and imply that alterna-
tive traits and mechanisms are required for understanding variation 
in drought- and heat-induced tree mortality of gymnosperms.

High mortality risks for species with longer leaf life spans
Mortality risks increased rapidly and nonlinearly with LLS but were 
not significantly related to other leaf traits (fig. S4 and table S2), in-
dicating that especially leaf longevity modulates plant responses to 
drought. LLS showed a negative, near-significant correlation with 
SLA, which confirms that species with cheaper leaves (high SLA) 

tend to be better equipped for replacing leaves rapidly than species 
with more expensive leaves (low SLA). Yet, higher leaf area con-
struction costs (SLA) did not explain variation in tree mortality. Fol-
lowing the dry, hot periods, trees may have dropped leaves either 
triggered by direct damage [e.g., osmotic or photo-oxidative stresses 
that lead to cellular damage (38, 39)] or as an adaptive response that 
reduces water loss and contributes to maintaining hydraulic integ-
rity (8). Once leaves are damaged and/or lost, this may have stronger 
repercussions for species with long-lived leaves since they are con-
servative, grow slowly, and thus have limited ability to replace dam-
aged or lost leaves, but with a minor role for variation in leaf area 
costs (SLA). Tree species with long LLS may therefore face crown die-
back as observed for multiple species in 2020, reduced carbon re-
serves, and weakened defense against bark beetle attacks (Fig. 1) (40).

In our study, species with longer LLSs and high tree mortality 
rates came from colder areas with lower transpiration demands (Ta-
ble 1). Species with a long LLS may thus be adapted to a cold and 
short growing season (41) and maladapted to relatively high tem-
peratures and high transpiration demands in our study site (cross-
species correlations for mortality-​PET = −0.60, LLS-​PET = −0.63; 
Table 1). We speculate that such maladaptation intensified leaf dam-
age by, for example, persistent photochemical damage caused by the 
high temperatures (42), as encountered during the 2018 summer 

Table 1. Correlations between climate niches with mortality and traits across species. Spearman’s correlation coefficients associating the climate niches 
with mortality risks and functional traits across 20 conifer species studied in a common garden experiment in Netherlands. MAT and Tmax stand for the mean 
annual temperature and the maximum monthly temperature in the geographic distribution range of each species respectively; MAP and PRmin for the mean 
annual precipitation and minimum monthly rainfall respectively; and PET and PETmax for the mean potential evapotranspiration and maximum monthly 
potential evapotranspiration. Significant correlations [N = 20 (tree species), P < 0.05] are in bold. The climate distribution ranges of the species were obtained 
from the Global Biodiversity Information Facility GBIF: https://gbif.org/ [for details, see (28)].

Climate limits Mortality HSM Leaf life span Growth resilience

 MAT −0.45 −0.34 −0.46 0.28

 T max −0.65 −0.39 −0.64 0.31

 MAP −0.14 0.12 −0.01 −0.08

 PR min −0.10 0.21 0.13 −0.07

 PET −0.60 −0.56 −0.63 0.53

 PET max −0.37 −0.24 −0.35 0.50

Table 2. Explaining mortality from possible underlying traits. Test statistics (regression coefficients and probability values) of a multiple logistic regression 
model predicting the mortality risks from the HSM, LLS, and growth resilience (Resilience) across 20 conifer tree species. For visualizations of the logistic 
regression models per individual trait, see Fig. 2. When bark beetle presence (table S1) and alternatively Picea (as this genus seems highly sensitive to bark beetle 
attack in general) were added as factors, they did not significantly contribute to the observed variation and were therefore excluded from the shown analysis. 
Yet, bark beetle presence was associated with LLS and growth resilience, but not HSMs (fig. S9). Residuals did not deviate from normality (Shapiro’s W = 0.946, 
P = 0.31, N = 20). An alternative model was carried out to account for possible collinearity between growth resilience and LLS (table S3): It gave similar results, 
confirming the additive contributions of LLS and growth resilience.

Independent variables Intercept R2

 HSM  Leaf life span  Resilience

Coefficients −0.34 1.81 −1.24 −3.02 0.84

P values 0.70 <0.001 0.01 <0.001 <0.001
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(with temperatures >40°C, for drought; see fig. S2), which may have 
induced leaf shedding and reduced the functional leaf area (Fig. 1). 
Other studies also show that a combination of being close or beyond 
natural climate distribution limits and an extreme climate event can 
contribute to forest die-off (43). Our results imply that planting co-
nifer trees outside their original climatic envelope in areas that are—or 
will be—too warm or dry should therefore be avoided, considering 
the increased risks of heat waves and drought events with cli-
mate change.

Mortality risks increased with lower growth resilience to 
previous droughts
Our results show that tree mortality was lower for species with a 
greater growth resilience to dry years preceding 2018 (Fig. 2C and 
fig. S8) due to species differences in growth recovery rather than 
growth resistance (fig. S5). Another study showed that, within coni-
fer species, trees with a lower growth recovery to dry periods faced 
a higher mortality risk to severe future droughts and that mortality 
risks were more strongly related to drought recovery than to drought 
resistance (27). Poor growth recovery may result from the depletion 
of internal carbon reserves under extreme droughts (44), slowing 
down the regrowth of wood (45). In contrast, angiosperm trees may 
suffer less from carbon depletion (19) because they have more pa-
renchyma tissue to store carbon but vary more strongly in growth 
resistance and tend to recover more quickly after extreme dry years 
(27, 44). Overall, our results indicated that incomplete growth resil-
ience (<1) can act as an early signal for enhanced mortality risks 
under severe future drought, and our study shows that this works 
not only within species (27) but also across tree species.

Feedback loops and synergistic effects
The conceptual framework indicates that implications of species dif-
ferences in hydraulic traits, LLS, and associated leaf traits and growth 
resilience for tree mortality do not operate in isolation but may mu-
tually influence each other via feedback loops (Fig. 1). For example, 
leaf legacies may influence hydraulics via losses in functional leaf 
area (Fig. 1, arrow 1a), which was observed but not quantified in 
some tree populations facing tree mortality. Such leaf shedding, 
crown dieback, and reduced functional leaf area with lower transpi-
ration may hence lead to a smaller drop in leaf water potential and 
maintain wide HSMs (17). Such wide safety margins reduce the risks 
for embolization of conduits and hydraulic failure, which, in turn, 
reduce risks for carbon depletion (arrow 1b) and/or crown dieback 
(arrow 1c). From this perspective, leaf legacy effects may have re-
duced the role of hydraulic failure in driving mortality differences 
across the studied conifer species.

Leaf legacies may also influence growth legacies. Such leaf lega-
cies occur when leaf damage leads to crown dieback, which may 
reduce the growth recovery after drought events because of reduced 
photosynthetic leaf area (arrow 2a) which curtails photosynthetic 
capacity and contributes to carbon depletion, as little is being 
assimilated and stored (arrow 2b). Such feedback loops may ex-
plain the negative correlation between LLS and growth resilience 
(table S2) [confirmed by Song et al. (28)]. Nevertheless, LLS and 
growth resilience acted as additive predictors of tree mortality and 
the full model explained >80% of the variation in tree mortality 
(Table 2 and table S3). Overall, these results imply that both leaf and 
resilience legacies contributed to carbon depletion as a factor ex-
plaining the differences in mortality across conifer species.

The three major mechanisms underlying tree death (hydraulic 
failure, carbon depletion, and pests) also interact, and positive ar-
rows in the framework indicate that they may reinforce each other 
(Fig. 1) (12). For example, hydraulic failure may increase carbon 
depletion because of impaired water transport and assimilation 
rates (12) (arrow 3a), whereas carbon depletion may exacerbate hy-
draulic failure, as no energy is available to repair embolized con-
duits in for example small twigs (35) (arrow 1b). Yet, our study 
implies that such interdependency between hydraulic failure and 
carbon depletion cannot explain the mortality differences across 
the conifer species.

Alternatively, synergies may occur between carbon depletion 
and pest pressure (Fig. 1). On the one hand, carbon depletion may 
increase pest pressure (arrow 3b), as insufficient energy and carbon 
are available for defense against pests and pathogens. On the other 
hand, pest pressure may deplete carbohydrate pools as energy is 
needed for induced defenses (e.g., resin production) and tissue re-
pair (also arrow 3b) and may also affect the water transport system 
(arrow 3c). In our study, infestation of multiple species by bark bee-
tles (table S1) indicates that pests—probably in addition to carbon 
depletion—triggered tree mortality. Since carbon depletion was 
probably strongest for the species with long-lived leaves and low re-
silience, these species may be more vulnerable to bark beetles (Fig. 1, 
arrow 3b). Alternatively, tree species with long LLS come from colder 
areas (Table 1) and thus likely suffer less from bark beetle outbreaks 
in their natural distribution area. Such tree species from colder areas 
may be less protected and more vulnerable to bark beetle attacks, 
which could also contribute to carbon depletion (Fig. 1, arrow 3b). 
Bark beetles were observed on various species with long LLS and 
low resilience (all four Picea species; fig. S9), but not or only inci-
dentally for other species with long LLS and high tree mortality 
(Taxus cuspidata and three Abies species). Conversely, trees from 
species with shorter LLSs (all species with max. LLS (<5 years; 
Fig. 2B) survived the hot, dry summers, as they apparently maintain 
resource acquisition and defenses, reducing pest risks. From this, we 
speculate that both leaf and growth legacies contribute to carbon 
depletion and pest infestation and, in turn, to tree mortality, without 
evidence for a role of hydraulic safety risks.

Outlook
Because our study was carried out in a plantation trial with multiple 
exotic conifer species, it remains to be tested whether similar drivers 
and feedback loops operate for conifers within their natural distri-
bution range to which they are better adapted. Moreover, it remains 
to be tested whether and how these proposed legacy effects apply to 
angiosperm trees in forests where large species ranges in LLS occur. 
We could expect positive effects of long LLS on drought- and heat 
wave–induced mortality in, for example, tropical moist forests where 
long LLSs reflect adaptation to shade (46), not drought or heat. In 
such forests, evergreen tree species faced higher mortality after 
drought compared to deciduous species (47). In contrast to our coni-
fers, however, hydraulic limitations may also contribute to drought-
induced mortality in such tropical moist forests (48). For more arid 
forests, such as Mediterranean forests, dry tropical forests, and tropi-
cal savannahs, we expect leaf legacy effects to be smaller since long-
lived leaves are adapted to drought (49–52). In a tropical dry forest, 
HSMs—and not LLS—explained species differences in drought-
induced tree mortality (21, 49). In a dry tropical savannah in China 
(10), however, drought-induced crown dieback depended on both 
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HSMs and LLS. The relative roles of different factors and the cascad-
ing mechanisms contributing to drought-induced mortality (see 
Fig. 1) are thus context-dependent and differ across forests. We call 
for studies on tree mortality that integrate the leaf and growth lega-
cies with hydraulic traits to test the proposed hypotheses and their 
interdependencies for different forests and climatic regions. Such 
studies are required to unravel the importance of ecological memory 
at different time scales, increase our understanding of tree responses 
to climate change (23), and improve tree and forest model predic-
tions of tree mortality and forest dieback in response to extreme cli-
mate events (22, 53, 54).

MATERIALS AND METHODS
Experimental design
We measured trees in a common garden experiment situated in the 
Schovenhorst Estate in Putten, Netherlands (52.25°N, 5.63°E), ap-
proximately 30 m above sea level. This site is characterized by an av-
erage, annual mean temperature of ~10°C, and average annual 
rainfall of ~830 mm. Precipitation is quite evenly distributed across 
seasons. Soils are sandy, well-drained, acidic podzolic soils of low fer-
tility (55), with a water table at more than 10 m depth out of reach of 
tree roots (56). Between 1916 and 1974, conifer tree species from 
across the Northern Hemisphere were planted in small monospecific 
stands in a relatively small area with maximum distances between 
these stands <2 km (57) from one another, minimizing environmen-
tal variation across the species. Trees from the same species belonged 
to the same provenance, but unfortunately, information on prove-
nance was not collected in a consistent way or has been lost. In 2016, 
we selected 20 conifer species from this area with sufficient replicate 
dominant individuals within monospecific stands (18 to >130 indi-
viduals) of each species for this study (table S1). From these species, 
we sampled stem cores in November/December 2017 to quantify 
stem growth resilience, measured functional hydraulic and leaf traits 
from June to August 2018 and scored tree mortality in May 2021. All 
these attributes were measured for light-exposed canopy trees from 
the same stand, but not necessarily for the same individuals. Hence, 
we used a species-based approach in which growth and trait values 
were averaged per species. We do not consider therefore how intra-
specific trait variation may have contributed to intraspecific variation 
in mortality.

To quantify the growth resilience and its components (resistance 
and recovery) per species, we selected 10 individuals per species with 
crowns fully exposed in the upper canopy. These trees had an average 
stem diameter at breast height (1.3 m above soil surface) of 35.8 cm, 
ranging from 14.8 to 76.9 cm across species (table S1). Both stem 
diameter and tree age did not significantly contribute to explaining 
tree mortality differences across species (see fig. S10), and we con-
sider their possible confounding effect on trait effects measured infe-
rior (Fig. 1). We sampled two stem cores at stem breast height and at 
perpendicular position across the stem in November and December 
2017 and measured tree ring widths (at 0.01-mm precision) as prox-
ies for annual stem growth from 1974 until 2018 (58). Tree ring time 
series were cross-dated to assign a calendar year to each ring using 
CooRecorder, CDendro, and WinTSAP (v. 9.0, Cybis Electronik and 
Data AB, Rinntech). Cross-dating was done by first matching the 
ring-width patterns of individual trees, and then different trees of 
the same species. The resilience indices were calculated using the 
R “pointRes” package (59, 60), with resistance = TRWt/TRWt−2; 

recovery = TRWt+2/TRWt; and resilience = TRWt+2/TRWt−2, where 
TRWt is the tree ring width at the drought year t, TRWt−2 is the aver-
age tree ring of the 2 years before the drought year, and TRWt+2 the 
average ring width of the two years after the drought year t. Resil-
ience indices were calculated on the basis of tree ring width (TRW) 
rather than a detrended ring index because different detrending 
methods can produce different values (26, 61) and because possible 
tree age or size effects on stem growth are small in the time window 
of 5 years as used for our growth resilience analysis. We identified 11 
dry summers between 1974 and 2018 based on two criteria after cal-
culating the standardized precipitation evapotranspiration index (in 
short SPEI), which reflects the water balance, for each summer. SPEI 
was calculated for each month as the precipitation minus the poten-
tial evapotranspiration (PET) summed over four consecutive summer 
months (June 1 to September 30) and standardized with a probability 
function (62, 63). We classified a year as dry if SPEI <−1, resulting in 
11 dry years between 1970 and 2018 (when excluding 2018; fig. S1). 
Two years (1983 and 1995) were excluded since they did not show a 
negative cumulative water deficit whereas the other 9 years (1975, 
1976, 1982, 1986, 1989, 1996, 2003, 2006, and 2013) did (fig. S2) [for 
details (26)]. The calculation for the resilience indices during 2 con-
secutive drought years was based on the resistance in the focal year 
and the growth during 2 years preceding the first drought year and 
2 years following the second drought year, to thus exclusively focus 
on the effects of the drought year of interest (26). For our analyses, we 
averaged the resistance and recovery values per species, and from 
those averaged growth resistance and growth recovery estimates, we 
calculated growth resilience per species. Growth resilience responses 
are shown for the six droughts from 1986 to 2013 covering responses 
of all 20 species.

For the measurements of functional plant traits in the summer of 
2018, we selected five to six fully exposed trees per species for sam-
pling >1-m-long branches from the same tree populations. We sam-
pled branches from a relatively exposed position at around 6-m 
height, using a telescopic pole (28). From these branch samples, we 
quantified hydraulic traits including pit diameter aperture (DPA) and 
multiple other pit traits (32), as well as twig embolism resistance 
(P50), turgor loss point TLP, minimum leaf water potential (Pmin), 
predawn leaf water potential (Ppre), and calculated HSMs (HSM = Pmin 
− P50) (28). We measured P50 with the standard CAVITRON method 
(32, 64) and we estimated Pmin from the twig water potentials mea-
sured between 12:30 and 15:30 from 18 to 25 July and 14 to 19 Au-
gust, thus including the driest month (July) of 2018 (fig. S2). Pmin (as 
well as Ppre, measured before dawn on the same days) was measured 
for six leaves per species, each leaf measured on a different day. For 
Pmin, the lowest values were observed in July, corresponding with the 
greatest water deficits observed in 2018, and those lowest values were 
selected as the species-specific Pmin. LLS was estimated by selecting 
the branch stem segment supporting the most proximal, oldest, nee-
dle, and the number of annual rings in the cross section of that seg-
ment was counted since it indicates the maximum needle age in years 
on the branch. Maximum needle ages were then averaged across all 
sampled branches to get a proxy for LLS per species. The SLA, LTD, 
and leaf dry matter content (LDMC) were measured on random sam-
ples taken from the five to six harvested branches per species, which 
were pooled and from which 100 needles were selected. From this 
sample, fresh mass (MF) was weighted and fresh volume (VF) was 
determined with the water displacement method. Needles were 
scanned to estimate their area (AF) using ImageJ v. 1.52a and then 
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dried at 75°C for 72 hours for dry weight (MD). From this, leaf traits 
were calculated as follows: SLA = AF/MD, LDMC = MD/MF, and 
LTD = MD/VF. For details on the measurements, see (28).

In May 2021, we quantified the mortality rates of all tree species 
by an inventory of the number of trees in all plots where we selected 
our trees for this study. We had the number of live trees in the se-
lected stands for all species before our functional trait measurement 
campaign in the summer of 2018. The same trees were counted 
again and scored as dead (without any leaves left) or alive in May 
2021. From these counts, we estimated the mortality risks from the 
ratio of the number of dead trees (in 2021) to the number of alive 
trees (in 2018), i.e., the fraction of trees that died over the 2 to 3 years 
following the extremely dry and hot summer of 2018 and subse-
quent summers of 2019 and 2020, which were also drier than aver-
age summers (31). Such prolonged mortality responses to a lethal 
drought and heat year like 2018 over multiple years agree with other 
studies showing mortality responses protracted over months or years 
after peak drought intensity (65).

Statistical analysis
To explore how functional traits, resilience indices, tree size, or age 
affect tree mortality, we used logistic regression {Y  =  e(ax+b)/
[1 + e(ax+b)]} using species as replicates (N = 20), where x indicates 
species-level resilience indices or trait values, and Y indicates 
species-level tree mortality data. Similarly, multiple logistic regres-
sion was used to determine how the three hypothesized predictors 
(HSM, LLS, growth resilience) jointly explained tree mortality 
across tree species (N = 20), with values standardized to compare 
coefficients by subtracting the mean and dividing it by the stan-
dard deviation. All analyses were performed on the species level 
using the R version (v.4.1.2) (66).

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Tables S1 to S3
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