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Abstract Tree resistance to extreme droughts and post-drought recovery are sensitive to the drought
timing. However, how the bioclimatic sensitivity of tree growth may vary with the timing and order of

extreme droughts and wetness is still poorly understood. Here, we quantified the bioclimatic sensitivity of

tree growth in the period of 1951-2013 under different seasonal extreme drought/wetness regimes over the
extra-tropical Northern Hemisphere, using 1,032 tree ring chronologies from 121 gymnosperm and angiosperm
species. We found a negative asymmetry in tree growth under regimes with seasonal extreme droughts. With
extreme drought, tree growth in arid and temperate dry regions is more negatively impacted by pre-growing-
season (PGS) extreme droughts. Clade-wise, angiosperms are more sensitive to PGS water availability, and
gymnosperms to legacy effects of the preceding tree growth conditions in temperate dry and humid regions.
Our finding of divergent bioclimatic legacy effects underscores contrasting trends in forest responses to drought
across different ecoregions and functional groups in a more extreme climate.

Plain Language Summary The occurrence patterns of seasonal extreme drought and wetness
events are dramatically shifting with climate warming. However, how will different seasonal extreme

climate regimes affect the bioclimatic sensitivity of tree growth remains poorly understood. In this study,

we investigated the sensitivity of tree growth to different seasonal climate factors and preceding tree growth
conditions during 1951-2013 under different seasonal extreme drought/wetness regimes, using 1,032 tree

ring chronologies covering 121 gymnosperm and angiosperm species. We found the magnitude in tree growth
reduction caused by seasonal extreme drought events is much larger than that in tree growth stimulation by
seasonal extreme wetness events in arid and temperate regions. Tree growth in arid and temperate dry regions is
more negatively impacted by extreme drought events in pre-growing-seasons (PGSs) than in growing-seasons.
We further found that angiosperms are more sensitive to PGS water availability, while gymnosperms are more
sensitive to legacy effects of the preceding tree growth conditions in temperate dry and humid regions. These
findings highlight divergent bioclimatic legacy effects on tree growth under different seasonal extreme climate
regimes, and provide valuable insights into the future trajectories of forest growth across diverse ecoregions and
functional groups in a more extreme climate.
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1. Introduction

Forests play a crucial and unique role in land carbon uptake and storage, and may have a large climate mitigation
potential (Anderegg, Trugman, Badgley, Anderson, et al., 2020; Bastin et al., 2019; Doelman et al., 2020; N.
L. Harris et al., 2021; Pan et al., 2011; Reichstein et al., 2013). Forests can, however, be threatened by severe
droughts and other extreme climate events (Anderegg, Trugman, Badgley, Anderson, et al., 2020; Anderegg,
Trugman, Badgley, Konings, et al., 2020; Breshears et al., 2005; Brodribb et al., 2020; Reichstein et al., 2013).
Growing evidence shows that forests in many regions are increasingly susceptible to intensified climate extremes,
and their complex interactions with disturbances such as insect outbreaks and fires (Allen et al., 2015; Anderegg,
Hicke, et al., 2015; Anderegg, Trugman, Badgley, Konings, et al., 2020; Forzieri et al., 2021; Frank et al., 2015).
This is exemplified by recent widespread forest dieback episodes, growth decline, and tree mortality triggered
primarily by droughts accompanied with increasing temperature (Allen et al., 2010, 2015; Liu et al., 2013; van
Mantgem et al., 2009; P. Zhang et al., 2020).

Several studies have assessed drought-induced tree growth decline and mortality (Allen et al., 2015; Anderegg,
Hicke, et al., 2015; Bauman et al., 2022; Liang et al., 2016; Liu et al., 2013), forest resistance (ability to tolerate
the drought impacts) and resilience (post-drought recovery rate) to drought (Bose et al., 2020; Gazol et al., 2018;
Li et al., 2020), and their underlying physiological mechanisms (Brodribb et al., 2020; Choat et al., 2018).
Extreme droughts often exert long-lasting legacy effects preventing or delaying growth recovery even when
climatic droughts are over (Anderegg, Schwalm, et al., 2015; Wu, Liu, et al., 2018), suggesting the importance of
both drought severity and post-drought bioclimatic features for understanding drought resistance and resilience.
Most research, however, focused on documenting the effects of extreme drought during the growing-season
(GS); and we know little about the impacts of extreme drought events that occur in different seasons, the impacts
of a sequence of droughts, and recovery during follow-up wetness episodes (Hartmann et al., 2018; Lemoine
et al., 2018; Peltier & Ogle, 2019). For example, when drought and wetness anomalies occur as a sequence,
wetness pulses during the GS may re-stimulate tree growth and partially alleviate adverse impacts of previous
extreme droughts (Jiang et al., 2019; Li et al., 2022). Such compensatory effects of seasonal wetness events on
tree growth have been overlooked in quantifying the bioclimatic sensitivity of tree growth.

The impacts of extreme droughts on tree growth are multidimensional, given the diverse characteristics
of drought events (timing, severity, frequency, and duration) (Huang et al., 2018; Szejner et al., 2020). The
effects of drought severity on tree growth and health were analyzed in diverse ecoregions (Anderegg, Schwalm,
et al., 2015; Anderegg, Trugman, Badgley, Konings, et al., 2020; DeSoto et al., 2020; Kannenberg et al., 2019).
By contrast, the effect of the timing of extreme drought has been less studied (Caldeira, 2019; D'Orangeville
et al., 2018; Forner et al., 2018; Gao et al., 2018; Huang et al., 2018; Kannenberg et al., 2019). The seasonal
nature of stem radial growth (which is species dependent) over middle and high latitudes of the Northern
Hemisphere (NH) implies that hydroclimatic seasonality should determine the bioclimatic sensitivity of forest
growth (D'Orangeville et al., 2018). In wet regions, longer drought recoveries were observed when extreme
drought occurred in the late GS (Kannenberg et al., 2019). Oppositely, in drier regions, longer recoveries were
observed when extreme drought occurred during the early GS (D'Orangeville et al., 2018; Gao et al., 2018;
Huang et al., 2018). Those differences in response may further depend on edaphic and biophysiological factors
(Kannenberg et al., 2019; Xu et al., 2021). Recent studies revealed that tree growth may be more sensitive to
drought timing than to drought intensity in dry Mediterranean areas (Forner et al., 2018) and wet Eastern North
America (D'Orangeville et al., 2018).

In addition to the impact of drought timing, post-drought effects also vary among ecoregions and tree species.
For instance, gymnosperms and angiosperms exhibit different bioclimatic sensitivities explained by differences
in ecophysiological traits (Li et al., 2020). Gymnosperms are commonly characterized by conservative water
use adaptations, with more negative Py, (xylem water potential at 50% loss of hydraulic conductivity), higher
wood density, and wider hydraulic safety margin (Choat et al., 2012, 2018; Li et al., 2020). This trait spectrum
would make gymnosperms more resistant and less vulnerable to drought-induced xylem cavitation. By contrast,
angiosperms have riskier embolism-tolerance strategies with higher Py, and narrower hydraulic safety margin,
but may have a greater capacity to reverse hydraulic dysfunction and embolism (Choat et al., 2012). In addition,
gymnosperms seemingly have stronger capacity to adaptively sustain soluble sugar concentrations in leaves and
stems under extreme drought than angiosperms (He et al., 2020), which could lead to longer and more prom-
inent legacy effects of preceding growth conditions on subsequent tree growth. However, the ecophysiological
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Figure 1. Conceptual diagram for the bioclimatic sensitivity of tree growth under different seasonal extreme climate regimes. The climatic sensitivity (blue lines)

and the biological legacy effects of preceding tree growth condition (green lines) on the subsequent tree growth are potentially differentiated among different climate
zones and interactively controlled by climate variations, plant physiological traits, and local terrain and soil properties (a). We hypothesize that there is a greater growth
reduction and lower drought resistance of tree growth in drier regions when extreme drought events occurred in pre-growing-season (PGS); while the legacy effects of
preceding tree growth are likely more prominent when extreme drought events occurred in growing-season (GS) (i.e., hypothesis 1) (b); and that angiosperms are more
sensitive to variations in water availability in PGS in regions suffering from strong water stress, while gymnosperms are more sensitive to legacy effects of preceding
tree growth conditions prior to extreme drought (i.e., hypothesis 2) (c).

processes underlying bioclimatic legacy effects (i.e., legacy effects of preceding tree growth and climate condi-
tions on subsequent tree growth) are poorly understood, and are under-represented in state-of-the-art dynamic
global vegetation models (Anderegg, Schwalm, et al., 2015; Zhang et al., 2018). Such inadequacies limit their
ability and performance in realistically predicting changes in both structure and functioning of forest biomes, as
well as their response to interannual forcing.

Here, we address how timings and orders of seasonal extreme drought and/or wetness events within a biological
year impact the sensitivity and resilience of tree growth to drought over northern forests (approximately 25°-75°
N). We aim to test two hypotheses: (a) there is a greater growth reduction and a lower drought resistance of tree
growth in drier regions when extreme droughts occur in the pre-growing-seasons (PGSs) than those occur in GSs.
(b) Angiosperms are more sensitive to reductions in water availability in the PGS in regions suffering from strong
water stress, while gymnosperms are more sensitive to legacy effects of preceding tree growth conditions before
extreme drought (Figure 1).

2. Materials and Methods
2.1. Tree-Ring Chronologies

We compiled 1,032 tree-ring width series over the NH from the International Tree Ring Data Bank (ITRDB) (data
obtained on December 1, 2019) (Zhao et al., 2019). The majority of tree-ring width series ended before 2013. The
individual stand-level tree-ring width series, consisting of 121 tree species of evergreen needleleaf forest, decidu-
ous needleleaf forest and deciduous broadleaf forest types (95 gymnosperms and 26 angiosperms), cover 47,204
site-years and span diverse bioclimatic regions. We removed longer-term (non-) climatic signals embedded in the
raw ring-width series by fitting a consistent cubic smoothing spline detrending with a 50% frequency-response
threshold of 20 years. The raw tree ring width measurements were divided by the corresponding fitted spline
values, resulting in a unitless tree-ring index (TRI). The statistical quality of each tree-ring chronology was
evaluated by the Expressed Population Signal, which considers sample size and the common signal among trees
within a given geographic location (Fritts, 2001). We determined the reliable period for each tree ring chronology
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with the Expressed Population Signal above 0.85. All TRI chronologies were further screened by meeting the
following criteria: (a) there are full records of information on latitude, longitude, site elevation, species name, and
sample numbers; (b) there is a minimum series length of 35 years in the study period of 1951-2013; and (c) the
sample number (individual tree cores) for each site-year should be greater than 5.

2.2. Gridded Climate Data Sets and Koppen-Geiger Climate Zones

Gridded monthly air temperature, precipitation, and potential evapotranspiration (PET) data with a spatial resolu-
tion of 0.5° and for the period 1951-2013 were obtained from the Climate Research Unit (CRU) TS 4.02 data set
(https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.02/), compiled by the Climate Research Unit of University of East
Anglia (Harris et al., 2020). Gridded downward surface shortwave solar radiation data with a spatial resolution of
0.5° were obtained from the CRU-National Centers for Environmental Prediction (NCEP) product (CRU-NCEP
version 7; https://rda.ucar.edu/datasets/ds314.3/#!description). The CRU-NCEP data is a harmonized prod-
uct combining CRU TS 3.23 data and NCEP-NCAR reanalysis, providing 6-hourly meteorological forcing for
global land surface model simulations (Viovy, 2018). Gridded monthly Standardized Precipitation-Evaporation
Index (SPEI) data were obtained from the Global SPEI database (SPEIbase V2.5) (Begueria et al., 2010), with a
spatial resolution of 0.5° and covering the period of 1901-2015. This data set has been widely used to evaluate
drought severity and to quantify episodic extreme drought/wetness events for large-scale and long-term studies
(D'Orangeville et al., 2018; Li et al., 2020), because it allows the comparison among sites with contrasting climate
and accounts for both timing and duration of drought during the current and previous years (Vicente-Serrano
etal., 2010, 2013).

Five major climate zones were regrouped based on the Koppen-Geiger climate classifications (http://koep-
pen-geiger.vu-wien.ac.at/present.htm) over the middle and high-latitudinal NH (Kottek et al., 2006), including
arid (AR), temperate dry (TA), temperate humid (TH), cold dry (CA), and cold humid (CH) regions (Table S1 in
Supporting Information S1).

2.3. Determination of Seasonal Extreme Drought and Wetness Events

Extreme drought and wetness events were determined in PGSs and GSs, respectively, at each tree ring site. The
remote sensing-derived Normalized Difference Vegetation Index (NDVI) data were used to identify the GS at
each tree ring site (Appendix Text in Supporting Information S1). Analyses of NDVI-based vegetation phenology
for the period of 1982-2015 reveal that the start of GS generally occurs in April or May in 58% of study sites
over our study region, whereas the end of GS occurs in September or October in 65% of study sites (Appendix
Text and Figure S1 in Supporting Information S1). Therefore, the PGS and GS for tree growth over the middle
and high-latitudinal NH were consistently defined as previous October to current April and May to September,
respectively, following previous studies of vegetation growth-climate responses over the northern NH (Peng
et al., 2013; Piao et al., 2014; Wu, Liu, et al., 2018).

In this study, we identified the episodic, short-term extreme climate events in both PGSs and GSs at each forest
stand using both SPEI at timescale of 6 months and the climatic water deficit (CWD). The 6-month timescale
coincides approximately with the separation between PGS and GS in the northern hemisphere. The monthly
CWD in the period of 1951-2013 was calculated using Equation 1 at each forest stand.

CWD, = P, — PET, 1

where P; and PET,; are total precipitation and PET in month i, respectively. Both the monthly precipitation and
PET were obtained from the CRU TS 4.02 data set. The CWD considers the effects of both precipitation and PET
on climatic water balance; and has been widely used to identify and characterize both the timing and severity
of climatic droughts (Anderegg, Schwalm, et al., 2015; Wu, Liu, et al., 2018). Then, we calculated the mean
CWD in the PGS and GS of each biological year at each forest stand for the 1951-2013 period. Years with
CWD values exceeding mean + 2SD (SD, temporal standard deviation) in either PGSs or GSs were defined
as years with seasonal extreme wetness/drought events at each forest stand. Years with either extreme drought
and/or extreme wetness in PGSs or GSs are marked as “extreme years” at each forest stand. The “normal years”
were subsequently defined as those years without any extreme drought or wetness events in either PGSs or GSs.
Consistently, a threshold of +2.0 was applied for both mean PGS and GS SPEI series in the period of 1951-2013
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to identify the extreme wetness (>2.0) and drought (<—2.0) events at each forest stand. Because SPEI values are
normalized as z scores, an SPEI value of —2.0 indicates a 2 SD drought. The bioclimatic sensitivity of tree growth
in different seasonal extreme climate regimes derived from both SPEI and CWD was compared to validate the
robustness of our findings.

Conceptually, there are eight possible regimes for sequential combinations of seasonal extreme climate events
within a biological year. We denoted the sequential combinations of seasonal extreme climate events as * I~ (e.g.,),
where [ is seasonal mean CWD (or SPEI), the left and right superscripts represent PGS and GS, respectively;
“—“4+)" and “n” in superscripts represent extreme drought events, extreme wetness events, and normal climate
conditions, respectively. A preliminary exploration of different sequential extreme climate events showed that the
following four extreme regimes (~/-, ~I*, *I~, and *I") rarely occurred at any forest stand over the 1951-2013
period. The event samples of the four extreme regimes across all forest stands during the period of 1951-2013
are consistently less than 45. It indicates a low probability of the consecutive occurrence of “compound” extreme
climate events in both PGS and the GS within a single biological year. Therefore, the four more common regimes,
that is, =1, "I-, *I", and "I*, were retained as a focus of our analyses. In this study, only single extreme year
effects were considered; that is, there is no seasonal extreme climate event within a given n = 2 years period both
preceding and after any “extreme year.” The number of events for the four seasonal extreme climate regimes in
the five major climate zones during the 1951-2013 period is shown in Table S2 in Supporting Information S1.

2.4. Quantification of Responses of Tree Growth to Bioclimatic and Other Factors

First, partial least squares regression (PLSR) was applied to determine the interannual sensitivity of TRI to varia-
tions of different seasonal climate factors, including PGS CWD (CWDP gs), GS CWD (C WDgS), mean GS temper-
ature (715)! total GS precipitation (Pgs), and mean GS solar radiation (SRgS) in the period of 1951-2013, at each
forest stand. The PLSR is an effective tool for handling the potential collinearity among multiple explanatory
factors, and it is particularly useful for analyzing correlated predictor variables with a small sample compared
with the number of predictors (Carrascal et al., 2009). All seasonal climate variables were linearly detrended and
standardized before PLSR analyses. The standardized regression coefficients of PLSR are regarded as the inter-
annual sensitivity of tree growth to variations in seasonal climate factors.

Then, a linear mixed effect model (LMM) was applied to identify the effects of multiple bioclimatic factors
(seasonal climate factors and the preceding tree growth condition), topographical feature (i.e., site elevation), and
tree species on tree growth for each of the four seasonal extreme climate regimes and across each of the five ecore-
gions. In this study, mean tree growth condition during the preceding 2 normal years (G,,,) before an “extreme
year” was introduced as a fixed effect variable into the LMM in addition to the above-mentioned seasonal climate
factors. The 2-year timescale was selected to characterize the preceding mean tree growth before “extreme years,”
given that previous studies revealed that the legacy effects of extreme climate events on subsequent tree growth
normally last 1-4 years and in most cases 2 years (Kottek et al., 2006). Consistently, the G, variable was linearly
detrended and normalized before the LMM analyses. For the LMM analyses, site elevation and tree species were
introduced as random effect variables to account for the effects of topographical-dependent local site conditions
(e.g., edaphic conditions and subsurface properties) (Bertrand et al., 2011) and tree species on tree growth under
different seasonal extreme climate regimes and across the five ecoregions. We ranked all potential models (some
considering the interactions among fixed effect variables) according to Bayesian information criterion (BIC)
at each climate zone, and the best model was determined based on the lowest BIC value and largest Bayesian
weight (see example in arid region in Table S3 in Supporting Information S1) (Astigarraga et al., 2020) to limit
overfitting. Based on the model selection, the interaction effects among different seasonal climates and between
seasonal climates and G, were not considered. The relative contribution (RC, %) of different fixed and random
effect variables to variations in tree growth was estimated using the variance partitioning algorithm based on the
package partR2 (https://cran.r-project.org/web/packages/partR2/index.html) in R. We compared the results with
seasonal extreme climate events identified by the SPEI at 6-month timescale to further confirm our findings. We
displayed the findings with seasonal extreme climate events identified by CWD in the main text while putting
the results derived from SPEI in the Supporting Information. The PLSR and LMM analyses were performed
using the pls (https://cran.r-project.org/web/packages/pls/index.html) and lme4 (https://cran.r-project.org/web/
packages/Ime4/index.html) packages, respectively, in the R environment.
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2.5. Resistance and Resilience of Tree Growth Under Seasonal Extreme Drought

Dimensionless and symmetric resistance (R,, changes during drought) and resilience (R, recovery after drought)
of tree growth were calculated for each drought year with extreme drought events occurring in either the PGS
(i.e., 7I") or GS ("I") at each forest stand based on the definition proposed by Gazol et al. (2017). The R, and R,
were calculated using Equations 2 and 3, respectively.

xR, = TRI;/TRI. )
Ry = TRI,0 /TR . 3)

where TR1, is the TRI in a drought year under either ~/" or "I” regime, TRl and TRI,,  are the TRI 2 years
before and after the corresponding extreme drought year. Higher values of R, imply higher drought resistance

ost

(lower growth reduction). If seasonal extreme drought events lower tree growth, greater tree growth recovery
leads to greater resilience (i.e., higher R)). We selected 2 years for forest recovery to quantify the resilience,
based on prior studies of drought legacy effects (Anderegg, Schwalm, et al., 2015; Isbell et al., 2015). The
difference in R, and R between ~I" and "I~ within the same climate zone, and under the same seasonal extreme
climate regime but among different climate zones was compared by Student's 7-test and one-way ANOVA anal-
ysis (stats package, R).

3. Results
3.1. Responses of Tree Growth to Bioclimatic Factors

Pervasive negative/positive anomalies in tree ring index (TRI) are observed in cases where seasonal extreme
drought/wetness events occurred within the biological year, respectively, in all of the five ecoregions. Stronger
negative anomalies in TRI are observed in warmer and drier versus cooler and wetter ecoregions under both ~/"
(extreme drought event in PGS and normal climate condition in GS) and "/~ regimes (normal climate condition
in PGS and extreme drought events in GS) (Figure 2). Interestingly, the increased magnitude in TRI associated
with seasonal extreme wetness events either occurred in GS or PGS (i.e., "I* and *I", respectively) is lower than
the magnitude of reduction in TRI caused by seasonal extreme drought (Figure 2). This creates an asymmetry
in tree growth anomalies in response to shifting seasonal water cycles. This indicates negative asymmetry in the
response of TRI to seasonal extreme drought.

The PLSR analyses revealed significantly positive and negative response coefficients of TRI to CWD . (PGS
climatic water deficit) and T, (mean GS temperature), respectively, in the semi-arid southwestern North Amer-
ica. By contrast, the response coefficients of TRI to the other three climate factors were spatially heterogeneous
(Figure 3). About 45% and 41% of TRI chronologies exhibit significantly (p < 0.05) positive response to CWD,,
in arid (AR) and temperate dry (TA) climate zones, respectively, while this proportion decreased to less than 14%
in other climate zones. However, only 14% and 7% of TRI chronologies exhibit significantly positive response
to CWD, (GS climatic water deficit) in AR and TA climate zones, respectively (Figure 3). The LMM analyses
revealed significant positive effects of CWD . on subsequent tree growth in both arid and temperate dry climate
zones in cases when extreme drought events occurred during the PGS (71"); while T, exerts significantly negative
effects on tree growth in arid regions under the /" regime (Figure 4).

Tree growth condition in the preceding 2 years (i.e., G,,) was found to have significantly positive effects (with
a relative contribution —RC- of 31%) on subsequent tree growth in the arid climate zone under extreme PGS
drought (~/"). When extreme drought events occur in the GS ("/7), tree growth was significantly (p < 0.05) and
negatively related to T, in the arid climate zone. G, exerts significantly positive effects on subsequent tree
growth in arid and temperate climate zones (i.e., AR, TA, and TH), where the relative contribution ranges from
16% to 38% under "I~ Interestingly, the effects of G, on subsequent tree growth are prominent and become the
most important factor (with highest explanation power) for tree growth in nearly all climate zones when extreme
wetness events occur in either the PGS or GS (i.e., *I" or "I'*) (Figure 4). Lower contribution of Gprc to subsequent
tree growth is observed in cases with seasonal extreme wetness events than that with seasonal extreme drought
events that occurred in either the PGS or the GS in both arid and temperate dry climate zones (Figure 4). Our
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Figure 2. The probability density function (PDF) of anomalies in tree ring index (TRI) under four seasonal extreme climate
regimes in five major climate zones over the northern hemisphere (NH) for the 1951-2013 period. Major climate zones
considered include: arid (AR), temperate dry (TA), temperate humid (TH), cold dry (CA), and cold humid (CH) regions.
Anomalies in TRI under ~/" (orange line, with extreme drought event in pre-growing-season (PGS) and normal climate
condition in growing-season [GS]), "I~ (purple line, with normal climate condition in PGS and extreme drought event in
GS), *I" (blue line, with extreme wetness event in PGS and normal climate condition in GS), and "I* (light blue line, with
normal climate condition in PGS and extreme wetness event in GS) and over the five major climate zones and entire northern
hemisphere (NH) are displayed. Values shown in different panels are mean + SD (SD, standard deviation) for the TRI
anomalies. Anomalies in TRI are displayed as percentages (%).

results are consistent across a choice of water stress index, as a consistent pattern is also observed when using the
SPEI drought index instead of the CWD (Figure S2 in Supporting Information S1).

The two random effect variables (i.e., site elevation and tree species) contributed different effects to tree growth
variations across different combinations of climate zones and seasonal extreme climate regimes. Higher relative
contributions were observed under both PGS (~/") and GS ("I~) extreme drought regimes in arid and temperate
climate zones (Table S4 in Supporting Information S1). Overall, the introduced fixed and random effect variables
explain a lower proportion of TRI variance in cases when seasonal extreme wetness events occurred, relative to
cases when seasonal extreme drought events occurred (Figure 4, Table S5 in Supporting Information S1).

3.2. Divergent Responses of Gymnosperms and Angiosperms to Bioclimatic Factors

Significantly positive responses of tree growth to CWD,, are observed for both gymnosperms and angiosperms
in the temperate dry climate zone (Figure 5). Negative responses to CWD,; are observed for both groups in
temperate humid regions (TH) under PGS drought (~1") (Figure 5). The relative contributions of CWDpgs to tree
growth of angiosperms and gymnosperms are 33% and 19% in temperate dry climate zone, and 62% and 22% in
temperate humid climate zone, respectively, under PGS extreme drought regime (~/") (Figure 5). This finding
implies greater sensitivity of angiosperms to variations in CWD, - than gymnosperms. Higher contributions of
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Figure 3. Spatial patterns in the interannual responses of tree growth to seasonal climate variables for the 1951-2013 period.
Different colors in the color bar indicate the four types of tree growth responses to variations in seasonal climate, while SP,
NP, NN, and SN represent significantly positive, non-significantly positive, non-significantly negative, and significantly
negative responses, respectively. The insets show the proportions of the four response types. Five kinds of seasonal climate
variables are included: pre-growing-season climatic water deficit (CWD,,), growing-season (GS) climatic water deficit
(CWDgS), mean GS temperature (Tgs), total GS precipitation (Pgs), and mean GS solar radiation (SRgs).

CWD,, to tree growth of angiosperms than gymnosperms are consistently observed in other seasonal extreme
climate regimes in both temperate dry and temperate humid climate zones (Figure 5). No clear divergence in the
responses of tree growth to other climate factors is observed between gymnosperms and angiosperms in either

temperate dry or temperate humid climate zones under any seasonal extreme climate regime (Figure 5).

Tree growth of gymnosperms is more sensitive to preceding tree growth condition (G,,,) than angiosperms in
temperate dry regions under all climate regimes, except for 1" (Figure 5). There is a much higher contribu-
tion of G, to subsequent tree growth in gymnosperms than angiosperms under "I~ (45% for gymnosperms and
insufficient samples for angiosperm), *I" (12% vs. 2%), and "I'* (13% vs. 6%) in the temperate dry climate zone
(Figure 5). Such analyses are not conducted for other three climate zones due to limited samples for both func-
tional groups under different seasonal extreme climate regimes.

3.3. Effects of Seasonal Extreme Droughts on Tree Growth Resistance and Resilience

We further compared the drought resistance (R,) and drought resilience (R)) of tree growth between two seasonal
drought regimes (i.e., "I" and "I~) and among different climate zones (i.e., under the same seasonal extreme
drought regime but for different climate zones). No significant difference is observed in either drought resistance
or drought resilience between ~/" and "I~ in any climate zone (Figure 6). However, we observe significantly lower
drought resistance and resilience in arid regions than in other climate zones under ~/" (Figure 6). Significant
lower drought resistance was observed in angiosperm than in gymnosperm under both ~/" and "/~ in temperate
arid region and under ~/” in temperate humid region (Figure S3 in Supporting Information S1). Significant lower
drought resilience was observed in angiosperm than in gymnosperm under ~/” in temperate arid region (Figure
S3 in Supporting Information S1).
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Figure 4. The relative contribution (RC, %) of different bioclimatic factors to variations in tree growth among the five
climate zones and different seasonal climate extreme regimes. Six kinds of bioclimatic variables are considered in this
analysis, including pre-growing-season (PGS) climatic water deficit (CWD,, ), growing-season (GS) climatic water deficit
(CWDgS), mean GS temperature (T, total GS precipitation (P,), mean GS solar radiation (SRgS), and preceding 2-year mean
tree-ring width index (Gpre). The five major climate zones are arid (AR), temperate arid (TA), temperate humid (TH), cold
arid (CA), and cold humid (CH) regions. Four seasonal extreme climate regimes are considered, including ~/" (with extreme
drought event in PGS and normal climate condition in GS), "/~ (with normal climate condition in PGS and extreme drought
event in GS), *I" (with extreme wetness event in PGS and normal climate condition in GS), and "I* (with normal climate
condition in PGS and extreme wetness event in GS); where I denotes the seasonal mean CWD. Blue and the red dots above
the bars represent significantly (p < 0.05) positive and negative responses of tree growth to the corresponding bioclimatic
variables.

4. Discussion
4.1. Bioclimatic Legacy Effects Associated With Timing of Seasonal Climate Extremes

Our findings confirm our first hypothesis that tree growth is more vulnerable to water deficit when extreme
drought occurred in the PGSs than in the GSs in arid and temperate dry regions (Figure 1). Extreme drought
events in the PGSs lead to much lower drought resistance of tree growth in arid region than other wetter regions.
By contrast, tree growth turns out to be more sensitive to legacy effects of preceding tree growth conditions
when seasonal extreme wetness occurred. These findings highlight that the timing of seasonal extreme climate
events is a critical driver for understanding the bioclimatic sensitivity of tree growth and accurately predicting
future trajectories of forest ecosystems facing climate change induced shifts in seasonal hydrothermal regimes
(Dannenberg et al., 2019; Huang et al., 2018; Pendergrass et al., 2017).

Preceding bioclimatic conditions have crucial legacy effects on subsequent tree growth and drought sensitiv-
ity/resilience across a broad spectrum in climate, demography, and site conditions (D'Orangeville et al., 2018;
Hacket-Pain et al., 2018; Kannenberg et al., 2020; Karban & Pezzola, 2017; Ogle et al., 2015; Peltier et al., 2016;
Peltier & Ogle, 2019; Scharnweber et al., 2020; Szejner et al., 2020). Legacy effects of preceding water availa-
bility on tree growth appear to be pervasive in both temperate and boreal forests globally (Anderegg, Schwalm,
et al., 2015; Au et al., 2020; Kannenberg et al., 2020; Scharnweber et al., 2020; Wu et al., 2019), especially
in water-limited regions and those regions prone to drought stress (Peltier et al., 2016; Szejner et al., 2020)
(Figures 3 and 4). Drought in the PGS can reduce tree growth in the following GS due to potential legacy
effects on soil water supply, nutrition availability, allocation of carbohydrates and hydraulic functioning (Babst
et al., 2012, 2013; Girardin et al., 2016; Scharnweber et al., 2020; Wu et al., 2019), while the prevalence of these
legacy effects on subsequent tree growth is ecoregion- and species-dependent. Tree growth in drought-stressed
regions tends to be increasingly susceptible to further amplification in seasonal hydroclimatic variability under
a warmer and drier climate (Dannenberg et al., 2019; Wu et al., 2019). In drier regions, the respective posi-
tive and negative responses of tree growth to CWD, . and T, illustrate the important positive legacy effects of
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Figure 5. The relative contribution (RC, %) of different bioclimatic factors to variations in tree growth between
gymnosperms (G) and angiosperms (A) in temperate dry (TA) and temperate humid (TH) regions under different seasonal
climate extreme regimes. Six kinds of bioclimatic variables are considered in this analysis, including PGS climatic water

deficit (CWD

pgs

), growing-season (GS) climatic water deficit (CWDgS), mean GS temperature (T, total GS precipitation

(Pgs), mean GS solar radiation (SRgs), and preceding 3-year mean tree-ring width index (Gpm). Four seasonal extreme climate
regimes are considered, including ~/" (with extreme drought event in PGS and normal climate condition in GS), "I~ (with
normal climate condition in PGS and extreme drought event in GS), *I" (with extreme wetness event in PGS and normal
climate condition in GS), and "I* (with normal climate condition in PGS and extreme wetness event in GS); where I denotes
the seasonal mean CWD. Blue and red dots above the bars represent significantly (p < 0.05) positive and negative responses
of tree growth to the corresponding bioclimatic variables.
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PGS water availability on subsequent tree growth, particularly when extreme
drought events occurred in PGSs. This positive legacy effect weakens with
high temperatures (Figures 3 and 4) and consecutive GS drought (Girardin
et al., 2016; Peltier et al., 2016). Tree growth is increasingly vulnerable to
PGS drought and warming in the subsequent spring in many regions (Peltier
& Ogle, 2019), particularly in drought-prone ecosystems (Peltier et al., 2016;
Wu et al., 2019) (Figures 3 and 4). It showed that tree growth can be influ-
enced by the legacy effect of preceding precipitation over up to 4 years back
in time (Ogle et al., 2015). Increasing evidence demonstrated that changes
in winter processes (e.g., snow cover and melting, frozen soil dynamics,
etc.), attributing to both climate warming and shift in seasonal precipita-
tion regimes, played an increasing role in regulating tree growth (Reinmann
et al., 2019; Wu et al., 2019). Declined snow cover and earlier snow melting
are expected along with a warmer climate (Déry & Brown, 2007; Musselman
et al., 2021), which deteriorates the snowmelt water supply for sustaining
the subsequent tree growth in regions suffering from strong water stress
(Wu et al., 2019). Earlier snow melting could advance spring phenology and
extend the GS length. This results in increased exposure to spring freezing
and stronger water stress in mid- and late-GS owing to seasonal biophysical
feedbacks, which in turn limits tree growth (Hu et al., 2010; Kreyling, 2010).
The legacy effects of preceding soil water availability are strongly dependent
on the complex interplayed associations between rooting system and local
topographical features (Miguez-Macho & Fan, 2021; Wu, Liu, et al., 2018).
Difference in rooting systems, soil texture, and topography among different
forest stands might partially explain the diverse sensitivity of tree growth to
seasonal climate variability even in regions with similar background climate
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conditions (Figure 3). More interestingly, forests in regions not even suffering strong water limitation (such as
eastern North America) are still sensitive to PGS droughts (Figure 3).

The drought sensitivity of tree growth could also change after extreme climate events, and such change depends
on phylogenetic controls (Anderegg, Trugman, Badgley, Konings, et al., 2020; Babst et al., 2013; Peltier
et al., 2016), owing to potentially cumulative impacts on ecophysiological functioning. This change additionally
depends on the ambient environmental conditions (Babst et al., 2013), which shape diverse adaptative strategies
to climate variability. However, the degree to which the magnitude and duration of such legacy effects vary across
different tree species and climate zones across the NH is still poorly understood.

Beyond climatic factors, our analyses reveal a significant legacy effect of preceding tree growth conditions
(Figure 1). We further discovered that this legacy effect is strongly affected by seasonal extreme climate regimes,
long-term climate conditions, and species-dependent functional traits. This effect is more prominent in cases
when extreme drought events occurred in the GSs and when extreme wetness events occurred in either the PGS
or GS (Figure 4). The observed legacy effects of preceding growth conditions may be partially attributed to the
lifetime of functional organs and the storage of carbon reserves (Ogle et al., 2015; Peltier et al., 2016; Zweifel
& Sterck, 2018). A process-based tree model confirmed that tree species with longer lifetimes of organs and
reserves were normally characterized with longer and stronger legacy effects of preceding growth conditions and
responded more strongly to historic climate conditions and buffered their growth responses to current conditions
(Zweifel & Sterck, 2018). However, such legacy effects of preceding tree growth conditions seem to be overrid-
den by seasonal water balance impacts, particularly the PGS water deficit, under the regime ~/" for all climate
zones except for arid regions (Figure 4).

Legacy effects of preceding climate and tree growth conditions may also be confounded by other factors such
as stand disturbances, edaphic conditions (D'Orangeville et al., 2018), subsurface properties and stand hetero-
geneity (Preisler et al., 2019; Sugden, 2019), and species-specific traits (De Grandpre et al., 2019; Scharnweber
et al., 2020) (Tables S4 and S5 in Supporting Information S1) (Figure 1). Detailed information for stand distur-
bance history, tree and stand traits (e.g., diameter, age, height, and density), and subsurface properties (e.g., water
table depth, root zone water availability) for forest stands at hemispheric scale is lacking. The linear mixed effects
model analyses elucidate that local site properties (represented by site elevation) and tree species exert significant
effects on the bioclimatic sensitivity of tree growth (Table S4). Our analyses do not consider the long-term (e.g.,
longer than 1 year) legacy effects of hydroclimatic conditions on subsequent tree growth, although a few studies
report that such legacy effects can usually last up to 2 years (Anderegg, Schwalm, et al., 2015; Isbell et al., 2015;
Wu, Liu, et al., 2018). Other biochemical factors, such as CO, fertilization, mycorrhizal associations and/or anthro-
pogenic nitrogen deposition (Ibanez et al., 2018), could also play important roles in regulating climate-growth
sensitivity. Two species-specific physiological traits—rooting depth and Ps,- are widely used to understand the
drought vulnerability of tree growth. However, some studies revealed that mean species traits have marginal
explanatory power for predicting broad-scale drought impacts on tree growth (D'Orangeville et al., 2018), given
that plant traits vary greatly within the same species (Bose et al., 2020). Instead, large-scale studies generally
report the dominant role of environmental factors which override species-specific traits in governing long-term
variations in forest growth and climate-growth sensitivity (Anderegg, 2015; Bose et al., 2020; Gazol et al., 2017).

4.2. Divergent Bioclimatic Sensitivity of Gymnosperms Versus Angiosperms

Our analyses further confirm our second hypothesis that angiosperms are more susceptible to PGS water deficit
(Figure S3), while gymnosperms are more sensitive to legacy effects of the preceding 2 years of growth condi-
tions, particularly in temperate dry region (Figures 1 and 5). These findings show that the sensitivity of tree growth
to variations in seasonal climate and preceding tree growth conditions is functional-specific (DeSoto et al., 2020;
Fei et al., 2017; Klockow et al., 2018; Zweifel & Sterck, 2018). Gymnosperms and angiosperms displayed diver-
gent bioclimatic sensitivity, consistent with their contrasting trait syndromes and drought response strategies
(Anderegg, Schwalm, et al., 2015; Anderegg, Trugman, Badgley, Konings, et al., 2020; Blackman et al., 2019;
Carnicer et al., 2013; Choat et al., 2012; Hammond & Adams, 2019; Li et al., 2020). First, angiosperms normally
have ring-porous or diffuse wood structure, allowing them to maintain relatively higher hydraulic conductivity
than gymnosperms during droughts (Liesche et al., 2015; Vicente-Serrano et al., 2013; Vose et al., 2016), and
are in turn characterized with high sensitivity to and low resistance to extreme drought (Figure S3 in Supporting
Information S1) (DeSoto et al., 2020; Klockow et al., 2018). Second, the ring-porous species form new, large
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earlywood vessels during the early part of the current GS. Third, angiosperms have narrower hydraulic safety
margins, lower leaf capacitance, and higher minimum leaf conductance than gymnosperms, making them more
vulnerable to xylem embolism under extreme droughts (Blackman et al., 2019; Choat et al., 2012; Hammond
& Adams, 2019). These may partially explain why angiosperms are found in this study to be more vulnerable
to PGS water deficit than gymnosperms in temperate dry regions (Figure 5, Figure S3 in Supporting Informa-
tion S1). A recent study indicates that angiosperms are more vulnerable to variations in both atmospheric and
soil water deficits than gymnosperms (Brodribb et al., 2020). However, the drought resistance and resilience for
angiosperms show no marked temporal changes over the last century (Li et al., 2020), suggesting that a critical
threshold of drought resistance for angiosperms has not been achieved despite the intensified drought in recent
decades. Notably, the underrepresented angiosperm tree species than gymnosperms in the studied data set could
add uncertainties to the conclusions regarding the bioclimatic sensitivity of angiosperms.

For gymnosperms, legacy effects of seasonal extreme drought might persist for a longer time than for angio-
sperms owing to a more conservative drought response strategy and longer organ lifetimes (Anderegg, Schwalm,
et al., 2015; Blackman et al., 2019; DeSoto et al., 2020; Gazol et al., 2017; Zweifel & Sterck, 2018). The more
conservative stomatal regulation and slower rate of desiccation in gymnosperms may partially explain why
gymnosperms are more sensitive to legacy effects of previous growth conditions (Figure 5) (Au et al., 2020;
Cailleret et al., 2017; Gazol et al., 2020; Zweifel & Sterck, 2018). The long-term memory effects of preceding tree
growth in gymnosperms could also be associated with the longer lifetimes of functional organs and reserves (e.g.,
leaf, stem, and root), their internal carbon use economy and hydraulic functioning (DeSoto et al., 2020; Zweifel
& Sterck, 2018). Previous studies showed that gymnosperms had low capacity to repair xylem embolism once it
occurs under drought and they were more vulnerable to repeated drought events (Anderegg, Trugman, Badgley,
Konings, et al., 2020; DeSoto et al., 2020).

Undoubtedly, large within-group and within-species variations in climate-growth sensitivity exist for both angio-
sperms and gymnosperms (D'Orangeville et al., 2018; Fei et al., 2017; Peltier et al., 2016), which may be attrib-
uted to different traits driven by differentiated climatic regimes, phenotypic plasticity, evolutionary history, and
historical selection pressure. With projected dramatic changes in climate regime and potential forest demograph-
ics, more comprehensive understandings of the species-specific growth-bioclimatic relationship under shifting
seasonal extreme climate regimes are urgently needed. Further understanding of the eco-physiological responses
of tree growth to interactions between intensified drought and extremely high-temperature exposures is also
needed (Wu, Guo, et al., 2018), which could provide valuable insights into potential tree species distribution
shifts, forest health monitoring, and sustainable management.

Data Availability Statement

The gridded monthly air temperature, precipitation, and potential evapotranspiration were obtained from the
CRU TS 4.02 data set (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.02/). The gridded downward surface
shortwave solar radiation data were obtained from CRU-NCEP data set (version 7) (https://rda.ucar.edu/datasets/
ds314.3/#!description). The gridded monthly SPEI data were obtained from the SPEIbase V2.5 (https://climate-
dataguide.ucar.edu/climate-data/standardized-precipitation-evapotranspiration-index-spei). The Koppen-Geiger
climate map with a spatial resolution of 0.5° was obtained from http://koeppen-geiger.vu-wien.ac.at/present.htm.

References

Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On underestimation of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere, 6, 1-55. https://doi.org/10.1890/es15-00203.1

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., et al. (2010). A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for forests. Forest Ecology and Management, 259, 660-684. https://doi.
org/10.1016/j.foreco.2009.09.001

Anderegg, W. R. (2015). Spatial and temporal variation in plant hydraulic traits and their relevance for climate change impacts on vegetation. New
Phytologist, 205, 1008-1014. https://doi.org/10.1111/nph.12907

Anderegg, W. R. L., Hicke, J. A., Fisher, R. A., Allen, C. D., Aukema, J., Bentz, B., et al. (2015). Tree mortality from drought, insects, and their
interactions in a changing climate. New Phytologist, 208, 674—683. https://doi.org/10.1111/nph.13477

Anderegg, W. R. L., Schwalm, C., Biondi, F., Camarero, J. J., Koch, G., Litvak, M., et al. (2015). Pervasive drought legacies in forest ecosystems
and their implications for carbon cycle models. Science, 349, 528-532. https://doi.org/10.1126/science.aab1833

Anderegg, W. R. L., Trugman, A. T., Badgley, G., Anderson, C. M., Bartuska, A., Ciais, P., et al. (2020). Climate-driven risks to the climate
mitigation potential of forests. Science, 368, eaaz7005. https://doi.org/10.1126/science.aaz7005

WU ET AL.

12 of 15


https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.02/
https://rda.ucar.edu/datasets/ds314.3/
https://rda.ucar.edu/datasets/ds314.3/
https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-evapotranspiration-index-spei
https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-evapotranspiration-index-spei
http://koeppen-geiger.vu-wien.ac.at/present.htm
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/nph.12907
https://doi.org/10.1111/nph.13477
https://doi.org/10.1126/science.aab1833
https://doi.org/10.1126/science.aaz7005

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002530

Anderegg, W. R. L., Trugman, A. T., Badgley, G., Konings, A. G., & Shaw, J. (2020). Divergent forest sensitivity to repeated extreme droughts.
Nature Climate Change, 10, 1091-1095. https://doi.org/10.1038/s41558-020-00919-1

Astigarraga, J., Andivia, E., Zavala, M. A., Gazol, A., Cruz-Alonso, V., Vicente-Serrano, S. M., & Ruiz-Benito, P. (2020). Evidence of
non-stationary relationships between climate and forest responses: Increased sensitivity to climate change in Iberian forests. Global Change
Biology, 26, 5063-5076. https://doi.org/10.1111/gcb.15198

Au, T. F,, Maxwell, J. T., Novick, K. A., Robeson, S. M., Warner, S. M., Lockwood, B. R., et al. (2020). Demographic shifts in eastern US forests
increase the impact of late-season drought on forest growth. Ecography, 43, 1475-1486. https://doi.org/10.1111/ecog.05055

Babst, F., Carrer, M., Poulter, B., Urbinati, C., Neuwirth, B., & Frank, D. (2012). 500 years of regional forest growth variability and links to
climatic extreme events in Europe. Environmental Research Letters, 7, 045705. https://doi.org/10.1088/1748-9326/7/4/045705

Babst, F., Poulter, B., Trouet, V., Tan, K., Neuwirth, B., Wilson, R., et al. (2013). Site- and species-specific responses of forest growth to climate
across the European continent. Global Ecology and Biogeography, 22, 706-717. https://doi.org/10.1111/geb.12023

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., et al. (2019). The global tree restoration potential. Science, 365,
76-79. https://doi.org/10.1126/science.aax0848

Bauman, D., Fortunel, C., Delhaye, G., Malhi, Y., Cernusak, L. A., Bentley, L. P., et al. (2022). Tropical tree mortality has increased with rising
atmospheric water stress. Nature. https://doi.org/10.1038/s41586-022-04737-7

Begueria, S., Vicente-Serrano, S. M., & Angulo-Martinez, M. (2010). A multiscalar global drought dataset: The SPEIbase: New gridded
product for the analysis of drought variability and impacts. Bulletin of the American Meteorological Society, 91, 1351-1356. https://doi.
org/10.1175/2010bams2988.1

Bertrand, R., Lenoir, J., Piedallu, C., Riofrio-Dillon, G., deRuffray, P., Vidal, C., et al. (2011). Changes in plant community composition lag
behind climate warming in lowland forests. Nature, 479, 517-520. https://doi.org/10.1038/nature 10548

Blackman, C. J., Creek, D., Maier, C., Aspinwall, M. J., Drake, J. E., Pfautsch, S., et al. (2019). Drought response strategies and hydraulic
traits contribute to mechanistic understanding of plant dry-down to hydraulic failure. Tree Physiology, 39, 910-924. https://doi.org/10.1093/
treephys/tpz016

Bose, A. K., Gessler, A., Bolte, A., Bottero, A., Buras, A., Cailleret, M., et al. (2020). Growth and resilience responses of Scots pine to extreme
droughts across Europe depend on pre-drought growth conditions. Global Change Biology, 26, 4521-4537. https://doi.org/10.1111/gcb.15153

Breshears, D. D., Cobb, N. S., Rich, P. M., Price, K. P,, Allen, C. D., Balice, R. G., et al. (2005). Regional vegetation die-off in response to
global-change-type drought. Proceedings of the National Academy of Sciences of the United States of America, 102, 15144-15148. https://doi.
org/10.1073/pnas.0505734102

Brodribb, T. J., Powers, J., Cochard, H., & Choat, B. (2020). Hanging by a thread? Forests and drought. Science, 368, 261-266. https://doi.
org/10.1126/science.aat7631

Cailleret, M., Jansen, S., Robert, E. M. R., Desoto, L., Aakala, T., Antos, J. A., et al. (2017). A synthesis of radial growth patterns preceding tree
mortality. Global Change Biology, 23, 1675-1690. https://doi.org/10.1111/gcb.13535

Caldeira, M. C. (2019). The timing of drought coupled with pathogens may boost tree mortality. Tree Physiology, 39, 1-5. https://doi.org/10.1093/
treephys/tpy 141

Carnicer, J., Brbeta, A., Sperlich, D., Coll, M., & Penuelas, J. (2013). Contrasting trait syndromes in angiosperms and conifers are associated with
different responses of tree growth to temperature on a large scale. Frontiers of Plant Science, 4, 409. https://doi.org/10.3389/fpls.2013.00409

Carrascal, L. M., Galvan, I., & Gordo, O. (2009). Partial least squares regression as an alternative to current regression methods used in ecology.
Oikos, 118, 681-690. https://doi.org/10.1111/j.1600-0706.2008.16881.x

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., & Medlyn, B. E. (2018). Triggers of tree mortality under drought. Nature,
558, 531-539. https://doi.org/10.1038/s41586-018-0240-x

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., et al. (2012). Global convergence in the vulnerability of forests to
drought. Nature, 491, 752-755. https://doi.org/10.1038/nature1 1688

Dannenberg, M. P., Wise, E. K., & Smith, W. K. (2019). Reduced tree growth in the semiarid United States due to asymmetric responses to
intensifying precipitation extremes. Science Advances, 5, eaaw0667. https://doi.org/10.1126/sciadv.aaw0667

De Grandpre, L., Kneeshaw, D. D., Perigon, S., Boucher, D., Marchand, M., Pureswaran, D., & Girardin, M. P. (2019). Adverse climatic peri-
ods precede and amplify defoliator-induced tree mortality in eastern boreal North America. Journal of Ecology, 107, 452—467. https://doi.
org/10.1111/1365-2745.13012

Déry, S. J., & Brown, R. D. (2007). Recent Northern Hemisphere snow cover extent trends and implications for the snow-albedo feedback.
Geophysical Research Letters, 34,1.22504. https://doi.org/10.1029/2007GL031474

DeSoto, L., Cailleret, M., Sterck, F., Jansen, S., Kramer, K., Robert, E. M. R., et al. (2020). Low growth resilience to drought is related to future
mortality risk in trees. Nature Communications, 11, 545. https://doi.org/10.1038/s41467-020-14300-5

Doelman, J. C., Stehfest, E., vanVuuren, D. P., Tabeau, A., Hof, A. F., Braakhekke, M. C., et al. (2020). Afforestation for climate change mitiga-
tion: Potentials, risks and trade-offs. Global Change Biology, 26, 1576-1591. https://doi.org/10.1111/gcb.14887

D'Orangeville, L., Maxwell, J., Kneeshaw, D., Pederson, N., Duchesne, L., Logan, T., et al. (2018). Drought timing and local climate determine
the sensitivity of eastern temperate forests to drought. Global Change Biology, 24, 2339-2351. https://doi.org/10.1111/gcb.14096

Fei, S., Desprez, J. M., Potter, K. M., Jo, L., Knott, J. A., & Oswalt, C. M. (2017). Divergence of species responses to climate change. Science
Advances, 3, €1603055. https://doi.org/10.1126/sciadv.1603055

Forner, A., Valladares, F., Bonal, D., Granier, A., Grossiord, C., & Aranda, I. (2018). Extreme droughts affecting Mediterranean tree species'
growth and water-use efficiency: The importance of timing. Tree Physiology, 38, 1127-1137. https://doi.org/10.1093/treephys/tpy022

Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann, H., et al. (2021). Emergent vulnerability to climate-driven distur-
bances in European forests. Nature Communications, 12, 1081. https://doi.org/10.1038/s41467-021-21399-7

Frank, D., Reichstein, M., Bahn, M., Thonicke, K., Frank, D., Mahecha, M. D., et al. (2015). Effects of climate extremes on the terrestrial carbon
cycle: Concepts, processes and potential future impacts. Global Change Biology, 21, 2861-2880. https://doi.org/10.1111/gcb.12916

Fritts, H. (2001). Tree rings and climate. Caldwell, NJ: Blackburn Press.

Gao, S., Liu, R., Zhou, T., Fang, W., Yi, C., Lu, R., et al. (2018). Dynamic responses of tree-ring growth to multiple dimensions of drought. Global
Change Biology, 24, 5380-5390. https://doi.org/10.1111/gcb.14367

Gazol, A., Camarero, J. J., Anderegg, W. R. L., & Vicente-Serrano, S. M. (2017). Impacts of droughts on the growth resilience of Northern
Hemisphere forests. Global Ecology and Biogeography, 26, 166—176. https://doi.org/10.1111/geb.12526

Gazol, A., Camarero, J.J., Sdnchez-Salguero, R., Vicente-Serrano, S. M., Serra-Maluquer, X., Gutiérrez, E., et al. (2020). Drought legacies are short,
prevail in dry conifer forests and depend on growth variability. Journal of Ecology, 108, 2473-2484. https://doi.org/10.1111/1365-2745.13435

Gazol, A., Camarero, J. J., Vicente-Serrano, S. M., Sanchez-Salguero, R., Gutierrez, E., deLuis, M., et al. (2018). Forest resilience to drought
varies across biomes. Global Change Biology, 24, 2143-2158. https://doi.org/10.1111/gcb.14082

WU ET AL.

13 of 15


https://doi.org/10.1038/s41558-020-00919-1
https://doi.org/10.1111/gcb.15198
https://doi.org/10.1111/ecog.05055
https://doi.org/10.1088/1748-9326/7/4/045705
https://doi.org/10.1111/geb.12023
https://doi.org/10.1126/science.aax0848
https://doi.org/10.1038/s41586-022-04737-7
https://doi.org/10.1175/2010bams2988.1
https://doi.org/10.1175/2010bams2988.1
https://doi.org/10.1038/nature10548
https://doi.org/10.1093/treephys/tpz016
https://doi.org/10.1093/treephys/tpz016
https://doi.org/10.1111/gcb.15153
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1126/science.aat7631
https://doi.org/10.1126/science.aat7631
https://doi.org/10.1111/gcb.13535
https://doi.org/10.1093/treephys/tpy141
https://doi.org/10.1093/treephys/tpy141
https://doi.org/10.3389/fpls.2013.00409
https://doi.org/10.1111/j.1600-0706.2008.16881.x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/nature11688
https://doi.org/10.1126/sciadv.aaw0667
https://doi.org/10.1111/1365-2745.13012
https://doi.org/10.1111/1365-2745.13012
https://doi.org/10.1029/2007GL031474
https://doi.org/10.1038/s41467-020-14300-5
https://doi.org/10.1111/gcb.14887
https://doi.org/10.1111/gcb.14096
https://doi.org/10.1126/sciadv.1603055
https://doi.org/10.1093/treephys/tpy022
https://doi.org/10.1038/s41467-021-21399-7
https://doi.org/10.1111/gcb.12916
https://doi.org/10.1111/gcb.14367
https://doi.org/10.1111/geb.12526
https://doi.org/10.1111/1365-2745.13435
https://doi.org/10.1111/gcb.14082

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002530

Girardin, M. P., Hogg, E. H., Bernier, P. Y., Kurz, W. A., Guo, X. J., & Cyr, G. (2016). Negative impacts of high temperatures on growth of
black spruce forests intensify with the anticipated climate warming. Global Change Biology, 22, 627-643. https://doi.org/10.1111/gcb.13072

Hacket-Pain, A. J., Ascoli, D., Vacchiano, G., Biondi, F., Cavin, L., Conedera, M., et al. (2018). Climatically controlled reproduction drives
interannual growth variability in a temperate tree species. Ecology Letters, 21, 1833—1844.

Hammond, W. M., & Adams, H. D. (2019). Dying on time: Traits influencing the dynamics of tree mortality risk from drought. Tree Physiology,
39, 906-909. https://doi.org/10.1093/treephys/tpz050

Harris, 1., Osborn, T. J., Jones, P., & Lister, D. (2020). Version 4 of the CRU TS monthly high-resolution gridded multivariate climate dataset.
Scientific Data, 7, 109. https://doi.org/10.1038/s41597-020-0453-3

Harris, N. L., Gibbs, D. A., Baccini, A., Birdsey, R. A., de Bruin, S., Farina, M., et al. (2021). Global maps of twenty-first century forest carbon
fluxes. Nature Climate Change, 11, 234-240. https://doi.org/10.1038/s41558-020-00976-6

Hartmann, H., Moura, C. F., Anderegg, W. R. L., Ruehr, N. K., Salmon, Y., Allen, C. D, et al. (2018). Research frontiers for improving our
understanding of drought-induced tree and forest mortality. New Phytologist, 218, 15-28. https://doi.org/10.1111/nph.15048

He, W., Liu, H., Qi, Y., Liu, F., & Zhu, X. (2020). Patterns in nonstructural carbohydrate contents at the tree organ level in response to drought
duration. Global Change Biology, 26, 3627-3638. https://doi.org/10.1111/gcb.15078

Hu, J., Moore, D. J. P, Burns, S. P., & Monson, R. K. (2010). Longer growing seasons lead to less carbon sequestration by a subalpine forest.
Global Change Biology, 16, 771-783. https://doi.org/10.1111/j.1365-2486.2009.01967.x

Huang, M., Wang, X., Keenan, T. F., & Piao, S. (2018). Drought timing influences the legacy of tree growth recovery. Global Change Biology,
24, 3546-3559. https://doi.org/10.1111/gcb.14294

Ibanez, 1., Zak, D. R., Burton, A. J., & Pregitzer, K. S. (2018). Anthropogenic nitrogen deposition ameliorates the decline in tree growth caused
by a drier climate. Ecology, 99, 411-420. https://doi.org/10.1002/ecy.2095

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., et al. (2015). Biodiversity increases the resistance of ecosystem
productivity to climate extremes. Nature, 526, 574-577. https://doi.org/10.1038/nature 15374

Jiang, P., Liu, H., Piao, S., Ciais, P., Wu, X., Yin, Y., & Wang, H. (2019). Enhanced growth after extreme wetness compensates for post-drought
carbon loss in dry forests. Nature Communications, 10, 195. https://doi.org/10.1038/s41467-018-08229-z

Kannenberg, S. A., Maxwell, J. T., Pederson, N., D'Orangeville, L., Ficklin, D. L., & Phillips, R. P. (2019). Drought legacies are dependent on
water table depth, wood anatomy and drought timing across the eastern US. Ecology Letters, 22, 119-127. https://doi.org/10.1111/ele.13173

Kannenberg, S. A., Schwalm, C. R., & Anderegg, W. R. L. (2020). Ghosts of the past: How drought legacy effects shape forest functioning and
carbon cycling. Ecology Letters, 23, 891-901. https://doi.org/10.1111/ele.13485

Karban, R., & Pezzola, E. (2017). Effects of a multi-year drought on a drought-adapted shrub, Artemisia tridentata. Plant Ecology, 218, 547-554.
https://doi.org/10.1007/s11258-017-0710-5

Klockow, P. A., Vogel, J. G., Edgar, C. B., & Moore, G. W. (2018). Lagged mortality among tree species four years after an exceptional drought
in east Texas. Ecosphere, 9, €02455. https://doi.org/10.1002/ecs2.2455

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World map of the Koppen-Geiger climate classification updated. Meteorologis-
che Zeitschrift, 15, 259-263. https://doi.org/10.1127/0941-2948/2006/0130

Kreyling, J. (2010). Winter climate change: A critical factor for temperate vegetation performance. Ecology, 91, 1939-1948. https://doi.
org/10.1890/09-1160.1

Lemoine, N. P., Griffin-Nolan, R. J., Lock, A. D., & Knapp, A. K. (2018). Drought timing, not previous drought exposure, determines sensitivity
of two shortgrass species to water stress. Oecologia, 188, 965-975. https://doi.org/10.1007/s00442-018-4265-5

Li, X., Piao, S., Wang, K., Wang, X., Wang, T., Ciais, P., et al. (2020). Temporal trade-off between gymnosperm resistance and resilience
increases forest sensitivity to extreme drought. Nature Ecology & Evolution, 4, 1075-1083. https://doi.org/10.1038/s41559-020-1217-3

Li, Y. Q., Pan, Y. P, Li, X. Y., Zhao, J., Shi, F. Z., Wu, X. C., & Huang, Y. M. (2022). Legacy effect of extreme wetness events on subse-
quent tree growth evidenced by water use source shifts in a semi-arid region of North China. Trees, 156, 967-976. https://doi.org/10.1007/
s00468-021-02263-z

Liang, E. Y., Leuschner, C., Dulamsuren, C., Wagner, B., & Hauck, M. (2016). Global warming-related tree growth decline and mortality on the
north-eastern Tibetan plateau. Climatic Change, 134, 163—-176. https://doi.org/10.1007/s10584-015-1531-y

Liesche, J., Windt, C., Bohr, T., Schulz, A., & Jensen, K. H. (2015). Slower phloem transport in gymnosperm trees can be attributed to higher
sieve element resistance. Tree Physiology, 35, 376-386. https://doi.org/10.1093/treephys/tpv020

Liu, H., Park Williams, A., Allen, C. D., Guo, D., Wu, X., Anenkhonov, O. A, et al. (2013). Rapid warming accelerates tree growth decline in
semi-arid forests of Inner Asia. Global Change Biology, 19, 2500-2510. https://doi.org/10.1111/gcb.12217

Miguez-Macho, G., & Fan, Y. (2021). Spatiotemporal origin of soil water taken up by vegetation. Nature, 598, 624—-628. https://doi.org/10.1038/
s41586-021-03958-6

Musselman, K. N., Addor, N., Vano, J. A., & Molotch, N. P. (2021). Winter melt trends portend widespread declines in snow water resources.
Nature Climate Change, 11, 418-424. https://doi.org/10.1038/s41558-021-01014-9

Ogle, K., Barber, J. J., Barron-Gafford, G. A., Bentley, L. P., Young, J. M., Huxman, T. E., et al. (2015). Quantifying ecological memory in plant
and ecosystem processes. Ecology Letters, 18, 221-235. https://doi.org/10.1111/ele.12399

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A, et al. (2011). A large and persistent carbon sink in the world’s forests.
Science, 333, 988-993. https://doi.org/10.1126/science.1201609

Peltier, D. M. P., Fell, M., & Ogle, K. (2016). Legacy effects of drought in the southwestern United States: A multi-species synthesis. Ecological
Monographs, 86, 312-326. https://doi.org/10.1002/ecm.1219

Peltier, D. M. P., & Ogle, K. (2019). Legacies of La Nifia: North American monsoon can rescue trees from winter drought. Global Change Biol-
0gy, 25, 121-133. https://doi.org/10.1111/gcb.14487

Pendergrass, A. G., Knutti, R., Lehner, F., Deser, C., & Sanderson, B. M. (2017). Precipitation variability increases in a warmer climate. Scientific
Reports, 7, 17966. https://doi.org/10.1038/s41598-017-17966-y

Peng, S., Piao, S., Ciais, P., Myneni, R. B., Chen, A., Chevallier, F., et al. (2013). Asymmetric effects of daytime and night-time warming on
Northern Hemisphere vegetation. Nature, 501, 88-92. https://doi.org/10.1038/nature 12434

Piao, S., Nan, H., Huntingford, C., Ciais, P., Friedlingstein, P., Sitch, S., et al. (2014). Evidence for a weakening relationship between interannual
temperature variability and northern vegetation activity. Nature Communications, 5, 5018. https://doi.org/10.1038/ncomms6018

Preisler, Y., Tatarinov, F., Grunzweig, J. M., Bert, D., Ogee, J., Wingate, L., et al. (2019). Mortality versus survival in drought-affected Aleppo
pine forest depends on the extent of rock cover and soil stoniness. Functional Ecology, 33, 901-912. https://doi.org/10.1111/1365-2435.13302

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M. D., Seneviratne, S. L, et al. (2013). Climate extremes and the carbon cycle. Nature,
500, 287-295. https://doi.org/10.1038/nature 12350

WU ET AL.

14 of 15


https://doi.org/10.1111/gcb.13072
https://doi.org/10.1093/treephys/tpz050
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1111/nph.15048
https://doi.org/10.1111/gcb.15078
https://doi.org/10.1111/j.1365-2486.2009.01967.x
https://doi.org/10.1111/gcb.14294
https://doi.org/10.1002/ecy.2095
https://doi.org/10.1038/nature15374
https://doi.org/10.1038/s41467-018-08229-z
https://doi.org/10.1111/ele.13173
https://doi.org/10.1111/ele.13485
https://doi.org/10.1007/s11258-017-0710-5
https://doi.org/10.1002/ecs2.2455
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1890/09-1160.1
https://doi.org/10.1890/09-1160.1
https://doi.org/10.1007/s00442-018-4265-5
https://doi.org/10.1038/s41559-020-1217-3
https://doi.org/10.1007/s00468-021-02263-z
https://doi.org/10.1007/s00468-021-02263-z
https://doi.org/10.1007/s10584-015-1531-y
https://doi.org/10.1093/treephys/tpv020
https://doi.org/10.1111/gcb.12217
https://doi.org/10.1038/s41586-021-03958-6
https://doi.org/10.1038/s41586-021-03958-6
https://doi.org/10.1038/s41558-021-01014-9
https://doi.org/10.1111/ele.12399
https://doi.org/10.1126/science.1201609
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1111/gcb.14487
https://doi.org/10.1038/s41598-017-17966-y
https://doi.org/10.1038/nature12434
https://doi.org/10.1038/ncomms6018
https://doi.org/10.1111/1365-2435.13302
https://doi.org/10.1038/nature12350

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002530

Reinmann, A. B., Susser, J. R., Demaria, E. M. C., & Templer, P. H. (2019). Declines in northern forest tree growth following snowpack decline
and soil freezing. Global Change Biology, 25, 420-430. https://doi.org/10.1111/gcb.14420

Scharnweber, T., Smiljanic, M., Cruz-Garcia, R., Manthey, M., & Wilmking, M. (2020). Tree growth at the end of the 21st century-the extreme
years 2018/19 as template for future growth conditions. Environmental Research Letters, 15, 074022. https://doi.org/10.1088/1748-9326/
ab865d

Sugden, A. M. (2019). Forest termites mitigate the effects of drought. Science, 363, 137-138. https://doi.org/10.1126/science.363.6423.137-f

Szejner, P., Belmecheri, S., Ehleringer, J. R., & Monson, R. K. (2020). Recent increases in drought frequency cause observed multi-year drought
legacies in the tree rings of semi-arid forests. Oecologia, 192, 241-259. https://doi.org/10.1007/s00442-019-04550-6

van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., Daniels, L. D., Franklin, J. F., Fulé, P. Z., et al. (2009). Widespread increase of tree mortality
rates in the Western United States. Science, 323, 521-524. https://doi.org/10.1126/science. 1165000

Vicente-Serrano, S. M., Begueria, S., & Lopez-Moreno, J. I. (2010). A multiscalar drought index sensitive to global warming: The standardized
precipitation evapotranspiration index. Journal of Climate, 23, 1696—1718. https://doi.org/10.1175/2009cli2909.1

Vicente-Serrano, S. M., Gouveia, C., Camarero, J. J., Begueria, S., Trigo, R., Lépez-Moreno, J. L, et al. (2013). Response of vegetation to drought
time-scales across global land biomes. Proceedings of the National Academy of Sciences of the United States of America, 110, 52-57. https://
doi.org/10.1073/pnas.1207068110

Viovy, N. (2018). CRUNCEP version 7 — Atmospheric forcing data for the community land model. Research Data Archive at the National Center
for Atmospheric Research, Computational and Information Systems Laboratory.

Vose, J. M., Miniat, C. F., Luce, C. H., Asbjornsen, H., Caldwell, P. V., Campbell, J. L., et al. (2016). Ecohydrological implications of drought for
forests in the United States. Forest Ecology and Management, 380, 335-345. https://doi.org/10.1016/j.foreco.2016.03.025

Wu, X., Guo, W., Liu, H., Li, X., Peng, C., Allen, C. D., et al. (2018). Exposures to temperature beyond threshold disproportionately reduce
vegetation growth in the northern hemisphere. National Science Review, 6, 786—795. https://doi.org/10.1093/nsr/nwy158

Wu, X., Li, X. Y., Liu, H. Y., Ciais, P, Li, Y. Q., Xu, C. Y., et al. (2019). Uneven winter snow influence on tree growth across temperate China.
Global Change Biology, 25, 144-154. https://doi.org/10.1111/gcb.14464

Wu, X., Liu, H,, Li, X., Ciais, P., Babst, F., Guo, W., et al. (2018). Differentiating drought legacy effects on vegetation growth over the temperate
Northern Hemisphere. Global Change Biology, 24, 504-516. https://doi.org/10.1111/gcb.13920

Xu, T.R., Wu, X. C,, Tian, Y. H,, Li, Y., Zhang, W., & Zhang, C. C. (2021). Soil property plays a vital role in vegetation drought recovery in karst
region of Southwest China. Journal of Geographical Research-Biogeosciences, 126, €20211G006544. https://doi.org/10.1029/2021jg006544

Zhang, P., Jeong, J.-H., Yoon, J.-H., Kim, H., Wang, S.-Y. S., Linderholm, H. W., et al. (2020). Abrupt shift to hotter and drier climate over inner
East Asia beyond the tipping point. Science, 370, 1095-1099. https://doi.org/10.1126/science.abb3368

Zhang, Z., Babst, F., Bellassen, V., Frank, D., Launois, T., Tan, K., et al. (2018). Converging climate sensitivities of European forests between
observed radial tree growth and vegetation models. Ecosystems, 21, 410-425. https://doi.org/10.1007/s10021-017-0157-5

Zhao, S., Pederson, N., D'Orangeville, L., HilleRisLambers, J., Boose, E., Penone, C., et al. (2019). The International Tree-Ring Data Bank
(ITRDB) revisited: Data availability and global ecological representativity. Journal of Biogeography, 46, 355-368. https://doi.org/10.1111/
jbi. 13488

Zweifel, R., & Sterck, F. (2018). A conceptual tree model explaining legacy effects on stem growth. Frontiers in Forests and Global Change, 1,
9. https://doi.org/10.3389/ffgc.2018.00009

References From the Supporting Information

Jakubauskas, M. E., Legates, D. R., & Kastens, J. H. (2001). Harmonic analysis of time-series AVHRR NDVI data. Photogrammetric Engineer-
ing & Remote Sensing, 67(4), 461-470.

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World map of the Koppen-Geiger climate classification updated. Meteorologis-
che Zeitschrift, 15, 259-263. https://doi.org/10.1127/0941-2948/2006/0130

Roerink, G., Menenti, M., & Verhoef, W. (2000). Reconstructing cloudfree NDVI composites using Fourier analysis of time series. International
Journal of Remote Sensing, 21, 1911-1917. https://doi.org/10.1080/0143116002098 14

WU ET AL.

15 of 15


https://doi.org/10.1111/gcb.14420
https://doi.org/10.1088/1748-9326/ab865d
https://doi.org/10.1088/1748-9326/ab865d
https://doi.org/10.1126/science.363.6423.137-f
https://doi.org/10.1007/s00442-019-04550-6
https://doi.org/10.1126/science.1165000
https://doi.org/10.1175/2009jcli2909.1
https://doi.org/10.1073/pnas.1207068110
https://doi.org/10.1073/pnas.1207068110
https://doi.org/10.1016/j.foreco.2016.03.025
https://doi.org/10.1093/nsr/nwy158
https://doi.org/10.1111/gcb.14464
https://doi.org/10.1111/gcb.13920
https://doi.org/10.1029/2021jg006544
https://doi.org/10.1126/science.abb3368
https://doi.org/10.1007/s10021-017-0157-5
https://doi.org/10.1111/jbi.13488
https://doi.org/10.1111/jbi.13488
https://doi.org/10.3389/ffgc.2018.00009
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1080/014311600209814

	Timing and Order of Extreme Drought and Wetness Determine Bioclimatic Sensitivity of Tree Growth
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. 
          Tree-Ring Chronologies
	2.2. Gridded Climate Data Sets and Köppen-Geiger Climate Zones
	2.3. Determination of Seasonal Extreme Drought and Wetness Events
	2.4. Quantification of Responses of Tree Growth to Bioclimatic and Other Factors
	2.5. Resistance and Resilience of Tree Growth Under Seasonal Extreme Drought

	3. Results
	3.1. Responses of Tree Growth to Bioclimatic Factors
	3.2. Divergent Responses of Gymnosperms and Angiosperms to Bioclimatic Factors
	3.3. Effects of Seasonal Extreme Droughts on Tree Growth Resistance and Resilience

	4. Discussion
	4.1. Bioclimatic Legacy Effects Associated With Timing of Seasonal Climate Extremes
	4.2. Divergent Bioclimatic Sensitivity of Gymnosperms Versus Angiosperms

	[DummyTitle]
	Data Availability Statement
	References
	References From the Supporting Information


