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Abstract

The stability of global forest ecosystems is challenged by the accelerated pace of climate change,
raising questions about their role as future carbon reservoirs. Intensifying drought events affect
forest productivity and dieback at regional scales, yet how drought sensitivity and resilience
components vary across the full distribution of widespread tree species remains insufficiently
quantified. Here, we compile a pan-Eurasian network of 534 Pinus sylvestris tree-ring
chronologies spanning the species’ full ecological range and quantify growth departures and
resilience components during the most extreme summer droughts of the past century. Drought
impacts diverge systematically along major climatic gradients. Growth reductions exceed 70% in
cold-dry and warm semi-humid regions, while cool-humid forests show muted and even positive
departures. Resistance is lowest under prolonged droughts in continental cold—dry interiors and
under short summer droughts in semi-humid lowlands, while recovery capacity is highest where
growth losses are most severe, reflecting local adaptations in drier regions. Despite coherent
biome-scale patterns, substantial site-level variability indicates that growth legacies often persist
beyond the event year. Nonlinear models show that resilience-climate relationships are shaped not
only by mean climate conditions, but also by atmospheric water demand, site-level water balance,
and thermal stability across climatic domains. Together, these results provide a range-wide
assessment of drought impacts, demonstrating how prevailing climate conditions modulates forest

stability and carbon sequestration capacity under intensifying climate extremes.
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Introduction

Forests are increasingly impacted by climate extremes, with drought emerging as one of the most
pervasive and damaging drivers of growth decline, dieback, and mortality worldwide . These
processes are critical as forest biomes constitute the main terrestrial carbon sink and strongly
influence climate-carbon feedbacks °. Short-term deviations from this path may lead to long-
lasting effects in climate change mitigation estimates ¢, threatening national and global pathways

towards net-zero emission goals .

Consequently, anticipating future forest stability under climate change and extreme events takes
center stage. This task requires an inter-regional understanding of how trees across large climatic
gradients respond to extreme dry conditions. However, large uncertainties persist as these
responses are mediated by spatially varying and interacting climatic, ecological, and physiological
processes !l Tree rings uniquely capture both immediate growth reductions and post-drought
recovery trajectories 2, enabling the reconstruction of resilience and the quantification of drought
legacies over time. While numerous dendroecological studies have documented the vulnerability

of single species and populations at regional scales '*-!7

, 1t remains unclear whether drought
responses and resilience components follow consistent, climatically structured patterns across the
full distribution of widespread species, or where the strongest departures from historical growth-

climate relationships occur. Addressing this gap is critical for forecasting forest dynamics and

stability under intensifying drought extremes.

Large-scale tree-ring networks provide an opportunity to move beyond site-specific studies by
examining how drought sensitivity and resilience vary across climate gradients and continents '*-
21, Such network approaches have demonstrated that climate—growth relationships are often

nonlinear, exhibiting threshold responses, asymmetric sensitivities, or shifts in limiting factors
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along climatic gradients 2->*. For example, growth responses may change sign across moisture or
temperature gradients, or display saturating or unimodal patterns that are not captured by linear
correlations?’. These findings suggest that drought impacts and resilience responses may likewise
vary nonlinearly across climatic space, although this possibility has not been evaluated at the scale
of an entire species distribution. Consequently, distribution-wide evaluations of a single species
are still lacking, leaving unresolved to what extent resilience components are associated with mean

climate and how strongly these relationships depend on local conditions.

Scots pine (Pinus sylvestris L.) is one of the most widely distributed conifer throughout the
Northern Hemisphere, extending from the Mediterranean Basin to the Arctic and from maritime
sites to continental interiors 2°. It dominates vast forested areas and is both ecologically and
economically critical, occupying an exceptional range of climatic conditions 6. However, its
response to climate varies markedly across its range, reflecting strong climatic, ecological, and
physiological gradients. Some populations exhibit strong vulnerability and growth decline under

water stress 4?7

, whereas others maintain resistance or rapid recovery, suggesting tolerance in
specific environments '>8, The species also displays marked spatial variation in climate sensitivity
232930 high phenotypic plasticity 3! and contrasting productivity trends and projections across its

distribution 3234,

Here, we use a trans-Eurasian network of 534 tree-ring chronologies, comprising more than 14,500
trees, to assess the effects of extreme summer droughts on tree growth over the last century. Our
analysis is guided by three hypotheses. First, drought sensitivity and resilience components vary
systematically along large-scale climatic gradients, reflecting long-term differences in mean
climate and species adaptation. Second, the relative importance of short versus multi-season

droughts differs among climatic domains. Third, recovery capacity is highest in regions
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historically exposed to stronger or more persistent drought stress, consistent with long-term
acclimation. To evaluate these expectations, we quantify how drought sensitivity and resilience
components depart from historical growth—climate relationships across the species’ range, and
identify the climatic contexts in which these departures are more pronounced. We assess to what
extent resilience components can be attributed to local climate conditions and how their spatial
variability differs within and among climatic clusters. This approach is the first range-wide
assessment of drought resilience components in Pinus sylvestris, providing novel insight into the
climatic structure and magnitude of drought resilience across biomes, and the climatic factors

associated with resilience variation under intensifying climate extremes.

Results

Biogeographic and climatic structure of the Pinus sylvestris network

Our network of 534 forest sites, spanning the entire distribution of Pinus sylvestris, extends from
the Iberian Peninsula to eastern Siberia and captures the species’ full gradients in altitude and
aridity (Fig. 1a; Supplementary Table 1). Our K-means clustering analysis revealed five distinct
clusters based on site climatology, considering the means and seasonal variability of key climatic
parameters, which represent the distinct hydroclimatic regimes (see Methods, Fig. 1b). Cluster 1
(C1) comprises cold and dry sites, with low mean temperatures and limited annual precipitation,
pronounced continentality and highest aridity values across the network (Supplementary Table 2).
C2 encompasses moderately warm and relatively humid regions, whereas C3 represents cool areas
with the lowest isothermality and temperature diurnal range (i.e., stable daily temperature cycles
despite moderate seasonal variation). C4 is defined by high precipitation and low temperature
seasonality, characterizing wet sites in mostly coastal areas. In contrast, C5 encompasses warm—

semi-humid regions, with warm temperatures and intermediate aridity. Together, the tree-ring
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network captures the broad climatic niche of Pinus sylvestris, from continental cold interiors to

maritime wet regions and semiarid lowlands (Supplementary Table 2).
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Figure 1. Pan-Eurasian Pinus sylvestris tree-ring network. Map (a) and climate space (b) showing the
five clusters of 534 site chronologies based on temperature and precipitation variability. The clusters
comprise C1 (cold-dry continental; n=65), C2 (temperate-humid; n=121), C3 (cool-humid; n=143), C4
(warm-wet maritime; n=26), and C5 (warm semi-humid; n=179). In (a), the species' spatial distribution is

shown in green, with elevation represented in grayscale.

Divergent drought sensitivity and growth anomalies

Climate-growth relationships reveal strong but spatially heterogeneous drought sensitivity across
sites and clusters. 40-60% of the sites in clusters C1, C2 and C5 display the expected positive
association between growth and water availability (represented by the Standardized Precipitation
Evapotranspiration Index, SPEI). However, a large fraction of sites shows no significant
correlations between growth and SPEIL, even when considering a variety of seasonal means ranging
from 3 to 24 months and drought windows ending in June to September (Fig. 2a). Correlations are

even negative in some regions, indicating higher growth under drier conditions. In cold northern
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regions (C3 and C4), significant correlations are rare. However, when present, they indicate
negative relationships with below-average water balance, with ~10% of sites exhibiting significant
growth increases. Together, these patterns indicate that growth sensitivity to drought varies

systematically across climatic domains, rather than following a single species-wide response.

Synchrony of drought sensitivity is quantified as the dispersion of site-level growth—climate
correlations within each cluster, with lower dispersion indicating greater synchrony and higher
dispersion describing more heterogeneous responses among sites (Fig. 2b). Coherence of drought
responses varies significantly among climatic domains and drought temporal scales, the analysis
of variance (ANOVA) reveals significant effects of climatic cluster (F = 35.2, p < 0.001), SPEI
timescale (F = 7.17, p < 0.001), and their interaction (F = 3.54, p < 0.001) on the synchrony of
growth—climate relationships. Clusters C1 and C2 showed increasing dispersion toward longer

SPEI timescales, whereas C3, C4, and C5 exhibited the opposite pattern.

Among all sites with significant (p < 0.01) correlations, the length of the drought most strongly
associated with tree-ring width series varies among clusters (Fig. 2¢). Persisting droughts dominate
in C1, including 44% of sites correlating more strongly with SPEI24, and 27% with SPEI12. In
CS, 40% correlate strongest with SPEI24, whereas C2 exhibits a bimodal pattern, with equal
proportions responding to both short and long droughts (37% with both SPEIO3 and SPEI24). In
contrast, short summer droughts prevail in C3 (48% SPEIO3, 26.8% SPEI06) and in C4 (56%
SPEIO3). These patterns demonstrate that the species does not display a uniform drought response
across its distribution range, but instead exhibits region-specific sensitivities linked to prevailing
climate conditions and drought duration, consistent with contrasting growth strategies among

climate domains (Fig.2c).
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Figure 2. Spatial patterns and synchrony of drought sensitivity. Correlation coefficients between
detrended growth and SPEI series. (a) Proportion of sites per cluster showing statistically significant
correlations with varying SPEI series. Positive and negative values are shown above and below the zero
line, respectively. (b) Synchrony of growth—climate relationships within clusters, quantified as the
dispersion (standard deviation) of site-level correlations for each SPEI scale. Shaded areas represent
bootstrap confidence intervals. (c¢) Geographic distribution of maximum correlations at each site
considering SPEI 3-, 6-, 9-, 12-, and 24-month series ending between June and September. Both the strength
(absolute correlation) and direction (positive or negative) are highlighted. Sites without any significant

correlation are indicated with crosses. Significance is assigned at p < 0.01.
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Growth departures during the most extreme drought vary substantially within and among clusters
(Fig. 3). In C5 and C2, the mean departures converge around moderate growth reductions at
approximately 20%. Nevertheless, the distributions are wide, reflecting heterogeneous site-level
responses (Fig. 3a). C3 and C4 show largely stable responses, with most sites experiencing little
or no change in response to extreme droughts, and only a minority displaying clear positive and
negative departures. In contrast, C1 experiences severe reductions, with a mean of nearly -40%
and individual site values ranging from zero to -77%, representing the 5 and 95" percentiles,
respectively. This heterogeneity is also evident in the climate space (Fig. 3c), where positive
growth responses to extreme dry conditions occur mainly at the cold—wet edge of the species’

distribution, contrasting with the strong negative anomalies in continental dry regions.

Year-to-year trajectories of growth departures reveal that Pinus sylvestris generally shows rapid
recovery in the year following drought (Fig. 3b), with mean growth quickly rebounding to the
baseline in subsequent years. This suggests that multi-year drought legacies in radial growth are
limited in magnitude when averaged across climatic zones. The temporal response patterns are
broadly similar across the clusters, but C1 still exhibits reduced growth by approximately 10% in
the second post-drought year. By year +3, however, departures across all clusters converge and
stabilize around zero, indicating a general return to baseline conditions. When comparing
responses to short and prolonged droughts (Supplementary Figure 1), significant differences
emerge. Short droughts induce sharp but transient declines, primarily affecting the dry year. More
extended droughts generate persistent impacts, with growth reductions already visible in year —1
due to antecedent dry conditions, and legacies occasionally extending into subsequent years. Visual

differences in growth trajectories were confirmed statistically (see Methods and Supplementary
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Table 3). Despite these contrasts, recovery is rapid at the cluster scale, and growth generally

converges back to baseline within a year, with sustained legacies being rare at broad spatial scales.
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Figure 3. Growth departures under extreme dry conditions. Growth response to dry years, defined as
the lowest SPEI values since 1902 CEs in each site considering in the strongest correlating season (see
Methods). (a) Distribution of growth departures during drought, grouped by cluster, with dots marking
cluster means. (b) Mean growth departure across clusters considering pre- and post-drought years. Shaded
ribbons represent 95% confidence intervals. (¢c) Growth departure per site across climate space, with
triangle direction indicating the sign of the growth departure (downwards = negative, upwards = positive)

and size representing its magnitude in percent.

Resilience indices reveal clear contrasts between short (i.e., three-month) and prolonged (i.e., two-
year) droughts, and both resistance and legacy effects vary with drought duration in a cluster-
specific manner (Fig. 4). In C1, resistance is lower under prolonged droughts, whereas in C5 it
declines most strongly during short droughts. In C2, resistance remains equally low under both
types of droughts. By contrast, C3 and C4 maintain resistance values close to one regardless of

drought length, confirming the limited impact of drought on growth in these regions. Clusters that
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experience the most substantial growth reductions during drought (low resistance) also display the
highest recovery values, particularly evident in C1, C2, and C5, where the wider range of recovery
values reflects compensatory growth in some populations. In contrast, in C3 and C4, where
resistance remains close to one and drought impacts are minimal, recovery values indicate little
change relative to the drought year. Resilience, integrating both phases, is overall lower following

short droughts, except in C1, where reductions in resistance are partly offset by enhanced recovery.

Drought legacy effects further reveal differences in post-drought growth responses among clusters
(Fig. 4). Legacy duration ranges from less than one year in C5 to more than two years in C1 under
long droughts. Similarly, legacy magnitude is greatest in C1, particularly following prolonged
droughts, whereas C3 and C4 exhibit values close to zero under both drought definitions. Clusters
characterized by reduced resistance generally display longer and larger post-drought legacies,

while clusters maintaining resistance values close to one show comparatively weak legacy effects.
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Figure 4. Components of tree resilience and legacy effects under extreme droughts. Resistance,
resilience, recovery , legacy duration (years), and legacy magnitude during the driest years identified by the
5th percentile of SPEIO3 and SPEI24 (ending in August) for each site during the period 1906-2016.
Resilience indices were calculated at the individual tree level and averaged by site. Boxplots represent the

mean (horizontal line), interquartile range (IQR, box), 1.5% IQR (whiskers), and individual outliers (dots).

Climatic drivers of resilience variability

To evaluate whether site climatology is associated with differences in resilience metrics across the
species' distribution, linear models (LMs) and generalized additive models (GAMs) were fitted
with a climatic predictor set and site-location variables (see Methods, Supplementary Table 4).
Across the entire distribution range, nonlinear models explain a greater proportion of the spatial
variability in all resilience components (Table 1). Resistance show the strongest climatic
associations, with adjusted R? values up to 0.46. Key predictors include vapor pressure deficit
(vpd), soil water balance (swb), and elevation (elev), all of which display nonlinear relationships
(Supplementary Figure 2). In contrast, recovery and resilience exhibit weaker and less consistent

relationships with climate when analyzed globally (R? <0.3).

Table 1. Summary of the best-performing linear (LM) and generalized additive (GAM) models
explaining variability in tree resistance, resilience, and recovery to drought across Pinus sylvestris
distribution. For each component, adjusted R? and AIC are reported for each model, along with F-

statistics and p-values for individual predictors (0 if < 0.0001). See predictor’s acronyms in

Supplementary Table 4.
Component  Model R? AIC Predictor F p value
vpd 57.23  <0.0001
Resistance GAM 046 -1045.99 bio2 24.02  <0.0001

elev 18.66 <0.0001
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vpd -9.65 <0.0001

LM 0.36 -949 88 bio8 -5.42 <0.0001

bio2 -4.53 <0.0001

pet 10.71 <0.0001

GAM 0.28 -620.36 vpd 14.66 <0.0001

bio2 10.69 <0.0001
Recovery

vpd 10.31 <0.0001

LM 0.23 -587.22 biol8& 6.04 <0.0001

cmi -4.68 <0.0001

swb 15.32 <0.0001

GAM 0.14 -1025.29 bio7 7.83 0.00029

. bio3 3.77 0.00761
Resilience

swb 5.15 <0.0001

LM 0.12 -1014.76 elev 4.12 <0.0001

bio2 -2.14 0.0328

Cluster-level models show that the explanatory power of site climatologies differs strongly among
regions (Fig. 5), with GAMs consistently outperforming linear models. Resistance exhibits the
strongest and most consistent climatic associations, with moderate R* values in C1, C3, and C5,
while recovery and resilience are generally associated more weakly with site climatology. The
exception is C4, where recovery and resistance exhibit particularly strong climate—response
relationships (R? up to 0.86 and 0.72, respectively), underscoring the strong role of moisture
availability in warm—wet sites. By contrast, C2 shows low explanatory power for all metrics,

reflecting the more diffuse climatic controls in temperate—humid regions.
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Figure 5. Model performance across clusters. Adjusted R? values for GAMs (blue) and LMs (orange),
fitted to explain tree resistance, resilience, and recovery based on site climatology. Models were built for
the strongest summer droughts at each location (5th percentile of August SPEIO3 values), separately for

each cluster (C1-C5) and the entire dataset (“ALL”).

The explanatory variables most frequently associated with resilience components in models with
relatively high explanatory power (R? > 0.4) highlight the importance of water balance and
temperature variability (Supplementary Table 5). Vapor pressure deficit, soil water balance, and
precipitation seasonality (vpd, swb, and biol5, respectively) emerge as recurrent predictors across
clusters, while temperature of the driest quarter, isothermality, and growing season length (bio9,
bio3, and gsl, respectively) also contribute regionally. These variables consistently capture either
atmospheric demand or seasonal water availability, underscoring their central role in constraining

drought responses of Pinus sylvestris across biomes.

Discussion

The pan-Eurasian tree-ring network reveals that Pinus sylvestris exhibits highly heterogeneous

growth responses to drought across its wide distribution range. Drought is among the most
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prevalent drivers of forest dynamics, reducing growth, altering physiological functioning, and in
severe cases leading to widespread mortality %338, Sensitivity varies both in magnitude and
direction, with some populations showing expected growth reductions under water deficit (e.g. >~
4D while others remain unresponsive or even display positive anomalies. Such positive
associations between growth and drier conditions often occur in cold and humid regions, where
growth is primarily constrained by temperature, radiation, or excess soil moisture rather than by
water availability **. In these contexts, moderate drying may alleviate waterlogging or coincide
with warmer conditions and longer growing seasons, resulting in positive correlations with drought
indices such as SPEI. This spatial divergence underscores that, despite being considered a species
sensitive to extreme drought conditions in certain areas (e.g. '*!>?%4%) the general sensitivity of
the species cannot be inferred from regional case studies 2, excluding any a priori assumptions.
Moreover, the coherence of drought responses also varies across drought accumulation windows,
even within similar climatic domains. In warm and drought-prone regions (C1 and C2), responses
become progressively more heterogeneous as longer drought timescales were considered, whereas
cold/moist northern regions (C3 and C4) exhibit comparatively greater coherence in response to
multi-seasonal drought conditions. These patterns suggest that climatic constraints alone are
insufficient to explain drought sensitivity, and that local factors such as site conditions, stand
structure, population dynamics, and phenotypic plasticity may increasingly influence growth

responses as drought duration increases>.

Large-scale tree-ring networks have been used to test how drought impacts vary across biomes and
continents, revealing strong spatial heterogeneity and critical thresholds in growth decline 34446,

In case of Pinus sylvestris, cold—dry and warm semi-humid forests are most constrained by multi-

seasonal water deficits, whereas short summer droughts dominate growth responses in cool and
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warm—wet regions *’. The synchrony analysis further indicates that the temporal scale at which
drought affects growth is not only region-specific but also differs in the degree of coherence among
sites within the same climatic domain. Together, these findings demonstrate that drought
sensitivity varies substantially across the species’ climatic range, underscoring the importance of
explicitly characterizing both spatial heterogeneity and coherence of drought responses when
interpreting large-scale patterns and informing projections of forest responses to drought and other

climate extremes *84,

The wide variability of growth reactions underscores the complexity of Pinus sylvestris responses
to extreme droughts. The strongest growth reductions occur in cold—dry regions, where
populations lose up to three-quarters of their annual increment, consistent with severe hydraulic
constraints under high atmospheric vapor demand and low soil water storage capacity °*>!. A direct
control of cambial activity cessation by water availability has been suggested numerous times for
this species 2%, Similarly, warm semi-humid sites also display pronounced growth losses,
confirming that drought effects are most severe at the climatic rear edges of the species distribution
> where water limitation dominates tree performance. By contrast, cold~-humid and maritime
regions often show muted or even positive growth departures, as reduced summer water balance
is associated with warmer temperatures that relieve thermal constraints on growth %%, Positive
growth is the predominant response on waterlogged habitats with organic soils, such as bog pine
forest, where low SPEI values may reflect moderate drying that reduces waterlogging stress rather
than true water limitation, thereby promoting growth (e.g. ®). This apparent contradiction
highlights that rear-edge populations do not always coincide with the southern geographic margins:

vulnerability emerges wherever drought pushes populations beyond their current functional limits,
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whether in continental cold—dry interiors or warm—dry lowlands, while other margins (such as

cold—wet forests) may even benefit from drier/warmer trends 3*>°.

The use of standardized drought indices in ecological research has been debated: some authors
have cautioned that standardization may obscure absolute water deficits in wet ecosystems %!,
while others emphasize the value of SPEI in providing a consistent metric across regions and
timescales 372, Despite these caveats, SPEI remains the most widely used index in ecological
drought research and has been shown to facilitate comparability across biomes %93%*. We therefore
adopted SPEI as a common baseline for identifying extreme drought events across the distribution
of Pinus sylvestris, while acknowledging that in wet ecosystems such events may represent

conditions that are unusually dry and warm relative to the local climatology rather than absolute

hydrological droughts .

Resilience metrics reveal how drought duration and severity interact with prevailing climate
conditions to shape outcomes, reinforcing our interpretation. In cold—dry regions, resilience is
lowest during prolonged droughts, as multi-seasonal water deficits accumulate and constrain
recovery, consistent with evidence that prolonged droughts reduce compensatory growth and
sustain legacy effects *+%¢. In warm semi-humid regions, resilience declines most under short
droughts, as acute summer deficits coincide with the peak of cambial activity and induce
immediate hydraulic limitations %7, In temperate—humid regions, resistance remains equally low,
regardless of the length of the drought, suggesting a more general vulnerability across timescales.
In contrast, cool-humid and warm—wet forests maintain resistance values close to one, consistent
with their muted growth departures. Finally, clusters with the most substantial growth reductions
also show the widest spread of recovery values, reflecting both mathematical scaling when

68,69

resistance is low and genuine compensatory growth once conditions improve 2%, Although
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resistance and resilience varied markedly among climatic domains, legacy effects remained
relatively weak, with most clusters returning to pre-drought growth levels within one to two years

and only limited evidence for persistent multi-year growth suppression at the biome scale.

The rapid recovery observed at the cluster scale reflects the averaging of highly variable site-level
responses, which diminishes the persistence of legacies evident in individual stands. While some
sites exhibit multi-year growth reductions following drought, the overall magnitude and duration
of legacy effects were generally modest, even without explicitly accounting for biological memory
in tree growth dynamics 7°. Nevertheless, individual sites likely experience multi-year legacies
likely due to delayed restoration of hydraulic functioning, depletion of carbon reserves, or
allocation trade-offs after heat and water stress 2. Local conditions such as stand structure,
management, microclimate, and soil, together with genetic variation at both population and
individual-tree levels, as well as tree-specific traits including life stage, and hydraulic strategies,
strongly modulate resilience *°. As a result, drought impacts are often heterogeneous even within
the same stand, with some individuals severely affected while neighbors remain largely
unresponsive 4727 This variability underscores the multidimensional nature of resilience:
resistance reflects immediate hydraulic buffering, recovery depends on carbon allocation
strategies, and integrated resilience emerges from the interplay of structural, physiological, and

ecological processes °.

Spatial variation in the resilience capacity of Pinus sylvestris is only partly explained by mean
climate, with nonlinear models consistently outperforming linear approaches and underscoring the
importance of threshold and unimodal responses between climate and growth 22777 Resistance
exhibits the strongest climate-response relationships at the distribution scale; yet the mean climate

alone is insufficient to capture the complex pathways of drought response 23. Stronger climate—
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resilience associations emerge when analyses are restricted to climatic clusters, with vapor
pressure deficit emerging as a key driver, reflecting the central role of atmospheric water demand
in regulating stomatal behavior and hydraulic stress *“®’8. In fact, VPD is a primary force for
transpiration, which directly impacts photosynthesis, nutrient uptake, and overall plant stress 7°.
Additional factors such as cloud cover influencing evaporative demand and light availability, and
thermal-stability metrics (e.g., diurnal temperature range or isothermality; bio2 and bio3,

respectively) further modulate the balance between carbon assimilation and water loss 38!,

Despite the unprecedented spatial extent of our results, several limitations should be
acknowledged. First, our analysis focuses exclusively on Pinus sylvestris, which, although widely
distributed, is not the dominant conifer across all Eurasian regions; in some areas (e.g. Siberia)
larch species prevail. Consequently, the results may not fully represent broader forest-level drought
responses, and future efforts should integrate multiple species to better capture ecosystem-scale
resilience patterns. Second, site coverage is spatially uneven, with denser sampling in Europe
compared to Asia, and some clusters might contain some degree of pseudo-replication. Chronology
length also varies among sites, leading to incomplete coverage of recent drought events in a subset
of records. Additionally, differences in forest management intensity—ranging from heavily
managed stands in Western Europe to largely unmanaged forests in Siberia—could contribute to

the observed variability in growth responses.

Beyond these data-related limitations, some conceptual and statistical aspects of the analysis
should be considered when interpreting the results. Resistance, recovery, and resilience are
sensitive to the definition of drought events and reference periods, and mathematically
interdependent, such that resilience partly integrates information from both resistance and recovery

6889 Consequently, climatic effects detected for one component may propagate to the others, and
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their associations with climate should therefore be interpreted in a relative and integrative manner
rather than as fully independent signals. At the modelling level, weak residual spatial
autocorrelation remained after accounting for climatic predictors, reflecting the spatial structure of
both tree responses and environmental drivers. Sensitivity analyses including geographic
coordinates produced only minor changes in model performance, suggesting that the identified
climate—resilience relationships are not primarily driven by broad-scale geographic gradients
(Supplementary Table 6). Nevertheless, climate and geography cannot be fully disentangled across
the species range, and other spatially structured factors, including population history, stand
structure, soil properties, management, and biotic interactions, may contribute to the observed
patterns. Consequently, the reported relationships should be interpreted as climatic associations
rather than strictly causal climatic effects. Despite limitations, this compilation represents the
largest species-specific tree-ring network for Pinus sylvestris to date, encompassing its full
biogeographical range and enabling robust, spatially explicit conclusions on drought resilience

across Eurasia.

Taken together, our results demonstrate that the impacts of extreme droughts on Pinus sylvestris
forests cannot be generalized across their entire distribution. Responses are strongly climate-
dependent, with major legacies and severe growth reductions in rear-edge dry climates of the
species’ distribution, minor but variable impacts in temperate—humid and warm—wet zones, and
even positive departures at cold—wet margins. The combination of climatic clustering, contrasting
drought durations, and nonlinear modelling highlights the central role of prevailing climate
conditions and atmospheric water demand in shaping growth responses to drought, while also
revealing substantial variability among sites. Yet, substantial heterogeneity within clusters

underscores the role of local factors, including genetic variation, differences in stand structure and
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competition, soil water-holding capacity, and local acclimation history reflecting phenotypic
adjustment to past climatic conditions, in shaping resilience outcomes. The coexistence of legacy
effects, rapid recoveries, and positive anomalies within a single widespread species highlights the
site-context dependence of forest stability under drought. Non-linear relationships with
atmospheric demand, water balance, and thermal variability confirm that growth resilience
depends not only on long-term climatic conditions but also on temporal variability and the coupled
effects of energy and water fluxes. These findings build on existing evidence that forest
management and modelling increasingly account for population-level variation %2, and they
underscore the need to explicitly represent site-level variability, nonlinear responses, and
contrasting legacy effects when scaling drought responses across broad geographic areas. With
droughts projected to intensify under climate change 33, monitoring and conserving vulnerable
rear-edge populations while accounting for biome-scale heterogeneity will be fundamental to

anticipating the future stability of Eurasian pine forests.
Methods
Tree-ring data

We assembled a pan-Eurasian network of 534 Pinus sylvestris sites spanning the species’ full
distribution from ~40° to 70° N and 5.8°W to 138° E. More than 1.3 million tree-rings from 14,787
trees were included in the analyses. The sites cover elevations from 3 to 2,500 m a.s.l. (mean 405
m) and wide climatic conditions ranging in mean annual temperatures from —14.5 to 14.8 °C (mean
4.6 °C), precipitation from 225 to 3,000 mm (mean 760 mm), and vapor pressure deficit (VPD)
from 0.17 to 0.81 kPa (mean 0.39 kPa). Tree-ring width (TRW) series were obtained from the
International Tree-Ring Data Bank (ITRDB) and co-author contributions to improve the

representativity of site chronologies in more recent years. Crossdating followed standard
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procedures with visual cross-comparisons and statistical verification %*. When multiple cores per
tree were available, cores were averaged at the tree level prior to detrending. Raw TRW series
were standardized by fitting a modified negative exponential curve (negative or zero slope
allowed) to remove age-related growth trends. Indices were computed as ratios of observed to
fitted values. Site chronologies were then developed using the arithmetic mean. No autoregressive
prewhitening was applied, thus retaining low-frequency variance potentially related to long-term
climate variability. Quality control excluded series with non-physical values (e.g., negative
growth), spurious growth jumps (greater than two times the interquartile range 2xIQR), or extreme
dispersion (TRW standard deviations falling within the upper 5% of all series). Chronology
reliability was assessed using the interseries correlation (rbar), Expressed Population Signal (EPS),
mean sensitivity, sample depth (minimum of 7), and temporal coverage (covering at least 30 years
of the study period). After rejecting low-quality series and chronologies, mean EPS ranged from
0.8-0.98 (mean = 0.92), rbar from 0.14-0.68 (mean = 0.36), and sensitivity from 0.15-0.49 (mean
= 0.25), site replication from 7-123 trees (mean = 28). Site-level statistics are provided in

Supplementary Table 1, and temporal coverage of the chronologies in Supplementary Figure 3.
Climate data

Monthly temperature and precipitation data were obtained from the CHELSA V2.1 database for
the period 1900-2016 at 1-km spatial resolution %. Drought conditions were quantified using the
Standardized Precipitation Evapotranspiration Index (SPEI), which integrates precipitation and
potential evapotranspiration to characterize climatic water balance and atmospheric demand 6.
CHELSA were also used to compute potential evapotranspiration (PET) considering the
Hargreaves equation 8’. Drought severity was calculated as standardized anomalies of the climatic

water balance (precipitation — PET) fitted to a log-logistic distribution. We computed SPEI
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following the original formulation using high-resolution CHELSA climate data over 3-, 6-, 9-, 12-
, and 24 months accumulation windows, for the period 1902—2016 at monthly resolution. Extreme
drought years were defined as those with SPEI values below the 5th percentile of the site-specific
distribution, corresponding to SPEI <—1.5. To capture short- and long-term drought signals, we
used both 3- (SPEIO3) and 24-month (SPEI24) windows ending in August, when summer water

deficits peak across much of the species’ distribution.

Site prevailing climate conditions was characterized using an extended set of bioclimatic variables
(bioclim+) from the CHELSA v2.1 database %%°. This dataset includes the 19 “traditional”
WorldClim bioclimatic variables (biol-biol9; °°), which summarize long term thermal and
precipitation means, seasonality, and climatic extremes. In addition, bioclim+ provides indices of
water availability (aridity, climatic moisture, soil water balance, potential evapotranspiration),
seasonal or growing-season metrics (growing season length, growing degree days, growing season
temperature and precipitation), atmospheric variables (cloud cover, relative humidity, vapor
pressure deficit, net primary productivity, surface radiation, and wind speed), and categorical
climate zones (K&ppen—Geiger classification). Site climatology was calculated as the average
value from the period 1980-2010. Together, these variables capture broad-scale gradients in
temperature, precipitation, water balance, and energy input that structure species’ climate niches.
A full list and description of all bioclimatic variables used in the statistical models is provided in

Supplementary Table 4.

The network is divided into five climatological clusters C1-C5 including 65, 121, 143, 26, and
179 sites, respectively. Patterns were identified by applying k-means clustering to standardized
variables describing long-term temperature and precipitation regimes (annual precipitation,

precipitation seasonality, mean diurnal temperature range, and temperature seasonality), as well as
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drought-relevant site metrics (aridity index, vapor pressure deficit, growing season length). The
optimal number of clusters was determined using silhouette widths, and the resulting five clusters
reflect coherent climatic regions across the Eurasian distribution of the species (Supplementary

Table 2).
Drought sensitivity assessment

To quantify the sensitivity of Pinus sylvestris growth to drought, we performed correlation analyses
between detrended site chronologies and SPEI averaged over 3, 6,9, 12, and 24 months and ending
between June and September. This approach supports the identification of the varying seasons at
which growth is most strongly associated with water deficits across sites. Synchrony of growth—
climate relationships within climatic clusters was quantified as the dispersion of site-level
correlations for each SPEI scale, using the standard deviation of site correlations. For each site and
SPEI scale, the highest absolute correlation for ending months from June to September was
selected to avoid pseudo-replication across overlapping accumulation windows. Uncertainty

around dispersion estimates was quantified using bootstrap confidence intervals.

Tree responses to extreme droughts were characterized using growth departure and the resilience

components defined by Lloret et al., ®

calculated for each site and year. Growth departure is the
relative deviation of growth during the drought year from the baseline, defined as the mean of the
preceding five years. Resistance is the ability to maintain growth during drought, calculated as the
ratio of growth in the drought year to pre-drought growth. Recovery is the ability to regain pre-
drought growth levels, calculated as the ratio of post-drought to drought-year growth. Resilience
is the capacity to recover and reach pre-drought growth, calculated as the ratio of post-drought to

pre-drought growth. To quantify drought legacy effects, post-drought growth departures were

evaluated during the five years following each drought event, following the general concept of
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ecological memory and drought legacies proposed by Ogle et al.”! and Anderegg et al.”!. Legacy
duration was defined as the number of consecutive post-drought years with negative growth
departures relative to the pre-drought baseline, whereas legacy magnitude was calculated as the
mean growth departure across the five-year post-drought period. Pre- and post-drought periods for
resilience components calculations were defined as four-year windows following the default
implementation in the pointRes package 2, a choice that facilitates comparability with previous
drought resilience studies. All indices were derived from standardized site chronologies for each

extreme drought year identified from SPEIO3 and SPEI24 values ending in August.

To formally test differences in growth trajectories between short (SPEI03) and prolonged (SPEI24)
drought events, we fitted linear mixed-effects models including drought type (short versus
prolonged), relative year (—1 to +2), and their interaction as fixed effects. Site identity and drought
event were included as random effects to account for repeated measurements and non-
independency among observations. A second model additionally included climatic cluster and its
interactions with drought type and relative year. Significance of fixed effects was evaluated using

Type III ANOVA with Satterthwaite’s approximation for degrees of freedom.
Resilience modelling

To evaluate whether the spatial variability of tree resilience is associated with local climatic
conditions, and to quantify the strength of these relationships, we developed a modelling
framework based on linear (LMs) and generalized additive models (GAMs). This approach
allowed us to quantify the strength of climate—resilience relationships and to test whether these
relationships were linear or nonlinear across the species’ distribution. The three response variables

resistance, recovery, and resilience were modeled separately.



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

Prior to modeling, predictors were screened for multicollinearity, and for pairs with Pearson’s
correlation coefficient (|r] > 0.80), only the variable most strongly related to the response was
retained. All predictors were centered and scaled. Predictor selection followed a greedy forward
strategy, from an empty model and sequentially adding predictors that maximized improvements
in explained variance and model fit (adjusted R?), up to a maximum of three variables. This
constraint was imposed to balance explanatory power and parsimony, and limit overfitting risks
9394 GAMs were fitted with smoothing terms (s(x)) using restricted maximum likelihood with
constrained smoothness (REML; k=4), while LMs were fitted with least-squares regression under

the same selection framework.

Model fit was evaluated using adjusted R* and the Akaike Information Criterion (AIC), which
penalizes model complexity. Models were evaluated for each response variable, climatic cluster
(C1-C5) and across the full dataset. Given the explanatory focus of the analysis and the parallel
evaluation of multiple response variables, climatic clusters, and modelling approaches, inference
was based on the consistency of climatic effects across models rather than on isolated hypothesis

tests or individual p-values.

Spatial dependence was assessed by evaluating Moran’s I on model residuals. Residual spatial
autocorrelation was weak but statistically significant (Moran’s I = 0.04-0.08), with lower values
for GAMs than for LMs, indicating that nonlinear climatic effects captured additional spatial
structure. Given the low effect sizes and the objective of identifying broad-scale climate—resilience
associations, explicit spatial correlation terms were not included. Instead, potential spatial
confounding was further assessed through sensitivity analyses incorporating geographic

coordinates (latitude and longitude) into the final models (Supplementary Table 6).
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All analyses were performed in R *°. Tree-ring detrending and chronology development used dpIR
package %. Resilience components were calculated using pointRes package °>. SPEI time series
were computed with the SPEI package °’. Forward feature selection for linear models was
implemented using base R, generalized additive models were fitted using the mgcv package °¢, and
mixed-effects models were fitted using /me4 °%. Data manipulation and visualization relied on

dplyr *° and ggplot2 '
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