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ARTICLE INFO ABSTRACT

Keywords: Severe droughts limit tree growth and forest productivity worldwide, a phenomenon which is expected to

De“drf’ec‘)l”gy aggravate over the next decades. However, how drought intensity and climatic conditions before and after

Eree-nhntg drought events modulate tree growth resilience remains unclear, especially when considering the range-wide
roug . s .

Mediterranean phenotypic variability of a tree species.

We gathered 4632 Aleppo pine (Pinus halepensis Mill.) tree-ring width series from 281 sites located in 11
countries across the Mediterranean basin, representing the entire geographic and bioclimatic range of the spe-
cies. For each site and year of the period 1950-2020, we quantified tree-growth resilience and its two compo-
nents, resistance and recovery, to account for the impact of drought and the capacity to recover from it. Relative
drought intensity of each year was assessed using SPEI (Standardized Precipitation Evapotranspiration Index), a
climatic water deficit index. Generalized additive mixed models were used to explore the non-linear relationships
between resilience and its two components and drought intensity, preceding and following years climatic
conditions.

We found that P. halepensis radial growth was highly dependent on the SPEI from September of the previous
year to June of the current year. Trees growing under more arid bioclimates showed higher inter-annual growth
variability and were more sensitive to drought, resulting in an increased response magnitude to pre-, during and
post-drought conditions. In contrast to our expectations, drought intensity only slightly affected resilience, which
was rather negatively affected by favorable preceding conditions and improved by favorable following
conditions.

Resilience and its components are highly dependent on preceding and following years climatic conditions,
which should always be taken into account when studying growth response to drought. With the observed and
predicted increase in drought frequency, duration and intensity, favorable conditions following drought episodes

Aleppo pine
Preceding and following drought climate
conditions

may become rare, thus threatening the future acclimation capacity of P. halepensis in its current distribution.

1. Introduction

Droughts are forecasted to increase in frequency, duration and in-
tensity across many regions of the globe due to climate change (Dai,
2012). This is especially true in the Mediterranean Basin which has
already experienced such trend since the 1950s, and is considered as one
of the most vulnerable regions to climate change (Cramer et al., 2018;
IPCC, 2021). Droughts largely affect forest ecosystems functions and
services, and their impacts can be immediate or persistent (often
referred as “legacy effects”, Anderegg et al., 2015; Miiller and Bahn,
2022; Vilonen et al., 2022). The magnitude of these effects strongly
depend on the drought regime, i.e., on their frequency, intensity and
timing (Clark et al., 2016; Penuelas et al., 2017; Wu et al., 2018, 2022;
Jiao et al., 2021; Aldea et al., 2022). For instance, significant losses in
forest productivity have been reported during and after extreme drought
episodes in several biomes (Ciais et al., 2005; Song et al., 2021; Forzieri
et al., 2022; Martinez del Castillo et al., 2022) and could be associated
with forest dieback (Allen et al., 2010; Allen et al., 2015; Cailleret et al.,
2017; Greenwood et al., 2017). Even for less severe events, drought is
still a major factor limiting secondary tree growth worldwide (Babst
et al., 2019).

Under drought conditions, low soil water content and high evapo-
rative demand alter tree physiology. Cambial activity is one of the first
processes to be impacted as xylem cell formation is directly limited by
turgor loss (sink limitation), and indirectly, by stomatal closure reducing
carbon assimilation (source limitation; Bréda et al., 2006; Fatichi et al.,
2014). The product of xylogenesis is easily and retrospectively retriev-
able through the measurement of ring widths, which is commonly used
as an indicator of tree response to drought at large spatial and temporal

scales (see Fritts et al., 1965; Babst et al., 2018). Furthermore, radial
growth has been demonstrated to be more sensitive to drought than
other widely used indicators of tree health, such as the remote-sensing
vegetation index NDVI (Gazol et al., 2018). For all these reasons, it is
relevant to use radial growth to assess tree resilience to drought, i.e., its
capacity to return to its pre-disturbance state (concept of “engineering
resilience” according to Holling, 1996). Here, we use the so-called Lloret
resilience indices (Lloret et al., 2011). Resilience is defined as the ability
of a tree to reach its pre-disturbance growth levels, distinguishing two
components: resistance quantifies a tree’s capacity to maintain its
growth level during a disturbance, and recovery its ability to restore its
growth afterwards, relative to the response induced by the event. Such
information is key as trees with lower drought resilience tend to show
higher mortality risk during future droughts (Trugman et al., 2018;
DeSoto et al., 2020).

In this context, forest resilience to extreme drought events has
attracted increasing attention in recent decades worldwide for many
tree species and forest biomes (e.g., Bottero et al., 2021; Gazol et al.,
2018; Jiao et al., 2021; Vitasse et al., 2019; Wu et al., 2022). Several
studies have focused on Aleppo pine (P. halepensis Mill.) as (1) it is the
major conifer species of the western Mediterranean basin covering 3.5
million hectares over a wide range of climatic conditions; and (2) it
provides crucial economic, environmental, and social services, such as
protection of degraded, drought-prone lowlands and timber production
(Fady et al., 2003; Chambel et al., 2013; Gauquelin et al., 2018). Even if
P. halepensis is considered to be one of the most adapted species to water
deficit in the Mediterranean region, several studies reported local
drought-related growth decline and dieback symptoms (Vennetier et al.,
2011; Sanchez-Salguero, 2012; Camarero et al., 2015; Dorman et al.,



2015; Morcillo et al., 2022), questioning its ability to cope with future
warmer and dryer conditions.

Several studies have assessed P. halepensis climate-growth relation-
ships at local to regional scales (e.g., Sarris et al., 2011; de Luis et al.,
2013; Novak et al., 2013; del Rio et al., 2014; Gazol et al., 2017;
Camarero et al., 2020; Manrique-Alba et al., 2022), but we are still
missing an integrated overview of how its resilience to drought in terms
of radial growth varies across its distribution range. So far, most studies
that investigate P. halepensis resilience to drought have only considered
the effect of climatic conditions occurring the year of the drought,
ignoring the conditions of the pre- and post- drought periods. Yet, these
latter conditions can explain a significant part of resilience (Ovenden

et al. 2021; Sarris et al., 2007; Schwarz et al., 2020; Sohn et al., 2016). A
few studies integrated post-drought conditions, and their effects were
not always consistent depending on the characteristics of the studied
drought event (Serra-Maluquer et al., 2018; Manrique-Alba et al., 2022).
Furthermore, as previous research efforts have only focused on a few
extreme drought years (e.g., 1986, 1994-95 and 2005 in eastern Spain),
the response of P. halepensis growth to a larger range of drought in-
tensities remains unclear (Gazol et al., 2017, 2018; Alfaro-Sanchez et al.,
2018; Serra-Maluquer et al., 2018). Notably, as patterns of resilience to
drought are species-specific, we do not know if there is a drought in-
tensity threshold under which resilience would be severely reduced for
P. halepensis. Such a threshold was found for Picea abies or Larix decidua
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Fig. 1. (a): Location of the 281 Pinus halepensis sampling sites in the Mediterranean basin according to five Mediterranean bioclimate categories: arid (6.5 < AI<28;
red), semi-arid (28 < AI<45; orange), sub-humid (45 < AI<60; green), humid (60 < AI <75; blue) and hyper-humid (AI > 75; purple) where Al is the aridity index
(mean(P/ETP)[1981-2010], Le Houerou, 2004). P. halepensis distribution area (in gray) was extracted from the Euforgen website (Caudullo et al., 2017). (b): annual
precipitation and temperature of the sampling sites, averaged on the 1981-2010 period (solid dots and black density levels) and of the species distribution area
according to Euforgen (shaded dots and gray dashed density levels). kernel density levels: 25%, 50%, 90%. Fig. 1c: Relationship between annual water balance
(WBAL =P-PET; mm) and annual SPEI of the sampling sites on the 1950-2020 period. Note that a given SPEI value can correspond to a wide range of WBAL values

depending on the site bioclimate.



but not for Abies alba or Quercus robur/petraea (Vitasse et al., 2019).

To assess the impact of drought on P. halepensis resilience across its
distribution, we gathered a large tree-ring dataset of 4632 ring-width
series from 281 sites in 11 countries, covering a large part of the spe-
cies’ bioclimatic and geographic range. After identifying the seasonal
time period that mainly drives the species sensitivity to drought, our
objectives were (1) to evaluate the importance of pre- and post-drought
conditions in explaining resilience and its components (i.e. resistance
and recovery) in terms of radial growth, and (2) to analyze how resil-
ience and associated components change along a drought intensity
gradient across its bioclimatic range.

2. Material and methods

2.1. Collection of the tree-ring width series

We produced a tree-ring width database representative of the
bioclimatic and geographic range of P. halepensis by compiling and ho-
mogenizing 40 datasets from published and unpublished studies (5117
trees from 383 forest stands), including 6 from the ITRDB (International
Tree-Ring Databank, Zhao et al., 2019). A single series was retained for
each tree, obtained by computing the arithmetic average ring-width
(RW) if multiple cores were sampled. We carefully checked the
cross-dating quality of each stand and group of close-by stands using the
dplR package (Bunn et al., 2021) from the R software version 3.6.1 (R
Core Team, 2019). We went over the cross-dating issues with the con-
cerned data providers and discarded the problematic series (65 series,
1.2% of the database). Then, we applied specific filters in order to obtain
a homogeneous database: (i) we only selected alive and unsuppressed
trees with a minimum series length of 20 years (thus excluding 481
series, 9.4% of the database); (ii) trees growing in close-by forest stands
at a similar elevation and with the same climate data (i.e., for which the
same grid point was used for the extraction of the climate data, see
Section 2.2, “climate data”) were grouped together under a common site
name; (iii) in the case of data issued from experiments where rainfall has
been manipulated (exclusion and/or irrigation experiments), only trees
from control plots were selected; (iv) finally, we removed 2 sites
including less than 5 sampled trees each In total, 550 series were
excluded, representing 10.6% of the original sample size.

In the resulting database, ring-width data came from 4632 individual
tree series (311 957 rings) growing in 281 sites located in 11 countries
across the Mediterranean basin (Fig. 1a). Sampling sites were mostly
located in Eastern Spain and in French Mediterranean region. Sample
size was rather homogeneous among sites, with 5 to 16 cored trees for
75% of them, and a maximum of 185 trees for one site in France. Series
length ranged from 20 to 302 years with a mean of 67 years and a
standard deviation of 32 years. Most of the site chronologies (76%)
ended between 2000 and 2020 (Fig. S1, Table S1). 13.7% of the trees
had cores with different length (i.e. two or more cores differing in the
starting year) and this difference was of less than 5 years in most cases.

We also compiled tree- and stand-level metadata, but their avail-
ability and degree of accuracy were not uniform among sampling sites
depending on the variable considered. For example, topography (e.g.,
slope, exposition) and soil information were known for almost half of the
stands, but the information was mainly qualitative (e.g., mostly “lime-
stone” for soil substrate). For the part of the dataset with available
metadata information, 71.6% of the stands were of natural origin and
46.9% were managed (see Table S3 for more information on the meta-
data availability).

2.2. Climate data

We used monthly averaged precipitation, air temperature, and solar
radiation from the ERA5-Land Copernicus database for the 71-year
period from 1950 to 2020 (spatial resolution of 0.1°, Munoz Sabater,
2019, 2021). Climate data was extracted from the nearest grid point of

each sampling site. In order to approximately account for the decrease in
temperature with elevation, we used the elevation information available
for all sites, and applied a correction of —0.65 °C/100 m (Table S3). We
computed monthly Potential EvapoTranspiration (PET) using Turc
equation (Turc, 1961):

T(mm>:n><0.013 x (Sr + 50) x

month T+ 15

with n the number of days in the month, Sr the monthly averaged daily
solar radiation (cal/cmz/day), and T the mean temperature of the month
o).

We quantified site bioclimate using an Aridity Index specifically
developed for the Mediterranean (AI = 100 x mean(;5:[1981 —
201 0]); Le Houerou, 2004) with P being the annual precipitation (mm)
and PET the annual potential evapotranspiration (mm). Sampling sites
are distributed among five Mediterranean bioclimates according to their
aridity index: arid (6.5< AI<28), semi-arid (28<AI<45), sub-humid
(45<AI<60), humid (60<AI<75) and hyper-humid (AI >75). More
details on the site climates can be found in Table S1, and on site dis-
tribution among bioclimates in Table S2.

Our tree-ring dataset covers a large range of mean annual tempera-
ture (8-19 °C) and precipitation (152-1295 mm), resulting in a mean
annual water balance (WBAL=P-PET) ranging from —1253 mm to 414
mm, thus well depicting the species climatic range (means 1981-2010;
Fig. 1b).

2.3. Drought characterization

As a site-scale drought metric, we calculated for each month of the
1950-2020 period the Standardized Precipitation-Evapotranspiration
Index (SPEI) depicting relative drought intensity using the SPEI R
package (Vicente-Serrano et al., 2010) on the basis of the monthly water
balance computed with the Turc PET. Note that a year with a negative
SPEI value is dry compared to the mean site conditions, but can have a
positive absolute water balance (Fig. 1c).

For each site, we aggregated SPEI over all possible monthly intervals
on a moving temporal window from 4 to 12 months (including months of
the previous year - but not earlier ones, as ring width depends mainly on
climatic conditions of the year of its formation and of the year before;
Peltier et al., 2018). We then calculated the Pearson correlation coeffi-
cient between each SPEI window and the ring-width indices chronology
(described below). The SPEI window which indicates the strongest mean
correlation coefficient was chosen as the drought metric for all sites and
was used in the following analyses because (1) we preferred to use a
single drought metric for all sites to ensure the robustness of the analysis
and comparability of the results among sites (e.g., Vitasse et al., 2019);
and (2) ring-width indices chronologies which have a high correlation
with the selected SPEI window are also well correlated with their own
best SPEI window (see Fig. S6).

2.4. Processing of the tree-ring width series

To study tree growth response to drought, numerous studies have
used the so-called Lloret resilience indices (Lloret et al., 2011). Although
the limits of those indices have been recently highlighted (Schwarz
et al., 2020; Manrique-Alba et al., 2022), they offer the advantage of
being applicable to all possible growth values (i.e., even in the absence
of a growth loss). This is not the case for the alternative indices defined
by Thurm et al., 2016 (e.g., recovery time, total growth reduction)
whose construction rely on the existence of a drought intensity threshold
and/or a drought induced growth loss.

Most studies use raw ring-width series (RW) or Basal Area Increment
series (BAI) to calculate Lloret indices (Schwarz et al., 2020). However,
since a large majority of the individual RW and BAI series of our dataset
presented an age trend, RW and BAI series were detrended by fitting a



cubic spline with a 50% frequency cutoff at a 30-years moving window
with the dplR R package (Bunn et al., 2021). We applied the same spline
stiffness regardless of the series length, as recommended for such het-
erogeneous datasets with a wide series length distribution (Klesse,
2021). The resulting dimensionless indices were then averaged into
site-scale chronologies using a bi-weight robust mean, with a minimum
sample depth of five trees. Due to standardization issues encountered for
16% of the BAI series (linked to the establishment phase; Fig. S2), we
decided to use only detrended ring-width Indices (RWI).

The calculation of Lloret indices induces singular effects for annual
growth values close to zero, especially when computing the recovery
index, which tend toward a very high value. In addition, the index
cannot be calculated in the case of a missing ring (as already highlighted
by Lloret et al., 2011), and is often estimated by replacing the zero value
by an arbitrary low value (e.g., 0.01 mm, which is often the resolution of
the measuring device; which induces singular effects). Both situations
are often reported in our dataset (47 occurrences of values lower than
0.01 mm in the site-scale ring-width chronologies). Thus, we decided to
compute growth response indices with a very similar approach, but the
normalization to the baseline (i.e., “normal” growth before the consid-
ered year for resistance and resilience, and growth duringthe considered
year for recovery) was done using subtraction and not division (see
Fig. S3):

o Resistance = RWI; — RWIjrec (1)
o Recovery = RWlpost (1) — RWI¢
o Resilience = Resistance + Recovery = RWI,ost (1) — RWlprece (1):

Where RWI, is the Ring Width Index of the year t, and RWIje. (1) and
RWI,0st (1) the averaged RWI of the L years preceding and following the
year t, respectively.

There is no common framework for choosing the length L of the pre-
and post- periods, while it can have a significant effect on the results
(Schwarz et al., 2020; Ovenden et al., 2021). Determining the “best” L is
critical, as models with different L values are fitted with different sample
sizes (varying number of years) and cannot be directly compared using
the Akaike Information Criterion (AIC) or the determination coefficient
(R?). We thus tested pre- and post- periods L of 1 to 4 years, and did not
consider intervals beyond 4 years as the mean of detrended ring-width
indices tend towards one. Since the results were similar irrespective of
the L value, we chose to only show and discuss the results for the models
with pre- and post- periods of 2 years (Fig. S7).

As our goal was to assess how resilience and its components vary
with drought intensity with potential non-linear relationships, resis-
tance, recovery and resilience were computed for each year of the site-
scale chronologies following Vitasse et al. (2019). By doing so, we aimed
to avoid any bias caused by the selection of specific drought years t for
the indices calculation, e.g., years with (1) a drought index below a
given threshold and/or (2) a significant growth loss (see Schwarz et al.,
2020). Indeed, the criterion (1) implies only studying extreme drought
events, while growth response can differ according to drought intensity
(Bottero et al., 2021). Besides, there is no consensus on the definition of
a drought climatic threshold so far (Slette et al., 2019); moreover, a
methodological bias results from (2) as droughts that do not result in
strong growth losses are excluded.

We also computed for each site-scale RWI chronology classical
dendrochronological characteristics such as the first order autocorrela-
tion, depicting growth persistence from one year to the next, as well as
the magnitude of the inter-annual variability and the strength of the
climate-growth relationship, this latter being defined as the Pearson
correlation coefficient between the chronology and the SPEI series.

2.5. Statistical analysis

Generalized additive mixed models (GAMMs) were fitted to the data
using the gamm4 R package (Wood and Scheipl, 2020) in order to
explore non-linear relationships between the three response indices and
the drought index SPEI,, as well as previous and following years climate
conditions referred to as SPEIprec (1) and SPEIL,os: (1), averaged on the
same number of years L as RWIyrec (1) and RWIos¢ (1) To assess dis-
crepancies in resilience and its components across the species climatic
range, bioclimate was considered as a fixed factor in the GAMM, while
random effects were estimated for the intercept with site as grouping
factor. We computed all possible GAMMs for each response variable and
each L value:

Response index;, = f, + sl (SPEIpm(m)
+ 53(SPELosti.)))

bioclim +s2 (SPEI‘(L‘))
+0 +¢

bioclim

bioclim

where the response index is computed for the site in year ¢; s1, s2 and s3
are smoothing functions fitted for each Mediterranean bioclimate cate-
gory (factor-smooth interaction); §; are the random effects estimated for
the intercept with site as grouping factor; and ¢ the residual error. For
each L value, three models were computed for resistance (since the
SPEI,,0s; variable was not included in resistance models) and seven for
recovery and resilience. For each response variable and each L value, as
only fixed effects differed between models, the parameters of the models
were fitted using the maximum likelihood method in order to select the
best model as the one with the lowest AIC. Then, the parameters of the
best model were fitted using restricted maximum likelihood.

Furthermore, we analyzed the variations in the first-order autocor-
relation, standard deviation and strength of the climate-growth rela-
tionship along the bioclimatic gradient using linear and logarithmic
regressions.

3. Results
3.1. SPEI window maximizing the drought sensitivity

The SPEI window showing the best overall mean correlation with the
site-scale chronologies is a 10-month interval from September of the
previous year to June of the current year (SPELsept+.june; Fig. 2). However,
11 and 12-month intervals ending in July or August as well as 8 and 9-
month intervals ending just before summer, in May or June, are also well
correlated with the site-scale chronologies. There are minor differences
depending on the bioclimate: if the period maximizing the SPEI-
chronology correlation always begins in September or October of the
previous year, it tends to be wider as the aridity decreases (ending in
May to August from arid to humid Mediterranean bioclimates, Fig. S4).
Nevertheless, when considering bioclimates independently, SPELsept*june
remains the first or second best correlated SPEI window, except for the
arid bioclimate for which it ranks fifth (Fig. S4). SPEIsept+.june was thus
used as the drought metric characterizing each year for all sites.

3.2. Best models explaining resistance, recovery and resilience

Regardless of the response index and the length L of the pre- and
post- periods considered, the best model (i.e., with the lowest AIC) is the
most complete one, which takes into account drought indices depicting
pre-, during and post- conditions(SPEIrec, SPEIL; and SPEIqs; Tables 1
and S4).

The best model for resistance included both SPEI; and SPEI,.. as
explanatory variables, explaining 18% and 7% of the variance in single-
variable models, respectively (Table 1). The complete model including
SPEl,ec, SPEL; and SPEI,. was the best for recovery (31% variance
explained), even though SPEI,. explained only a very small part of the
variability (3%) compared with SPEI; and SPEI,qs (13% and 12%,
respectively). Similarly, resilience was also best explained by the model
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Fig. 2. (a): Mean Pearson correlation coefficient between site-scale chronologies and SPEI windows, averaged across all sites. (b): Percentage of sites for which the
correlation is significant (at a threshold level of 0.05). For both figures, the x-axis indicates the window ending month with t the months of the ongoing year and t-1
the months of the previous year, and the y-axis the window width (in months). The highest correlation coefficient (Fig. 1a) and percentage of sites (Fig. 1b) are
indicated in red and correspond to a time window starting in September t-1 and ending in June t (length=10 month). The variation of the Pearson correlation
coefficients among sites is detailed in Fig. S5.

Table 1

Results of the Generalized Additive Mixed Models explaining the three resilience components as a function of SPEI;, SPEI,.. and SPEI, considering pre- and post-
periods L of 2 years. For each year, SPEI was aggregated from September of the previous year to June. A green dot in the drought indices section means that the
corresponding index is included as explanatory variable in the model with a smoothing term. For example, the first line corresponds to the model explaining resistance
by SPEL, only. Bioclimate is always included as a factor modulating the smoothing term, and site as a random effect on the intercept. For each response index, the
selected model i.e., with the lowest AIC, is highlighted in bold. SPEI,,.s; was not tested for resistance (shaded cells), as this response index only depicts growth occurring

before and during the year t. Models computed with pre- and post- periods L from 1 to 4 years are described in Table S4.

drought indices L=2
Response index SPEIrec SPEI; SPEIL0s¢ AIC AAIC with the best model adj. R squared number of records
Resistance v 9360.5 2073.8 0.18 13278
v 10,981.5 3694.8 0.07
v v 7286.7 0.0 0.30
Recovery v 9788.8 3107.5 0.13 12932
v 11,169.5 4488.2 0.03
v 9851.9 3170.6 0.12
v v 9573.0 2891.7 0.15
v v 6952.8 271.5 0.30
v v 9327.2 2645.8 0.16
v v v 6681.3 0.0 0.31
Resilience v 12,258.0 5049.3 0.02 12716
v 10,557.3 3348.5 0.14
v 10,413.9 3205.2 0.15
v v 10,182.5 2973.8 0.17
v v 10,319.5 3110.7 0.16
v v 7290.6 81.9 0.34
v v v 7208.7 0.0 0.34

including the three drought indices (34%), but the difference in AIC
between the complete model and the model without SPEI; was relatively
small. This was consistent with the limited contribution of SPEI, in the
resilience variability (2%) compared to SPEIe. (14%) and SPEIL,os
(15%).

Regardless of the site aridity, resistance decreased with drought in-
tensity (here and throughout the article, we refer to « increasing »
drought intensity, i.e., more negative SPEI; values, Fig. 3b) and it was
reduced by favorable preceding conditions (i.e., positive SPEIe. values,
Fig. 3a). In contrast, recovery increased with drought intensity (i.e.,
higher recovery with lower SPEIL, Fig. 3d), and it was improved by
favorable following conditions (Fig. 3e), whereas the effect of previous
conditions was unclear (Fig. 3c). Combining resistance and recovery,
resilience was reduced by favorable preceding conditions and improved
by favorable following conditions (Fig. 3h & f). However, resilience was

not strongly affected by the intensity of the drought event itself (Fig. 3g).

The slope of the resistance response to drought intensity showed a
slight inflexion point around a SPEI; value of —1 for the most humid
Mediterranean bioclimates (Fig. 3b). However, overall, we did not
observe a sharp decrease in resilience or one of its components under a
given SPEI; value (i.e., no threshold effect).

3.3. Variation of resistance, recovery, resilience and ring-width
characteristics along the bioclimatic gradient

The magnitude of the response of resistance, recovery and resilience
to pre-, during and post- conditions increased with site aridity (Fig. 3).
For example, predicted values of the resistance index ranged from —0.82
+0.03 to 0.88 +0.03 for the arid bioclimate and only from —0.39 +0.07
to 0.26 £0.08 for the hyperhumid bioclimate. Populations growing
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Fig. 3. Predictions and 95% confidence intervals of the best GAMM models for resistance, recovery and resilience under the different Mediterranean bioclimates
according to the relative drought intensity (measured by SPEI) before, during or after the considered year t. The selected pre-and post-periods length is 2 years (L =
2). Graphics showing the results with L ranging from 1 to 4 show similar patterns and can be found in Fig. S7. More negative values of SPEI, ., SPEI; and SPEI s
correspond to stronger drought intensity before, during and after the year t, respectively.

under arid bioclimates showed lower resistance but better recovery to
intense drought events than those growing under more humid climates.
The effect of drought intensity of year t on resilience was minor and
significantly negative for the arid and semi-arid bioclimates, while no
clear effect was found for more humid bioclimates (Fig. 3g). For
example, when considering an extreme drought event (e.g. SPEI; =—2)
the predicted resilience was —0.095 +0.026 and —0.091 +0.012 for the
arid and semi-arid bioclimates, respectively.

Similarly, we found that both standard deviation and climate sensi-
tivity (i.e. strength of the climate-growth relationship) of the site chro-
nologies increased with site aridity (Fig. 4b & 4c, respectively). On the
contrary, the first order autocorrelation did not show any clear trend
along the bioclimatic gradient (Fig. 4a).

4. Discussion

Using ring-width series from 4632 trees growing in 281 sites
distributed over the entire Mediterranean basin, we found that
P. halepensis radial growth was highly dependent on the climatic water
balance from September of the previous year to June of the current year.
Severe droughts during this 10-month period strongly reduced tree
growth (low resistance). Interestingly, resilience was hardly affected by
the intensity of the drought itself, showing a slight decrease with
drought intensity only in the most arid Mediterranean bioclimates.
Rather, resilience was mainly reduced by favorable preceding climate
conditions and improved by favorable following conditions. The
magnitude of the relationships between resistance, recovery and resil-
ience and the relative drought intensity (SPEI) of the preceding, current
and following years increased with bioclimate aridity, and can be
associated with a higher inter-annual growth variability and growth
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Fig. 4. Changes in the site-scale RWI chronologies with the site aridity index
(AID): (a) first order autocorrelation, (b) standard deviation, and (c) strength of
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correspond to a more arid Mediterranean bioclimate. Equations of the linear
regressions are (b) y = 0.80 — 0.13 log(x), adj. R>=0.35, p-value < 0.001; and
(¢) y = 0.59 - 0,003 x, adj. R? = 0.12, p-value < 0.001.

correlation with drought.
4.1. Seasonality of radial growth sensitivity to drought

In many studies that focus on resilience to drought, the initial defi-
nition of the optimal temporal window in which the climatic variables
(SPEI in this study) best correlate with the growth descriptors, is often
overlooked (but see Vitasse et al., 2019). After exploring all combina-
tions of 4 to 12 months intervals over 2 years, our results indicate that
SPEIgept+.june best correlates with P. halepensis ring-width chronologies.
Even though the identification of the key climatic drivers of tree growth
may be affected by the methodology used (Mazza and Sarris, 2021), this
finding is in accordance with Royo-Navascues et al. (2022), as well as
with a more detailed analysis of the climate-growth relationships from
63 sites (most of them being included in our database; de Luis et al.,
2013). This latter study showed that spring, as well as autumn and
winter precipitation of the previous year were the most important cli-
matic drivers of radial growth, followed to a lesser extent by summer
precipitation.

Optimal temporal windows always include preceding autumn and
winter months. Indeed, under a Mediterranean climate, precipitation
mainly occurs during these two seasons, and recharge soil moisture after
the summer drought. If they are sufficient, they fill deeper soil water
reserves, improving water uptake and radial growth of the following
year (Bréda et al., 2006; Pasho et al., 2011; Pompa-Garcia et al., 2021).
Moreover, as an evergreen species, P. halepensis can assimilate carbon
under mild autumn and winter conditions (Guehl et al., 1985; Gea-Iz-
quierdo et al., 2015; Sperlich et al., 2019). These carbohydrates can be
used for xylogenesis early in the following year when winter tempera-
tures are not limiting, and/or during spring, even though the related
allocation pathways are still unclear (Rathgeber et al., 2005; Kagawa
et al., 2006; de Luis et al., 2011). The species radial growth seems to be
mostly dependent on spring conditions, as is generally the case for
Mediterranean evergreen forests (Allard et al., 2008). However,
considering the high plasticity of P. halepensis cambial activity rhythm,
the period of importance for radial growth can vary according to the site
mean climatic conditions. Indeed, a second cambial activity peak may
occur in autumn under favorable conditions, even if this autumnal
contribution to the annual ring width is limited compared to spring
(Nicault and Rathgeber, 2001; Camarero et al., 2010; Olivar et al., 2012;
de Luis et al., 2013; Novak et al., 2013; Pacheco et al., 2018; Campelo
et al., 2021). Thus, under humid Mediterranean bioclimates, mild
summer months tend to be included in the optimal window for maxi-
mizing climate-growth relationship (Fig. S4).

4.2. Effects of drought intensity, pre- and post- climatic conditions on
resilience and its components

We found a significant decrease in resistance and an increase in re-
covery with drought intensity. On a subsample of 27 Spanish
P. halepensis sites included in our dataset, Gazol et al. (2017) found
similar results for resistance but no effect of drought intensity on re-
covery. However, those results should be compared with caution as (1)
the authors studied only one extreme drought event (2) on a reduced
sample size, and (3) with a different methodology to calculate the
growth response indices. More globally, response patterns of resistance
and recovery to drought intensity that we described were also reported
by Gazol et al. (2018) and Vitasse et al. (2019) for Mediterranean and
temperate tree species, respectively, and were not surprising considering
how the two indices were calculated.

The fact that drought intensity hardly affected P. halepensis resilience
to drought was rather unexpected. Even though some large scale multi-
species studies found similar results (Anderegg et al., 2015), or high-
lighted that the responses are species-specific (Vitasse et al., 2019;



DeSoto et al., 2020), previous studies carried out on P. halepensis showed
that resilience decreased with drought intensity (Gazol et al., 2017,
2018). By closing its stomata early, preventing large xylem cavitation
(Borghetti et al., 1998; Moreno et al., 2021), this species seems able to
regain its functions quickly after punctual drought events without irre-
versible damages (Tatarinov et al., 2016; Campelo et al., 2021). It may
also benefit from its capacity to assimilate carbon throughout the year,
to present bimodal growth patterns (Campelo et al., 2021) and tobe able
to develop deeper and larger root systems than other pines (Klein et al.,
2011; Andivia et al., 2019).

Preceding and following climatic conditions also drove the three
components of resilience. An easy explanation emerges from the
calculation of the resilience indices themselves. For instance, resilience
logically depends on the difference in climatic conditions between the
two previous years and the two following years: previous growth rates
are more difficult to regain after a drought that preceding conditions are
favorable and following climatic conditions are unfavorable. To a
certain extent, this might explain the predicted - although counterin-
tuitive - lessening of resilience with favorable preceding conditions.
Moreover, favorable preceding conditions allow the trees to increase
their leaf area, making them more prone to water stress (Zhang et al.,
2021). Nevertheless, so far only few studies have analyzed the influence
of pre- or post- conditions on resilience and its components (Schwarz
etal., 2020). Sohn et al. (2016) found no effect of pre-drought conditions
on resistance, but a positive effect of favorable post-drought conditions
on recovery for P. sylvestris in Germany. Similarly, Jiao et al. (2021)
found that recovery of canopy leaf area of Australian ecosystems was
improved by post-drought wetness. In contrast, Serra-Maluquer et al.
(2018) did not find any consistent effect of SPEIos on pine growth re-
covery for three extreme drought events in Spain, and hypothesized that
above a certain drought intensity threshold, the impact on growth is
strong regardless of post-drought conditions. We applied our models on
a subset of the dataset containing only severe drought events (SPEI
values < — 1.5, two to seven drought events per site) and found that the
models including all the three drought indices were still the best ones
(Table S5) and showed similar predictions, meaning that post-drought
conditions are still of importance in explaining recovery and resilience
under severe drought conditions.

4.3. Patterns of growth responses along the bioclimatic gradient

Resistance, recovery and resilience varied greatly among
P. halepensis populations. Trees growing under drier climate showed
lower resistance and higher recovery, as observed on P. halepensis and
other tree species (Gazol et al., 2017; Serra-Maluquer et al., 2022). This
greater magnitude of variation of resistance, recovery and resilience
with increasing site aridity can be associated with the ring-width char-
acteristics. Indeed, the magnitude of growth variability and the strength
of the drought-growth relationships also increased with site aridity
(Fig. 4b&c) in accordance with previous studies (Fritts et al., 1965;
Klesse et al., 2022; Sarris et al., 2007; de Luis et al., 2013; Novak et al.,
2013; del Rio et al., 2014; Vanoni et al., 2016; Serra-Maluquer et al.,
2022). However, contrary to our expectations, the first-order autocor-
relation did not increase with site aridity and may explain the lack of
differences among bioclimates in the relationship between growth
resilience and drought intensity (Gazol et al., 2020; Klesse et al., 2022;
Fig. 4a). In addition to site aridity, genetic adaptations to local condi-
tions may have played a relevant role in determining such responses
(Lombardi et al., 2022), but cannot be disentangled with this dataset.

It is important to recall that drought intensity was estimated with the
multiscalar SPEI, which is a metric of relative dryness and does not
reflect drought intensity in absolute terms (Fig. 1c). This means that the
same negative value of SPEI corresponds to a more negative water
balance in arid than in humid bioclimates. In fact, growth in more humid
bioclimates is also driven by other factors such as winter and spring frost
and by competition for light, and not only by water deficit (de Luis et al.,

2013; Babst et al., 2019; Di Filippo et al., 2021). The differences in
biogeographical growth responses to absolute water balance could be
explored in order to identify potential populations suitable for assisted
migration strategies.

4.4. Perspectives

Site, stand, and tree level variables could not be considered in this
study while they are known to influence resilience to drought, e.g., soil,
topography, stand structure and composition, past management, tree
size and competitive status (Moreno-Gutiérrez et al., 2012; Rehschuh
et al., 2017; Serra-Maluquer et al., 2018; Vennetier et al., 2018; Helluy
et al., 2020; Rita et al., 2020; Pardos et al., 2021; Haberstroh and
Werner, 2022). For example, by reducing tree-to-tree competition,
thinning improves P. halepensis growth during dry events and alleviates
drought stress (Olivar et al., 2014; Helluy et al., 2020; Manrique-Alba
et al., 2020). Moreover, other abiotic and biotic events such as heavy
snow or late frost, fire, strong winds or pests in epidemic phase (bark
beetles, pine processionary moth, fungal and bacterial diseases) can
induce radial growth loss and/or reduce tree resilience to water stress,
adding variability in the growth response to drought among individuals
and populations (Prévosto, 2013; Battipaglia et al., 2014; Vennetier
et al., 2018; Klein et al., 2019; Morcillo et al., 2019, 2022; Davi et al.,
2020; Camarero et al., 2021). Further analyses are needed to disentangle
the importance of all biotic and abiotic factors on resilience and its
components (e.g., Gazol et al., 2017). It would require systemizing and
improving the collection of site, stand and tree level metadata when
coring trees, or focusing on a subset of this dataset for which those
metadata are available (Table S3). However, our model which only
focused on climatic variables still explained a substantial part of the
variance (Table 1) highlighting the importance of site mean aridity and
inter-annual variability in climatic variables in explaining P. halepensis
resilience to drought events in terms of radial growth (de Luis et al.,
2013; del Rio et al., 2014; Gazol et al., 2017).

The frequency of occurrence of climate conditions linked with tree
mortality events (e.g., hotter and dryer years) is forecasted to increase
worldwide in the next decades (Hammond et al., 2022). A succession of
drought events may worsen P. halepensis resistance, recovery and resil-
ience to drought, increasing its vulnerability (Serra-Maluquer et al.,
2018). Our results suggest that the observed and forecasted increase in
drought frequency and duration may have a stronger influence on
P. halepensis resistance, recovery and resilience to drought than the in-
crease in drought intensity during the year of the drought itself, because
favorable conditions in the years preceding and following drought epi-
sodes might become rare. However, it is still unclear whether
P. halepensis trees growing under more arid bioclimates will be more or
less sensitive to drought-induced mortality. Particularly, as trees in more
arid climates are acclimated to harsher climatic conditions and exhibit
high inter-annual growth variability and climate sensitivity, as well as
strong recovery after drought events. On one hand, the mortality risk of
gymnosperms is higher when their drought recovery is low (DeSoto
et al., 2020). On the other hand, trees with high inter-annual growth
variability are also more prone to mortality (Cailleret et al., 2019), while
climate sensitivity can have a positive or negative effect on mortality,
depending on the studied trees species and age (Ogle et al., 2000;
McDowell et al., 2010; Macalady and Bugmann, 2014). Further in-
vestigations are consequently needed to explore and understand the
cumulative effects of hotter droughts on tree growth and health.
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