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ABSTRACT

Mixed-species forests are proposed to enhance tree resistance and resilience to drought. However, growing evidence shows that
tree species richness does not consistently improve tree growth responses to drought. The underlying mechanisms remain uncer-
tain, especially under unprecedented multiyear droughts. We used a network of planted tree diversity experiments to investigate
how neighborhood tree diversity and species’ functional traits influence individual tree responses to drought. We analyzed tree
cores (948 trees across 16 species) from nine young experiments across Europe featuring tree species richness gradients (1-6
species), which experienced recent severe droughts. Radial growth response to drought was quantified as tree-ring biomass
increment using X-ray computed tomography. We applied hydraulic trait-based growth models to analyze single-year drought re-
sponses across all sites and site-specific responses during consecutive drought years. Growth responses to a single-year drought
were partially explained by the focal species’ hydraulic safety margin (representing species’ drought tolerance) and drought
intensity, but were independent of neighborhood species richness. The effects of neighborhood functional diversity on growth re-
sponses shifted from positive to negative with increasing drought duration during a single growing season. Tree diversity effects
on growth responses strengthened during consecutive drought years and were site-specific with contrasting directions (both
positive and negative). This indicates opposing diversity effects pathways under consecutive drought events, possibly resulting
from competitive release or greater water consumption in diverse mixtures. We conclude that tree diversity effects on growth
under single-year droughts may differ considerably from responses to consecutive drought years. Our study highlights the need
to consider trait-based approaches (specifically, hydraulic traits) and neighborhood scale processes to understand the multifac-
eted responses of tree mixtures under prolonged drought stress. This experimental approach provides a robust framework to
test biodiversity-ecosystem functioning (BEF) relationships relevant for young, planted forests under increased drought stress.

1 | Introduction

Drought events of increased frequency, intensity, and duration are
globally causing large-scale forest dieback and mortality (Schuldt
et al. 2020; Senf et al. 2020; Hartmann et al. 2022). Under inten-
sifying climate change, multiyear extreme drought events are
expected to become more frequent in the future, as evidenced by
the record-breaking 2018-2020 drought in Central Europe (Hari
et al. 2020; Rakovec et al. 2022; Zscheischler and Fischer 2020).
Consecutive drought years can exacerbate initial drought impacts
owing to cumulative soil water depletion (Anderegg et al. 2020;
Schnabel et al. 2022). Moreover, drought impacts can persist for
several years following a drought event, so-called drought leg-
acy effects (Kannenberg et al. 2020; Anderegg et al. 2015; Wu
et al. 2018). These abiotic (accumulated water deficit) and biotic
(vegetation response) legacy effects can lead to increased vulner-
ability to subsequent droughts (Kannenberg, Novick, et al. 2019;
Miiller and Bahn 2022; Bastos et al. 2021). Tree and ecosystem
responses to prolonged drought effects can differ largely de-
pending on site conditions (Bose et al. 2024; Gazol, Camarero,
Sanchez-Salguero, et al. 2020; Kannenberg, Maxwell, et al. 2019),
drought tolerance of tree species (Gazol, Camarero, Sangiiesa-
Barreda, et al. 2020), and different drought characteristics such
as frequency, duration, severity, and timing (Anderegg et al. 2013;
Huang et al. 2018; Guisset et al. 2024). Given the unprecedented
nature of multiyear drought events, there is a large uncertainty
about the efficiency of adaptive forest management strategies to
face these events.

Increasing tree diversity in forests has been suggested to foster
the resistance, resilience, and adaptive capacity of forests to cope
with drought impacts (Schnabel et al. 2021; Jucker et al. 2014;
Messier et al. 2022). However, increasing tree species richness
alone might not necessarily improve trees' ability to face increas-
ing drought stress. Studies reported that the effect of tree diversity
can vary from positive or neutral effects under mild drought stress

to negative under severe droughts (Haberstroh and Werner 2022;
Forrester et al. 2016; Grossiord 2019). The impacts of tree diver-
sity on the drought response might also differ between single-year
droughts and multiyear droughts, characterized by cumulative
drought stress and legacy effects (Kannenberg et al. 2020; Mahecha
et al. 2024). However, since most research has focused on single-
year drought events, the role of tree diversity in buffering multi-
year drought impacts remains unclear.

To gain a better understanding, we propose two contrasting
conceptual pathways of tree diversity effects under consec-
utive drought conditions. In the first pathway (Figure 1la),
increased functional diversity buffers the impacts of the ini-
tial drought, and this positive diversity effect becomes more
pronounced under consecutive droughts. This aligns with
the stress-gradient hypothesis, where facilitative interactions
outweigh competition during increased stress (Bertness and
Callaway 1994). Functional diversity can reduce competition for
soil water and mitigate drought stress through multiple mech-
anisms related to resource partitioning and facilitation, for ex-
ample, complementary stomatal regulation or root stratification
strategies (Loreau and Hector 2001; Trogisch et al. 2021; Mas,
Vilagrosa, et al. 2024), hydraulic redistribution (Forrester and
Bauhus 2016; Bauhus et al. 2017), or improved microclimate
through shading and evapotranspirative cooling (Beugnon
et al. 2024; Zhang et al. 2022; Schnabel, Beugnon, et al. 2024).
These mechanisms allow trees in diverse mixtures to maintain
hydraulic function, growth, and carbon reserves, reducing vul-
nerability to both initial and subsequent droughts (McDowell
et al. 2022; Mas, Cochard, et al. 2024). Functionally diverse
forests may also maintain their buffering capacity and ecosys-
tem function over time by stabilizing the community (Mahecha
et al. 2024; Schnabel et al. 2021; Loreau et al. 2021). In the sec-
ond pathway (Figure 1b), increased functional diversity may
intensify drought stress, specifically under consecutive drought
years. This pathway considers that diversity effects depend on
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a) Neighbourhood diversity buffers drought impact on growth
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FIGURE1 | Theoretical pathways for the role of neighborhood tree diversity and drought tolerance of the focal-tree species (quantified as hydrau-

lic safety margin HSM., ,) for determining growth responses under consecutive drought years. In the example, an initial drought is followed by two

consecutive drought years and a post-drought year with wet conditions, similar to the drought conditions analyzed in this study. Growth response

values below the horizontal line correspond to growth reductions relative to the reference pre-drought year. In the first pathway (a), functional di-

versity has an increasingly positive effect buffering the drought impacts on the growth response under consecutive drought stress. In the alternative

pathway (b), functional diversity causes an intensification of water stress under consecutive drought years. In both cases, drought-intolerant species

are particularly sensitive to drought and the tree diversity effect.

the stress tolerance and competitive ability of interacting spe-
cies, becoming negative at the extremes of resource-driven
stress gradients (Maestre et al. 2009; Soliveres et al. 2015).
Under increased drought stress, complementary resource-use
strategies in diverse mixtures might lead to higher exploitation
of limited soil water and increased interspecific competition
(Haberstroh and Werner 2022; Forrester et al. 2016). Increased
water consumption in mixtures may also result from overyield-
ing and higher leaf area during favorable conditions preceding
drought (Jump et al. 2017; Jacobs et al. 2021) and selection ef-
fects (Grossiord 2019; Forrester and Bauhus 2016). Negative
tree diversity effects might become more pronounced over
time as drought stress is amplified by abiotic and biotic legacy
effects (Kannenberg et al. 2020; Mahecha et al. 2024; Shovon
et al. 2024). Ultimately, this could lead to the performance
loss of drought-sensitive species in mixtures as competition
for limited water intensifies (Jacobs et al. 2021; Sachsenmaier
et al. 2024). Whether tree diversity mechanisms positively or
negatively influence the growth responses under consecutive

drought conditions might strongly depend on tree species iden-
tity, mixture composition, and site context (Ratcliffe et al. 2017;
Grossiord, Granier, Ratcliffe, et al. 2014; Pardos et al. 2021).

Contrasting reports of tree diversity effects on drought-induced
growth responses indicate that the underlying biological mech-
anisms remain unclear. Most studies assess tree diversity effects
solely by quantifying species richness at the stand level, thus
overlooking the functional diversity at the local neighborhood
scale, where facilitative and competitive interactions actually
emerge (Fichtner et al. 2017; Trogisch et al. 2021). Recent ad-
vances in plant physiology highlight the role of plant hydraulic
traits in mediating these responses (Torres-Ruiz et al. 2024).
Among these traits, hydraulic safety margin (HSM) is a strong
predictor of drought tolerance (Martinez-Vilalta and Garcia-
Forner 2017; Choat et al. 2012), with higher HSM associated with
lower risk of tree hydraulic failure under drought (Anderegg
et al. 2016; Martin-StPaul et al. 2017). Higher hydraulic diver-
sity in forest communities could enhance resilience and stabilize
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ecosystem productivity during droughts (Anderegg et al. 2018;
Schnabel et al. 2021). Functional traits of focal-tree species can
also influence how tree diversity affects drought responses.
Drought-vulnerable species have been reported to benefit from
species-rich neighborhoods, while drought-tolerant species
can be less sensitive to diversity effects (Fichtner et al. 2020;
Schnabel, Barry, et al. 2024; Sachsenmaier et al. 2024; Goransson
et al. 2016). Yet, these single-site studies from few experimental
sites cannot elucidate the potential context dependency of neigh-
borhood tree diversity effects on tree responses to drought. A
comprehensive analysis following a trait-based neighborhood
approach across multiple environmental conditions is still miss-
ing to understand how tree diversity and functional trait identity
modulate tree susceptibility to drought.

Here, we present the first study to evaluate the effect of tree func-
tional diversity on tree growth responses to single-year and mul-
tiyear droughts across nine planted tree diversity experiments
in Europe. The examination of these experiments allowed us to
study tree diversity effects in young tree communities growing
under controlled experimental conditions while simultaneously
covering varied environmental conditions (Bauhus et al. 2017;
Kambach et al. 2019; Leuschner et al. 2009). These experimen-
tal approaches provide a robust framework to test BEF rela-
tionships and the mechanisms driving diversity effects, while
findings can be particularly relevant for other young planted
or seminatural forests (Messier et al. 2022; Depauw et al. 2024;
Camarero et al. 2021). We quantified radial growth responses in
terms of biomass increment using dendrochronological analysis.
We used trait-based models to test whether the drought-induced
growth responses were determined by the tree diversity of its
neighborhood and the functional identity of the focal tree. We
captured the effect of functional identity in terms of drought
tolerance represented by the HSM of the focal tree species, and
the effect of tree diversity of the neighborhood in terms of tree
species richness and functional diversity of HSM. Specifically,
we aim to answer the following questions:

« (Q1) Does tree diversity have a consistently positive, nega-
tive, or neutral effect on the growth response to a single-year
drought across tree diversity experiments in contrasting en-
vironmental conditions?

+ (Q2) Are tree diversity effects maintained, intensified, or re-
duced under consecutive drought years compared with the
initial drought response?

+ (Q3) Does drought tolerance of focal trees modulate the
effect of tree diversity on growth responses to single-year
droughts and consecutive drought years?

2 | Methods
2.1 | Study Sites and Sample Collection

We studied nine tree diversity experiments across Europe that
are part of the global TreeDivNet network of forest biodiversity
experiments (https://treedivnet.ugent.be/; Verheyen et al. 2016;
Paquette et al. 2018). The studied experiments included B-Tree
(Austria), BIOTREE-Kaltenborn (Germany), FORBIO-Gedinne,
FORBIO-Hechtel-Eksel, FORBIO-Zedelgem (Belgium),

IDENT-Freiburg (Germany), IDENT-Macomer (Italy), ORPHEE
(France), and Satakunta (Finland) (Figure 2, Table S1). The ex-
periments cover a wide range of climatic conditions comprising
Mediterranean, continental, temperate oceanic, and boreal cli-
mates. All experiments use a site-specific pool of tree species
adapted to local climate and soil conditions. At each site, all
the species were planted in monocultures and in mixtures with
varying degrees of species richness in a replicated randomized
design that allows separating effects of tree identity from tree
diversity on forest functioning and controls for confounding ef-
fects of environmental variation (Verheyen et al. 2016; Scherer-
Lorenzen et al. 2007). At the time of sampling, all species
combinations in all experiments had developed beyond canopy
closure at least for several years. The tree age ranged between
eight (IDENT-Macomer) and 23 years (Satakunta). Within each
experiment, we selected from the site-specific pool a subset of
species exhibiting different drought sensitivity and hydraulic
strategies and mixture compositions with contrasting functional
diversity (Table S2). Within each experiment, each species was
sampled in different species compositions including monocul-
tures (1 species), simple mixtures (2 species) and more diverse
mixtures (3 to 6 species, depending on the site). For each exper-
iment, 10 individuals per species and composition were selected
as focal trees. Each selected composition was represented by two
plot replicates per experiment (except BIOTREE-Kaltenborn).
Focal trees were selected according to the following criteria:
(1) dominant or co-dominant trees within the species cohort
to reduce the effect of different light availability on growth; (2)
healthy trees with straight single stems to avoid sampling re-
action wood; (3) trees in or near the plot center to avoid edge
effects; (4) most direct tree neighbors alive to avoid confound-
ing density effects; and (5) direct neighborhood representing the
species composition of the plot to maximize interspecific tree-
tree interactions. Sampled trees of a given plot and species had
comparable sizes. We sampled a total of 1424 focal trees from 21
species (Table S2).

We collected one increment core from each focal tree using a
standard Pressler increment borer with an inner core diameter of
5mm (Haglof, Sweden). We took samples at a basal coring height
of 30cm to maximize the tree-ring series length. We cored trees
primarily from the southern side to avoid potential eccentricity
of tree rings from swaying in westerly winds, or perpendicular
to the lean direction to avoid sampling reaction wood (Tumajer
and Treml 2019; Visser et al. 2023). We collected all samples at
the end of the 2021 growing season (November-December).

2.2 | Drought Selection and Drought-Induced
Growth Responses

Droughts were identified as periods of extreme deficit in water
availability following a climate-based approach with the use of
site-specific data (Schwarz et al. 2020; Slette et al. 2019). We ob-
tained climate data from the ERAS5-Land of the Copernicus
Climate Data Store (Mufioz-Sabater et al. 2021). We characterized
drought conditions considering the Standardized Precipitation
Evapotranspiration Index (SPEI) and relative extractable water
(REW). First, we calculated SPEI from the local monthly climatic
water balance (precipitation minus potential evapotranspiration)
over a selected moving time window using the R package SPEI
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https://treedivnet.ugent.be/
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FIGURE2 | Location of experimental sites. All sites were analyzed for growth responses during a single-year drought (research question Q1) and

six sites were analyzed during consecutive drought years (Q2, darker points). The biogeographical region layer is based on Cervellini et al. (2020).

Background information on experiments (i.e., planting design, climate, soil characteristics) is detailed in Table S1. A list of mixture compositions

considered in the analysis is detailed in Table S2. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

(Vicente-Serrano et al. 2010; Begueria and Vicente-Serrano 2017).
We considered “SPEI12 December” for the annual conditions and
“SPEI6 April-September” for the growing season. We calculated
SPEIover thereference 30-year period (1991-2021) to determine ab-
normally dry years for each experiment location, using the thresh-
old —1.28 as the 10% quantile of all values following the drought
classification of the SPEI global drought monitor (Agnew 2000;
Begueria et al. 2022). Then, we calculated the minimum monthly
REW during the growing season to characterize the drought in-
tensity in terms of plant drought stress experienced by trees with
the plant hydraulics model SurEau (Ruffault et al. 2013, 2022). The
model was applied at each site using vegetation parameters spe-
cific to one species representative of the biome and the local spe-
cies pool of each experiment as in Blondeel et al. (2024). Details on
the calculation of drought indices are explained in Supplementary
Method S1; input variables used in the SurEau simulations are de-
tailed in Table S3. Finally, we estimated drought duration as the
number of days with REW <0.4 during the year (DrDays,, )and
during the growing season (DrDays AprSept). The different drought
indices showed comparable temporal patterns and high correla-
tion within each site (Figure S1).

Identification of recent drought years focused on the last five years
before sample collection. To answer Q1, we focused our analysis on
the growth response to the first drought year (hereafter, growth re-
sponse year 1 or Resp_yr 1) in each experiment with severe drought
conditions (i.e., SPEI12 threshold < —1.28, ranging from —1.36 to
—2.9 across sites). Pre-drought reference year(s) were determined
as the closest preceding year (or two years) to the corresponding

first drought characterized by normal or wet climatic conditions
(i.e., SPEI12 ranging from —0.5 to 0.9 across sites). To answer Q2,
growth responses were calculated for six experiments (FORBIO-
Gedinne, FORBIO-Hechtel-Eksel, FORBIO-Zedelgem, BIOTREE-
Kaltenborn, IDENT-Freiburg, and Satakunta) experiencing a
multiyear drought event in 2018-2020. In these experiments, the
initial drought year was severely dry (Resp_yr 1 with SPEI12 rang-
ing from —1.37 to —1.9) and followed by two consecutive years with
moderate drought conditions (Resp_yr 2-3 with SPEI12 ranging
from —0.53 to —2.08 across sites). To consider potential drought
legacy effects, we included in the analysis the post-drought year
2021 characterized by normal or wet climatic conditions in most
sites (Resp_yr 4 with SPEI12 values ranging from 0.9 to 1.98, with
the exception of Satakunta which experienced moderate drought
with a SPEI12 value of —0.67). The final selection of study drought
years for each site is shown in Table S4 and Figure S5.

2.3 | Radial Growth Measurements

We obtained annual series of tree-ring width (TRW) and mean
wood density using X-ray micro-Computed Tomography (uCT)
with the HECTOR piCT scanner (Masschaele et al. 2013) at the
Ghent University Centre for X-ray tomography (UGCT; http://
www.ugct.ugent.be). Before scanning, increment cores were
dried at room temperature for one month to be in balance with
the scanner room environment (20°C, relative humidity 34%)
and mounted in master sample holders for batch scanning. We
scanned cores at an approximate voxel pitch resolution of 50 um
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following the workflow for uCT densitometry detailed in de
Mil et al. (2016). Reconstructions of the scanned sample batch
were performed using the Octopus Reconstruction software
(Vlassenbroeck et al. 2007). We extracted the three-dimensional
images of each single core sample and converted them to density
estimates using specific toolboxes (van den Bulcke et al. 2014; de
Mil et al. 2016; de Mil and van den Bulcke 2023). Details of the
methodology followed for the reconstruction, extraction, and
crossdating of tree-ring series are explained in Supplementary
Method S2. Rigorous quality filtering was performed to ensure
that annual growth rings were correctly defined, discarding
from the analysis those samples with ambiguous tree-ring defi-
nitions after the crossdating processing and species with a sub-
stantial proportion of doubtful samples at a given site (>40%).
See Figure S7 for an overview of the wood anatomy of species.
Following sample quality filtering, we analyzed a total of 948
trees from 16 species and 68 different species compositions (26
monocultures, 28 simple mixtures, 14 more diverse mixtures)
(Table S2).

We calculated basal area increment (BAI, mm? year™!) se-
ries from pith to bark based on the TRW series using the
bai.in() function in the dplR package in R (Bunn 2008; Bunn
et al. 2023). We estimated an indicator for radial biomass incre-
ment (hereafter BIOMinc, kg m~year™) as the product of BAI
and mean wood density (kgm™) of the ring (Figure S10). This
indicator at the individual tree level reflects the actual carbon
allocation in radial growth better than TRW and BAI metrics
(Camarero and de Andrés 2024; Skiadaresis et al. 2025) and it
can be considered a proxy of aboveground biomass growth when
continuous inventory data in annual tree height growth is miss-
ing (Vannoppen et al. 2018; Bontemps et al. 2010). We system-
atically tested different transformation and detrending options
for the growth variables, but all methods resulted in potential
removal or overestimation of the drought-induced responses
(Supplementary Method S2). Given the challenges to detrend age
effect in such short time series, we analyzed further drought-
induced growth responses based on raw and undetrended series
of the tree-ring variables (Schwarz et al. 2020; Schnabel, Barry,
et al. 2024; Skiadaresis et al. 2025). BIOMinc and BAI series
were considered as a more robust indicator of temporal trends
in radial growth for young trees than TRW (i.e., less influenced
by biological age trends) (Biondi and Qeadan 2008). Finally, we
quantified the drought-induced growth responses of each indi-
vidual tree for a given response year as the relative growth index
proposed by Lloret et al. (2011) as the ratio:

Growth,

Average growthp .p,

_ year i
Growth responsey,, ; =

where Growth . , is the radial growth (either TRW, BAI
or BIOMinc) for the given year i (drought or post-drought
year) and Average growth, . is the mean growth during
the corresponding pre-drought reference year(s) for that site
(Figure S8).

2.4 | Functional Traits Selection

To determine the functional identity of tree species and func-
tional diversity of neighborhoods, we determined the species’

drought tolerance as the hydraulic safety margin (HSMr, .
MPa) based on both stomatal traits and hydraulic traits to en-
compass the spectrum of processes involved in drought toler-
ance but also resource use (Choat et al. 2012; Martin-StPaul
et al. 2017). We defined HSM,, , as the extent to which early
stomatal closure protects the xylem from dysfunction during
drought, calculated as the difference between the turgor loss
point (TLP, MPa, a proxy of the stomatal closure point) and
the water potential at which 50% of xylem cavitates (P50,
unit MPa) (HSM, ,=TLP —P50). This HSM,, , definition has
been used to predict the risk of drought-induced tree mor-
tality (Martin-StPaul et al. 2017; Powers et al. 2020) and is
linked to stomatal control as TLP correlates with leaf water
potential at stomatal closure (Bartlett et al. 2016; Brodribb
and Holbrook 2003). HSM, ,, used as a trait characterizing
species’ drought tolerance, differentiates from the traditional
HSM metric (based on minimum water potential, ¥, ), which
is considered a measure of drought stress (Choat et al. 2012).
We considered species-specific mean trait values from mul-
tiple consolidated species-level datasets (see Supplementary
Method S3 for the complete list of sources, and Table S6 for
the final dataset of species-specific trait values). Additionally,
we assessed the relation among these hydraulic traits and ad-
ditional traits related to the whole-plant economics spectrum
(i.e., leaf mass per area, leaf nitrogen concentration, wood
density) using pairwise correlations and principal component
analysis (PCA) (Supplementary Method S3, Table S6). HSM, ,
was associated with other drought-tolerance traits and aligned
with the first PCA axis explaining most of the variation across
traits (Figures S14 and S15). Finally, we compared the effect
of HSM,, , and additional functional traits on the growth re-
sponses during a single-year drought with a sensitivity analy-
sis among different linear mixed-effect models as a function of
each species-specific trait (Supplementary Method S4, Table S7,
Figure S16). Based on this preliminary analysis, HSM, , was
selected as the key physiological trait to quantify effects of the
drought tolerance gradient on growth responses.

2.5 | Neighborhood Competition and Tree
Diversity

We defined neighborhoods of focal trees as all alive direct
(first-order) neighbors and second-order neighbors that had
crowns interacting with the focal tree's crown within a cer-
tain neighborhood radius. This neighborhood radius was
adapted to each site to account for the differences in planting
density and design between experiments, that is, radius 2.9 m
for most sites with larger planting distance, radius 1.5m for
sites with narrow planting distance (B-Tree, IDENT-Freiburg,
IDENT-Macomer) (Figure S6, Table S5). We measured the di-
ameter of each focal and neighbor tree with a digital caliper at
1mm resolution at the same coring height and direction. For
each neighboring tree, we recorded its relative position to the
focal tree and species identity. We quantified the competition
experienced by focal trees at the time of coring using these
measured neighborhood data, except for IDENT-Freiburg
and IDENT-Macomer, for which we used inventory data from
the same year. The spatial definition of the tree neighbor-
hood around each focal tree was done using the sf R package
(Pebesma and Bivand 2023). The distance-dependent Hegyi's
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index (Hegyi 1974) was calculated as a competition index for
each focal tree using the following equation:

. « BA;/BA,
Hegyi; = Zj:l d—g
where BA; and BA; are the basal area of the focal tree i and
each tree neighbor j, respectively, and d; is the distance be-
tween each tree neighbor and the focal tree, considering all
n neighbor trees (from all species) within the given focal
tree's neighborhood. Alternative competition indices based on
height were not considered as height data was not available for
all neighborhood trees.

Neighborhood tree diversity was considered as the realized
neighborhood species richness (nSR) and the functional diversity
of HSMy, » (FDyq\)- FDy\ for each focal tree's neighborhood
(community) was calculated as the abundance-weighted func-
tional dispersion as described by Laliberté and Legendre (2010)
using the FD R package (Laliberté et al. 2014):

where BA, is the relative abundance of species k in a neighbor-
hood with n species, calculated as the cumulative basal area,
and d, is the distance in the traits space of species k to the
weighted centroid of the neighborhood community. Functional
dispersion measures the mean abundance-weighted distance of
species along the corresponding trait gradient and represents
the complementarity in functional strategies of co-occurring
species within each neighborhood community (Laliberté and
Legendre 2010).

2.6 | Statistical Analysis

To answer research questions Q1 and Q3 in relation to the single-
year drought response across all sites, we used linear mixed-
effect models (LMMs) of the drought-induced growth responses
during the first drought year to test the direct effect of neighbor-
hood tree diversity (Q1) and its interaction with drought toler-
ance (HSM,, ;) of the focal-tree species (tree diversity x HSM, ,
Q3). We tested the effects of neighborhood tree diversity in sep-
arate models for the moderators nSR (mla) and FD,,, (mlb)
using the same basic model structure. To account for the exper-
imental design and differences between sites, we used a nested
group-level (random) effect structure of plot nested within site.
We also tested for extended versions of the model, by consider-
ing the three-way interaction effects of tree diversity, drought
tolerance, and the following predictors: neighborhood compe-
tition (tree diversity X HSM, , X Hegyi), tree basal area (tree di-
versity x HSM, , X BA), drought intensity in terms of SPEI12
(tree diversity X HSM,, , X SPEI12), drought intensity in terms
of SPEI6sept (tree diversity X HSM,, , X SPEI6sept), drought in-
tensity in terms of minimum monthly REW during the grow-
ing season (tree diversity X HSM; , X REW), drought duration
as drought days during the year (tree diversity X HSM,, X
DrDays,,.), and drought days during the growing season (tree
diversity X HSMy, , X DrDays , ., ). Additionally, all versions of
the model controlled for the fixed effects of tree age and drought

conditions during the year preceding drought (in terms of SPEI,
REW or drought duration depending on the corresponding
model).

To answer Q2 and Q3 regarding consecutive drought years, we
used site-specific models to analyze growth responses consid-
ering the subset of six experiments that experienced a multi-
year drought event. These models evaluated drought-induced
growth responses across consecutive years as a function of all
two-way interactions between the response year, HSM, , of
the focal-tree species, and the neighborhood tree diversity.
Analyzing Q2 was based on the interaction tree diversity X
Resp_yr, whereas analyzing Q3 was based on the interactions
HSM, , X tree diversity and HSM, , X Resp_yr. We tested the
effects of neighborhood tree diversity in separate models for
the moderators nSR (m2a) and FD,,, (m2b) using the same
basic model structure. We accounted for non-linear drought
responses across consecutive years, including Resp_yr as a
categorical fixed effect (Resp_yr 1, 2 and 3 for the consecutive
drought years, Resp_yr 4 for the post-drought year). Models
to address Q2 were fitted considering a mean intercept of 0
to compare growth responses across consecutive years rela-
tive to the pre-drought reference growth for the comparison
of relative effects across site-specific models. Here, we did not
consider drought intensity (i.e., SPEI) as a fixed effect since it
would confound the fixed effect of the consecutive Resp_yr.
We used tree individual as a random intercept effect to ac-
count for repeated observations per tree across response years.

All models addressing Q1 and Q2 used a log transformation of
the response variables to meet model assumptions (normality
and heteroscedasticity). All models controlled for fixed effects
of tree basal area (scaled to account for relative intraspecific
differences in tree size within each site and species) and
competition (standardized to account for relative interspe-
cific competition within each site). Standardization of model
predictors (to meet model assumptions and have comparable
effect sizes across sites) and testing of alternative random
structures are detailed in Supplementary Method S5. We com-
pared the model performance and parsimony of fixed effects
among the separate models based on the Akaike Information
Criterion (AIC). The presentation of model results focuses on
growth responses in terms of BIOMinc, which had consis-
tently lower AIC and were less affected by tree age than BAI-
based models (Table S8). All analyses were computed using R
version 4.3.1 (R Core Team 2023). All models were fitted using
the Ime4 package (Bates et al. 2015) with restricted maximum
likelihood estimation (REML). Model statistics and marginal
effects were visualized using the sjPlot package (Liidecke
et al. 2024).

3 | Results

3.1 | Growth Responses During a Single-Year
Drought

We observed substantial variability in growth responses within
each site, indicating that not all trees reduced growth during a
single extreme drought year compared to pre-drought conditions
(Figure 3, Figure S11). Models showed that drought-induced
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FIGURE3 | Growth response during a single-year drought and mar-
ginal effects of the hydraulic safety margin (HSM,, ,) of the focal-tree
species and the drought intensity (REW min, minimum monthly rela-
tive extractable water during growing season). Higher HSM ., , (based
on turgor loss point) indicate species with higher drought tolerance.
Points represent tree growth responses (log-transformed) in terms of
radial biomass increment during the single-year drought relative to the
pre-drought reference year, with values below the horizontal line y=0
representing trees with relative growth reductions. Point colors repre-
sent the gradient of site-specific drought intensity, with darker points
representing higher drought intensity (lower REW). Drought stress
threshold is considered at REW=0.4 and wilting point at REW=0.
Lines represent the marginal effects of the linear mixed-effect model fit-
ted to REW corresponding to 1st (—0.06) and 3rd quartile values (0.03) of
REW experienced among all samples and sites; bands show a 95% con-
fidence. See Table S10 for details of the fitted model. See Figure S12 for
the details of the HSM, ,
for details of the REW range per site.

ranges of focal species per site. See Figure S4

growth responses during a single-year drought were signifi-
cantly influenced by the focal species HSM. , (p<0.001)
(Figure 3, Table S10). Overall, species with high HSM, , had
less growth reduction compared to species with lower HSM ;..
The positive HSM, , effect was modulated by drought inten-
sity (HSM,; , X REW, p<0.01), although this modulation was
only significant when using REW, not SPEI indices (Table S10).
Reduction in growth in low-HSM, , species was more pro-
nounced at sites experiencing the most extreme drought intensity
(REW =0), where differences between species with contrasting
HSM, , were higher. Drought-tolerant species showed similar
growth responses at sites with less extreme drought conditions
(REW =0.03), where differences with low-HSM,, , species were
less pronounced.

The model considering the 3-way interaction between FD;q,, X
HSM, , X REW was the most parsimonious (lowest AIC) and
with high explanatory power (conditional R?>=0.54, marginal
R? of fixed effects=0.32). Overall, models considering drought
intensity showed a neutral direct effect of neighborhood tree di-
versity on growth responses during a single-year drought, either
in terms of nSR (Figure 4a) or FDy,, (Figure 4b). Additionally,
there was no significant interaction effect between tree diver-
sity and drought intensity, whether in terms of REW or SPEI
indices (Table S10). Likewise, no interaction was found between

tree diversity and HSM., ,, as species with contrasting HSM; ,
responded similarly to increasing tree diversity. Conversely,
the model considering the 3-way interaction between FD, .,
X HSM, , X DrDays AprSep’ though less parsimonious and with
lower explanatory power (conditional R?=0.48, marginal
R?=0.26), revealed a significant interaction effect between
tree diversity and drought duration (p<0.01) (Table S11).
Specifically, an increase in drought duration during the grow-
ing season from 75 to 91 days (corresponding to the 10% and 90%
quantiles across samples and sites) shifted tree diversity effects
from positive to negative (Figure 4c).

Single-year drought responses were not influenced by relative
neighborhood competition, either directly or in interaction with
HSM,, , and tree diversity (tree diversity X HSM, , X Hegyi)
(Tables S9 and S10). In contrast, all models showed a positive
direct effect of tree size (relative intraspecific differences) on the
drought response (p <0.01), although tree size did not modulate
the interaction with HSM, , or tree diversity (Tables S9-S11).
Within each species, trees with larger BA consistently had more
positive drought responses. Tree age and preceding drought
conditions had no significant effect in the BIOMinc growth
responses of the models based on REW or DrDays , whose
marginal effects are displayed here (Tables S9-S11).

rSep

3.2 | Growth Responses During Consecutive
Drought Years

In site-specific models of multiyear drought events, we ob-
served that the effects of neighborhood tree diversity on
growth responses strengthened over consecutive drought
years at most sites (Figure 5). While diversity effects during
the initial severe drought year were insignificant for all sites
(model estimate for the tree diversity predictor corresponding
to Resp_yr 1), significant diversity effects emerged during sub-
sequent drought years and the post-drought year (interaction
tree diversity X Resp_yr) (Tables S12 and S13). The direction
and magnitude of diversity effects on growth responses over
consecutive drought years varied by site. A positive diversity
effect was evident only at IDENT-Freiburg (p <0.001), where
higher diversity increased relative growth during the follow-
ing consecutive drought years (Resp_yr 2-3) and post-drought
(Resp_yr 4). In contrast, a negative effect of functional diver-
sity was evident during the third drought year (Resp_yr 3) at
FORBIO-Zedelgem (p <0.001) and Satakunta (p <0.01), inten-
sifying even under favorable conditions in the post-drought
year at these sites (p<0.001) and at BIOTREE-Kaltenborn
(p<0.01). A neutral effect of neighborhood tree diversity
across consecutive years was found at FORBIO-Gedinne and
FORBIO-Hechtel-Eksel. At all sites, tree diversity increased
growth response variability across consecutive years, as indi-
cated by the increased confidence interval of the interaction
tree diversity X Resp_yr (Figure 5). Models based on FDyqy,
were more parsimonious (lower AIC) and had a higher pro-
portion of variance explained (marginal R2 ranging between
0.05 for Satakunta and 0.38 for IDENT-Freiburg) than models
based on species richness (Tables S12 and S13).

Regarding the drought tolerance traits, no models showed sig-

nificant interaction between tree diversity (nSR, FDy,,) and
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FIGURE 4 | Growth response during the single-year drought and marginal effects of neighborhood tree species richness (a) and functional di-

versity (b, ¢) in terms of hydraulic safety margin (FD,,,). Figures show the overall tree diversity effects (a, b) and the interactive effect with drought
duration (DrDays Aprsep’
in terms of radial biomass increment during the single-year drought relative to the pre-drought reference year, with values below the horizontal line
y=0representing trees with relative growth reductions. Points are colored according to the neighborhood species richness depicted in figure a. Lines
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number of days during the growing season with REW <0.4). Points represent the tree growth responses (log-transformed)

not significantly different from zero. Marginal effects in figure c indicate 75 and 91 drought days, corresponding to the 10%-90% quartile values of
DrDays, ., experienced among all samples and sites (Figure S4). FD,,, was standardized (via min-max normalization) across all sites to account

for absolute differences between sites (Figure S18). See Table S10 for details of the fitted model.

HSM [, ,» indicating that species with contrasting HSM.,, , were
not affected differently by increased diversity. However, the ef-
fect of HSM; , on growth responses varied depending on the
site (Figure 6, Tables S12 and S13). A positive HSM, , effect
across response years was only moderately evident at FORBIO-
Zedelgem (p<0.05), while most sites show no significant ef-
fect during the first drought year (unlike in the Q1 model).
Nevertheless, drought-tolerant species with higher HSM, , gen-
erally showed improved growth in the post-drought year (Resp_
yr 4) at FORBIO-Gedinne, FORBIO-Hechtel-Eksel (p <0.001),
IDENT-Freiburg, and Satakunta (p<0.01). Conversely, at
BIOTREE-Kaltenborn, drought-tolerant species had lower rel-
ative growth during the consecutive drought and post-drought
years (Resp_yr 2-4) compared to species with lower HSM, ,
(p<0.001).

4 | Discussion

4.1 | Tree Diversity Effects on Growth Responses
Are Strengthened Over Prolonged Drought Events

We found that increasing neighborhood tree diversity, whether
quantified through species richness or hydraulic trait diversity,
had an overall neutral effect on the growth responses during a
severe single-year drought across sites (Q1, Figure 4a,b). This
partially aligns with studies reporting mixed or neutral tree
diversity effects during mild droughts, though some studies
show that tree diversity effects can turn negative during severe
droughts (Haberstroh and Werner 2022; Grossiord, Granier,
Ratcliffe, et al. 2014). However, we did not observe any signifi-
cant interaction between tree diversity and drought intensity in

90f19

sUe0 |7 SuoWLLIOD BAeaID 3|qedt|dde aup Aq peusenob a1e sejone YO ‘8sn Jo sajn 10} Areiq18UIIUO AB]IM UO (SUOIPUOD-PUR-SLLBIWI0D" A3 1M A e1q | [BuJUO//Sd1Y) SUORIPUOD Pue S L 8U3 89S *[G20¢/60/22] Uo Ariqiauliuo A8|iMm ‘saded Aq #6€02 GOB/TTTT OT/I0p/Wo0 8| ARIq Ul |uo//SARY WO} papeo|umMoq ‘6 ‘SZ0C ‘98YZS9ET



FORBIO-Gedinne (BEL)

;_ OE} Oi} <>f} II

1} &

BIOTREE-Kaltenborn (GER)

FORBIO_Hechtel-Eksel (BEL)

IDENT-Freiburg (GER)

Functional

n

RN

: °3
OE{ i{ Oi{ }

[
-

g
N

)
QI{ £ O-

Diversity of HSM
1.0

I{ i{ $ 0.6

0.3

0.0

- 0.6

Response in biomass growth [log]
o

FORBIO-Zedelgem (BEL)

-2

Satakunta (FINL)

3] % oid

-~ 0.3

()i{ oii o!I

1(dry) 2(dry) 3(dry) 4 (wet)

41(dry) 2(dry) 3(dry) 4 (wet)

Response year

FIGURES5 | Marginal effect of neighborhood hydraulic diversity (FDy;4,,) on growth responses during three consecutive drought years (Resp_yr
1-3) and a post-drought year (Resp_yr 4) for each site-specific model. Background points represent tree growth responses (log-transformed) in terms
of radial biomass increment, with values below the horizontal line y =0 indicating trees that experienced growth reductions relative to pre-drought
reference levels. Color legend represents neighborhood functional diversity in terms of hydraulic safety margin, standardized (via min-max normal-
ization) across all sites to account for absolute differences. Marginal effects are visualized for monocultures (yellow, FD, .\, =0) to intermediate-
(green, FD,;¢,,=0.3) and higher functional diversity (blue, FD,,, =0.6). Points with error bars represent the marginal effect fits with 95% confidence
interval for the interaction FDy,, X Resp_yr, while holding other predictors constant. Significant symbols represent significant fixed effects for the
interaction FDyq\, X Resp_yr, with significance levels *p <0.05, **p <0.01, ***p < 0.001. See Table S13 for details on the fitted models. See Figure S18

for details on FD,, trait ranges per site.

radial growth responses during the first drought year. This may
be due to the limited range in drought intensity for the stud-
ied single-year droughts, with conditions near the wilting point
across sites (Figure S4). While physiological processes such as
stomatal regulation and xylem hydraulic integrity are strongly
affected by drought intensity—evidenced by the significant in-
teraction between REW and HSM (Figure 3)—these drought
intensity effects may not always translate into radial growth
during a single-year drought (Jucker et al. 2017; Schnabel
et al. 2022). Radial growth can remain stable if trees mobilize
carbon reserves from previous years to sustain growth under
initial drought conditions (Cailleret et al. 2017; Korner 2019;
McDowell et al. 2022). However, our study data cannot ascertain
whether these mechanisms played a role.

In contrast to drought intensity, we found that drought du-
ration influenced tree diversity effects on growth responses.

Under increased drought duration during a single growing
season, tree diversity effects shifted from positive to negative
(Figure 4c), supporting the proposed pathway where func-
tional diversity exacerbates drought impacts under prolonged
drought (Figure 1b). These results align with studies report-
ing decreased or even a shift toward negative diversity effects
under increased drought intensity and duration (Haberstroh
and Werner 2022; Aldea et al. 2022; Shovon et al. 2024). Our
findings are also consistent with studies showing that drought
duration, rather than intensity alone, strongly influences ra-
dial growth (Ruffault et al. 2013; D'Orangeville et al. 2018;
Huang et al. 2018; Lv et al. 2022) and drives differential
growth responses across species and mixture compositions
(Aldea et al. 2022). Multiple dimensions of drought—in-
cluding frequency, duration, and onset during the growing
season—can lead to different growth responses even when
total drought intensity and water deficits are similar (Gao
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transformed) in terms of radial biomass increment, with values below the horizontal line y =0 representing trees that experienced growth reductions
relative to pre-drought reference levels. Color legend represents the species-specific HSM, , (based on turgor loss point). Points with error bars rep-
resent the marginal effect fits with 95% confidence interval for the interaction HSM; , X Resp_yr while holding other predictors constant. Significant
symbols represent significant fixed effects for the interaction HSM, , X Resp_yr, with significance levels *p <0.05, **p<0.01, ***p<0.001. See
Table S13 for details of the fitted models. Marginal effects are visualized for the same HSM, , values for comparison across sites, considering one
species with relatively low drought tolerance (orange, HSM, ,=0.8) and one with high drought tolerance (violet, HSM,, ,=1.5) corresponding to
the 1st and 3rd quartile values of HSM., , across all analyzed species and sites. Note that some sites IDENT-Freiburg, Satakunta) had a species pool

with more limited range of HSM, , values, resulting in wider confidence intervals. See Figure S12 for details on HSM, , ranges of focal trees per site.

et al. 2018; Anderegg et al. 2013). The number of drought days
can determine the growth period and annual radial growth
(Etzold et al. 2022). For a given drought duration, the impact
on growth also depends on drought timing within the grow-
ing period with respect to the growth phenology of the spe-
cies (Gao et al. 2018; van Kampen et al. 2022). Since xylem
formation (i.e., xylogenesis) is closely linked to the length of
the growth period, drought duration may serve as a better pre-
dictor of radial growth responses than drought intensity alone
(Lempereur et al. 2015; de Micco et al. 2019).

While diversity effects during the first drought year depended
on the drought duration across sites, tree diversity effects on
site-specific growth responses also strengthened during con-
secutive drought years and persisted into the post-drought year
(Q2, Figure 5). Interestingly, the direction of this effect varied

across sites: three sites showed increasingly negative diversity
effects, two showed neutral effects, and one showed a positive
effect. Tree diversity effects differed even when comparing the
three FORBIO experiments with similar ages planted follow-
ing a similar design at relatively close conditions. This corrob-
orates the contrasting and site-specific diversity effects reported
in earlier studies (Ratcliffe et al. 2017; Forrester et al. 2016;
Grossiord 2019). Notably, our study is unique in showing dif-
ferent response patterns across multiple experimental sites
with manipulated gradients of tree species richness. The ob-
served strengthening of tree diversity effects during consecutive
years could indicate an intensification of tree-tree interactions
under prolonged drought stress (Forrester et al. 2016; Soliveres
et al. 2015; Maestre et al. 2009) or a delayed signal of diversity ef-
fects on tree rings due to drought legacy mechanisms (Anderegg
et al. 2015; Vilonen et al. 2022; Bastos et al. 2020).
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While the observed site-specific diversity effects during mul-
tiyear drought supported both proposed theoretical path-
ways, the underlying mechanisms driving these effects may
be highly context-dependent. Positive effects in the IDENT-
Freiburg experiment align with the pathway where functional
diversity increasingly buffers drought stress during consec-
utive drought years (Figure la). However, we only analyzed
species with comparably high HSM within this experiment
(Figure 6). In a previous study at this experiment assessing
only the initial drought year considered in our study, Hajek
et al. (2022) found that species with higher HSM suffered less
and tended to decrease the survival probability of their neigh-
bors with low HSM, and vice versa. This suggests that the pos-
itive effects observed here may result from selection effects
leading to a competitive release of drought-tolerant species,
which profit from mortality suffered by drought-sensitive spe-
cies (Grossiord 2019; Forrester and Bauhus 2016). Segregation
of tree communities into “winner” and “loser” species in
terms of diversity was also found in another tree diversity ex-
periment under the same 2018-2020 drought (Sachsenmaier
et al. 2024). As drought-sensitive species decline under inten-
sifying water competition, positive diversity effects may in-
crease for drought-tolerant species under prolonged drought
stress (Maestre et al. 2009). However, tree diversity effects on
mortality can vary widely depending on the context (Urgoiti
et al. 2023; Searle et al. 2022). Tree mortality is both shaped by
tree diversity and specific drought resilience (Grossiord 2019;
DeSoto et al. 2020; Bauhus et al. 2017), while also influencing
species interactions and tree drought responses (Guillemot
and Martin-StPaul 2024; Plaga et al. 2024). Further analysis
distinguishing between pre-drought density-dependent mor-
tality from self-thinning and additional drought-induced mor-
tality is needed to link tree growth responses, mortality, and
tree diversity effects.

Conversely, negative diversity effects on growth observed in
three sites support the pathway that prolonged drought stress
can intensify with increasing functional diversity (Figure 1b).
Increased stress may result from greater water consumption in
mixed-species stands compared to monocultures due to comple-
mentary resource-use strategies (Haberstroh and Werner 2022),
early overyielding of tree biomass under favorable conditions
(Jump et al. 2017; Jacobs et al. 2021), or pre-drought selection ef-
fect favoring species with high water demands (Grossiord 2019;
Forrester and Bauhus 2016). In the FORBIO-Zedelgem exper-
iment, complementarity and selection effects were reported to
drive early growth overyielding, enhancing canopy packing and
stand transpiration (van de Peer et al. 2018; Wang et al. 2024).
This positive diversity effect under favorable conditions could
have negative impacts under increasing drought stress, when
microclimate offsets from tree mixing might be insufficient to
counteract drought stress (Zhang et al. 2022). In the Satakunta
experiment, tree diversity did not enhance aboveground pro-
ductivity or transpiration under non-limiting water availability
(Grossiord et al. 2013). However, boreal forests with similar tree
diversity showed higher water use efficiency and stomatal reg-
ulation than monocultures under drier conditions, indicating
that species interactions can reduce soil moisture (Grossiord,
Granier, Gessler, et al. 2014). While complementarity in sto-
matal regulation, belowground complementarity, and water
redistribution can mitigate drought impact to some extent

(Bello et al. 2019; Moreno et al. 2024), these mechanisms may
be overridden under severe or prolonged droughts (Grossiord
et al. 2019; Mas, Vilagrosa, et al. 2024). Ultimately, determining
the specific mechanisms driving the context-dependent diver-
sity effects on water availability and drought responses requires
the integration of multiple trait-based approaches (Forrester and
Pretzsch 2015; Grossiord 2019; McDowell et al. 2022). To achieve
this, dendroecological metrics as used in this research should be
combined with a broader array of traits associated with drought-
induced responses, including isotopic composition (e.g., %0
and &?H) of tree rings and belowground traits that provide in-
sights into water source partitioning (Zapater et al. 2011; Bello
et al. 2019; Lehmann et al. 2021; Mas, Vilagrosa, et al. 2024;
Vitali et al. 2024).

4.2 | Hydraulic Trait Identity Determines Growth
Responses to Drought

HSM,;, of focal species did not influence how tree diver-
sity affected the growth responses during either a single-year
drought or consecutive droughts (Q3). Species with contrasting
HSM,; , showed similar responses to increased tree diversity
(Table S10), differing from studies suggesting that drought-
vulnerable species benefit more from higher species richness
(Fichtner et al. 2020; Schnabel, Barry, et al. 2024; Sachsenmaier
et al. 2024). However, species with high HSM, , maintained
stable growth during a single-year drought, while lower-
HSM,, , species showed significant reductions independently of
tree diversity (Figure 3). These differences were amplified under
extreme drought, which suggests that xylem integrity under se-
vere drought allows enhanced functioning and biomass growth
(Choat et al. 2012; Martin-StPaul et al. 2017; Sanchez-Martinez
et al. 2023; Anderegg et al. 2016). Notably, the significant inter-
action between drought intensity and HSM, , was evident only
when using REW as a measure of water availability, emphasiz-
ing the importance of quantifying local soil water conditions for
assessing tree drought stress over standardized climatic indices
like SPEI (Zang et al. 2020; Schwarz et al. 2020).

Across consecutive drought years (Figure 6), most sites showed
improved relative growth in the post-drought year for species
with high HSM; ;, suggesting lower legacy effects for these
drought-tolerant species (Anderegg et al. 2015). In contrast, at
BIOTREE-Kaltenborn, drought-intolerant species had lower
legacy effects compared to the species with higher HSM, ,
which showed higher growth reductions during consecutive
drought and post-drought years. However, these contrasting
HSM, , effects should be interpreted cautiously, given the dif-
ferent HSM, , ranges between sites and the limited number of
species analyzed per site. Additionally, species-specific mean
trait values were collected from published databases, lacking
site-specific data on trait variability. Intraspecific trait variabil-
ity at the individual tree level can exceed interspecific differ-
ences (Anderegg 2015; Pritzkow et al. 2020). Trait plasticity can
be driven by interspecific interactions even in early tree develop-
ment stages, in turn influencing stand productivity and drought
responses (Serrano-Leon et al. 2022; Benavides et al. 2019; Gazol
et al. 2023). To date, the only study on tree diversity effects on
intra-species HSM, , variability found that HSM, , in a subset
of the experiments studied here is primarily driven by species
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identity and not by tree diversity, though some significant diver-
sity effects were found for a limited number of species composi-
tions (Decarsin et al. 2024). The discrepancy in HSM,, , effect
across our sites aligns with findings that hydraulic traits do not
always explain the magnitude of growth declines under intense,
prolonged droughts (Song, Poorter, et al. 2022; Smith-Martin
et al. 2023).

4.3 | Applicability of Results

Estimating radial biomass growth responses derived from wood
density profiles was less affected by tree age than BAI and
provided a more accurate indicator of carbon allocation in an-
nual rings across different species (Toigo et al. 2015; Bjorklund
et al. 2019; Dietrich et al. 2024). This approach, facilitated by
recent advances in X-ray imaging and computed tomography (de
Mil et al. 2016; van den Bulcke et al. 2019), enabled a deeper
understanding of the interactions between tree diversity and
drought-induced effects on carbon sequestration. Although ra-
dial growth trends and relative drought-induced responses can
be influenced by tree age, our analysis approach allowed us to
test tree diversity effects while minimizing the tree age effect by
comparing monocultures and mixtures of increasing functional
diversity levels within the same site and for the same tree age.
However, a common limitation in dendrochronological studies
like ours is the sampling bias toward canopy-dominant trees,
aimed at reducing canopy shading effects on growth responses
(Kannenberg et al. 2020; Duchesne et al. 2019). Although previ-
ous research shows that growth responses to short-term climate
variability and drought legacy effects may not differ largely de-
pending on the sampling approach (Nehrbass-Ahles et al. 2014;
Kannenberg, Novick, et al. 2019), drought responses can dif-
fer between dominant and suppressed trees (Grote et al. 2016).
Larger trees can be less sensitive to competition for water and
exhibit adaptations like greater water uptake, storage capacity,
and more efficient water use and transport (Fernandez-de-Ufia
et al. 2023; Colangelo et al. 2017). Our findings show that rel-
ative tree size within species has a positive effect on growth
responses, while neighborhood competition had no significant
impact. This aligns with reports that drought responses are
more influenced by tree size, species identity, and drought char-
acteristics than by competition (Gillerot et al. 2021; Castagneri
et al. 2022; Del Campo et al. 2022). We did not observe that
tree size nor neighborhood competition affected the interac-
tion between tree diversity and hydraulic traits, but it should be
noted that our sampling strategy focused on dominant and co-
dominant trees may not have captured a sufficiently wide range
in tree sizes to elucidate such an effect. Disentangling the effects
of tree size and competition is not straightforward, as relative
tree size also reflects past competition. No comprehensive study
has yet analyzed these factors across a tree diversity gradient
including small and mid-sized trees of all species across vary-
ing levels of competition. Moreover, we assessed neighborhood
competition only in terms of the distance-dependent Hegyi
index based on basal area measured at the time of sampling.
Further analysis should include alternative indices based on
height measurements and crown variables to better characterize
neighborhood structural diversity and its influence on drought-
induced responses (Forrester 2019; Guillemot and Martin-
StPaul 2024). Hence, the influence of neighborhood competition

and structural diversity on tree diversity effects under drought
remains unclear.

By using planted experiments with manipulated tree species
richness, we minimized confounding effects of environmental
heterogeneity within each site, which often obscure diversity
effects in observational studies (Scherer-Lorenzen et al. 2007;
Bauhus et al. 2017; Pardos et al. 2021). However, observed effects
in young tree diversity experiments may differ from those in
mature seminatural forests, where drought responses can be in-
fluenced by tree age distributions and the development of inter-
specific interactions through succession (Kambach et al. 2019;
Leuschner et al. 2009). Hence, our findings are particularly
relevant for young planted or seminatural forests (Messier
et al. 2022; Depauw et al. 2024; Camarero et al. 2021). Several
studies have shown that species interactions and the strength
of diversity effects on BEF functioning can vary throughout
forest development (Cardinale et al. 2007; Jucker et al. 2020;
Taylor et al. 2020; Shovon et al. 2024). Differential species-
specific growth and mortality rates can alter species domi-
nance and modify competitive interactions for water in mixed
stands, thereby reshaping BEF relationships over time (Del Rio
et al. 2014; Forrester 2014; Guerrero-Ramirez et al. 2017). These
temporal changes are further modulated by feedback loops be-
tween diversity gradients, tree survival, stand structure, and
ecosystem functioning, highlighting the inherent complex-
ity of BEF dynamics (Guillemot and Martin-StPaul 2024; Liu
et al. 2022; Mahecha et al. 2024). Consequently, diversity effects
at a single point in time may not reflect how BEF relationships
evolve as stands mature (Forrester 2014, 2017). As species in-
teractions can be strengthened or shifted over time (Guerrero-
Ramirez et al. 2017; Jucker et al. 2017), continued monitoring
of these tree diversity experiments will help bridge the gap be-
tween observational studies and experimental findings.

Our findings underscore the importance of examining tree re-
sponses over extended periods to understand the effects of di-
versity on tree responses to drought. However, since we only
assessed one post-drought year, we cannot draw robust con-
clusions about the recovery and resilience after these drought
years, as drought legacy effects can persist for several years.
Nonetheless, our results suggest that conclusions based on
single-year drought responses may not hold under accelerated
global warming, where prolonged drought events are increas-
ingly followed by only brief recovery periods. As climate change
leads to more frequent droughts, acclimation to chronic drought
stress may become more crucial than recovery from isolated
events (de Boeck et al. 2017). However, the underlying pro-
cesses remain unclear. Slow recovery might reflect controlled
acclimation to optimize long-term survival (Gessler et al. 2020)
or a gradual growth decline inducing tree mortality (DeSoto
et al. 2020; Cailleret et al. 2017). Understanding the long-term
impacts of consecutive droughts on forest ecosystems and the
role of tree diversity to mitigate chronic stress is crucial as these
events become more frequent.

5 | Conclusion

Our study is the first to examine the role of tree diversity and
functional trait identity on tree growth responses across multiple
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experimental sites during unprecedented, multiyear droughts.
We demonstrated that tree diversity effects on growth responses
can intensify over consecutive drought years, with contrasting
diversity effects varying from neutral to positive or even neg-
ative effects depending on the site. The context dependency of
these diversity effects underlines the importance of considering
multiple sites and neighborhood scale processes in understand-
ing how interspecific interactions shape tree growth responses
under prolonged drought. Hydraulic traits played a significant
role in determining drought-induced growth responses, em-
phasizing the need for trait-based approaches to assess drought
impacts on forest ecosystems. Ultimately, integrating process-
based models and hydraulic traits could provide forest managers
with evidence-based guidelines to design more resilient, mixed-
species plantations. By selecting species mixtures that are bet-
ter adapted to local conditions and incorporating knowledge of
hydraulic traits, drought-resilient mixed plantations can be used
to enhance ecosystem resilience in the face of unprecedented
droughts.
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