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A B S T R A C T   

Spatial and temporal variation in functional traits allows trees to adjust to shifting environmental conditions such 
as water stress. However, the change of traits, both mean and variances, along water availability gradients and 
across growing seasons, as well as their covariation with tree performance, have been rarely assessed. We 
examined intraspecific trait variation in coexisting evergreen (Quercus ilex ssp. ilex and Q. ilex ssp. ballota) and 
deciduous (Quercus faginea and Quercus humilis) Mediterranean oaks along a wide water availability gradient in 
northeastern Spain during six years. We measured leaf area (LA), shoot twig mass (Sm), leaf mass per area (LMA) 
and the ratio of shoot twig to leaf biomass (Sm:Lm). We characterized tree performance through basal area 
increment (BAI) and drought resilience indices. Higher variation was found within individuals than between 
individuals across populations and years. Within species, we found trait adjustments toward more conservative 
water-use (low LA and Sm and high LMA) with increasing drier conditions. Intraspecific trait variation was 
constrained by water availability, particularly on the deciduous species. In Q. ilex, trait variance of LMA posi-
tively covaried with annual BAI, whereas variance of LA, Sm and Sm:Lm was positively related to resistance and 
resilience against the severe 2012 drought in deciduous oaks. Our results support a tradeoff between the ability 
to tolerate drought and the capacity to cope with unpredictable changes in the environment through increased 
intraspecific trait variation, which may have implications on tree performance in the face of increased extreme 
events.   

1. Introduction 

The ability of tree species to adjust to new environmental conditions 
directly or indirectly relies on the variability in their morpho-physio- 
phenological attributes, that is, their functional traits (Violle et al., 
2007). Temperature and the frequency and intensity of severe climate 
extremes such as droughts and heatwaves are expected to increase ac-
cording to model-based climate projections for the 21st century (Zhou 

et al., 2019; IPCC, 2021). This will modify forest functioning, potentially 
inducing tree species migration and extinction (Jump and Peñuelas, 
2005; Seidl et al., 2017). Therefore, a better understanding of the source 
of functional trait variation, along with the linkages between tree fitness 
and functional traits will greatly improve our capacity to model and 
predict forest responses under changing conditions. 

Many studies have applied a trait-based approach focused on mean 
species trait values (e.g., Anderegg et al., 2016; Serra-Maluquer et al., 
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2022). However, there is increasing evidence that intraspecific trait 
variation (ITV) is substantial and it is relevant for population dynamics 
and ecosystem processes (Westerband et al., 2021), particularly for 
species widely distributed along environmental gradients (Fajardo and 
Piper, 2011; Anderegg, 2015; Siefert et al., 2015; Rosas et al., 2019). 
Trait variability is structured across aggregated ecological scales, driven 
by environmental, genetic and ontogenetic mechanisms including 
phenotypic plasticity, ecological filtering, adaptative evolution, or tree 
age (Aitken et al., 2008; Messier et al., 2017). Using a variance-based 
approach focused on individuals may provide insights into the mecha-
nisms by which functional traits modulate the ability of a tree to persist 
and reproduce in the face of rapid shifts in environmental conditions 
(Violle et al., 2012). 

Intraspecific variability in certain functional traits (i.e., drought 
response traits sensu Anderegg and HilleRisLambers, 2016) may enhance 
tree species’ acclimation potential to drought and will potentially afford 
resilience in an increasingly unpredictable environment (Nicotra et al., 
2010; Anderegg, 2015). For example, phenotypic plasticity associated to 
changes in interannual environmental conditions can define the capac-
ity of trees to adjust quickly enough before death to increasingly 
frequent severe droughts (Ramírez-Valiente et al., 2015). Previous 
studies evaluating ITV across environmental gradients (e.g., Martí-
nez-Vilalta et al., 2009; Rosas et al., 2019; Anderegg et al., 2021) and its 
association with tree responses to drought (González de Andrés et al., 
2021) were conducted at single time points. Therefore, this snapshot 
approach disregards temporal variability caused by developmental 
timing or variations in weather conditions over time (Cope et al., 2022), 
which has been proven significant in functional traits across different 
years (García-Cervigón et al., 2020; Kerr et al., 2022; Vasey et al., 2022) 
and within years (Fajardo and Siefert, 2016; Bloomfield et al., 2018). 
Year-to-year phenotypic plasticity has been previously analyzed in 
common garden experiments, but this approach prevents studying 
mature stands. To address this limitation, temporal variation of traits on 
the same individuals needs to be measured as has been done with xylem 
traits following retrospective tree-ring approaches (Borghetti et al., 
2017). 

Different traits are expected to reflect tree performance along envi-
ronmental gradients. Morphological and structural traits are easily 
measured and can be tractable assessed across hundreds or thousands of 
individuals. Although these traits entail drought-related and non- 
drought-related anatomical traits, adjustments along water availability 
gradients have been found. Reduction of leaf area decreases surface of 
transpiration in dry atmospheres and improve convective cooling 
(Gil-Pelegrín et al., 2017). Hence, increased leaf mass per area (LMA) is 
associated with drought-prone environments (Wright et al., 2004). High 
LMA improves water use-efficiency by reducing epidermal water loss 
and enhancing hydraulic function but at the expense of less productive 
leaves (Poorter et al., 2009). Furthermore, changes in allocation patterns 
and productivity between leaves (light interception and hydraulic de-
mand) and sapwood (hydraulic supply) may also reflect drought 
avoidance strategies. For instance, high sapwood to leaf area ratios are 
positively related to aridity due to lower evaporative demand and 
reduced xylem tension for water transport (Martínez-Vilalta et al., 
2009). However, such reports have been conducted across spatial gra-
dients in environmental conditions and, to our knowledge, there is no 
study evaluating the adjustment of these traits across years in adult trees 
among different populations under contrasting climatic conditions. 

Tree radial growth is considered a sensitive indicator of tree carbon- 
water balance and it is largely driven by environmental conditions 
(Babst et al., 2018). Therefore, examining the variance patterns of tree 
rings and their covariation with functional traits can improve our un-
derstanding of tree fitness under changing conditions. Different 
scale-dependent drivers shape trait and growth variability across 
ecological scales (Albert et al., 2010; Messier et al., 2010). Additionally, 
morphological traits and productivity measurements are key parameters 
in vegetation models that contribute advancing our current knowledge 

of climate change impacts on forest ecosystems (van Bodegom et al., 
2014). 

In this study, we focused on two groups of coexisting Mediterranean 
oak species with contrasting foliar habits: evergreen oaks (Quercus ilex 
ssp. ilex L. and Q. ilex ssp. ballota (Desf.) Samp.) and deciduous oaks 
(Quercus faginea Lam. and Quercus humilis Mill.). The functional strate-
gies of these taxa are shaped by the contrasting climatic environments 
they inhabit (hot and dry summers and cold winters across inland re-
gions) and their high phenotypic variability (Montserrat-Martí et al., 
2009). Assessing the variation in functional traits and drought perfor-
mance of these taxa with contrasting foliar habits but growing under the 
same environmental conditions may improve our understanding of the 
different strategies they adopt to cope with water deficit. Studies eval-
uating variability in traits related to leaf structural and chemical 
composition, xylem and root traits (Castro-Díez et al., 1997; Villar-Sal-
vador et al., 1997; Coll et al., 2012), trait coordination (Rosas et al., 
2019; Ramírez-Valiente et al., 2020), drought performance and toler-
ance strategies (Corcuera et al., 2004a,b; Gutiérrez et al., 2011) have 
been conducted in Iberian oaks. However, the assessment of patterns of 
ITV across different ecological scales and along environmental gradi-
ents, and their covariation with tree performance using a long-term 
approach has not yet been attempted. 

Here, we examine the extent of spatial and temporal intraspecific 
variation in morphological and structural traits (ITV) and radial growth 
of the evergreen Q. ilex and the deciduous Q. faginea and Q. humilis 
Mediterranean oaks. It should be noted that the term ITV in this study 
refers to the variation within each foliar habit group comprising closely 
related taxa. Our dataset was collected along a wide water availability 
gradient in northeastern Spain over a six-year period, during which the 
same trees were recurrently sampled. This comprehensive dataset 
enabled us to fulfill the following objectives: (1) to investigate trait 
variability across different ecological scales; (2) to characterize trait-by- 
drought relationships and the ITV along water availability gradients; 
and (3) to assess the relation between ITV and tree growth responses to 
drought. We hypothesize that (1) within-crown (among-branch) and 
year-to-year variation in trait values, which is a measure of phenotypic 
plasticity, will represent a non-negligible part of intraspecific variation 
for both, evergreen and deciduous oaks; (2) ITV will be constrained 
under drier conditions and in arid sites reflecting both impaired per-
formance during drought and stronger environmental filtering; and (3) 
tighter covariation between growth and trait variation will be expected 
at broader spatial scales (i.e., among sites) reflecting greater gradient 
differences than microsite limitations. 

2. Materials and methods 

2.1. Study area and study species 

We selected six sites in northeastern Spain where evergreen and 
deciduous Mediterranean oaks coexist (Fig. 1a). Study sites were 
distributed along a coast-inland gradient with contrasting climatic 
conditions. Coastal sites were Orduña (OR) and Collserola (CO) and they 
received Atlantic and Mediterranean influences, respectively. OR pre-
sents by far the highest annual precipitation, particularly from winter to 
spring, whereas dry summers and wet autumns characterize CO. Soria 
(SO), Oliola (OL) and Alcubierre (AL) sites have continental conditions 
with large contrasts between maximum and minimum temperatures and 
relatively low precipitations. AL is a semi-arid site showing the lowest 
precipitation, whereas SO is the coldest site. Finally, intermediate 
climate conditions between coastal and inner sites can be found in 
Sansoáin (SA) (Fig. 1b). 

Climate data were obtained from the 0.1º gridded E-OBS 27.0e 
database (Cornes et al., 2018). During the 2008–2013 period, the mean 
annual temperatures ranged from 9.5 (SO) to 16.4 ºC (CO), and annual 
precipitation was found to be between 401 (AL) and 841 mm (OR) 
(Table S1). July and August were the warmest and driest months, while 
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precipitation peaked in spring and autumn depending on the site 
(Fig. 1c). To characterize aridity conditions, we calculated the annual 
ratio of precipitation and potential evapotranspiration averaged for the 
period 1980–2017 (site P:PET) according to the Thornthwaite equation 
(1948). Furthermore, we also obtained data of the Standard Precipita-
tion and Evapotranspiration Index (SPEI) at a spatial resolution of 
1.1-km (Vicente-Serrano et al., 2017) for each studied site. The SPEI is a 
standardized multi-scalar drought index based on the accumulated 
water deficit, in which negative and positive values indicate relatively 
dry and wet conditions, respectively (Vicente-Serrano et al., 2010). 

We studied two functional groups of Mediterranean oaks according 
to their foliar habit. The combination of the closely related taxa included 
in each group is supported by their degree of hybridization. The ever-
green group was represented by Q. ilex, which is distributed across the 
western Mediterranean basin (Fig. 1a). Q. ilex is a diffuse to semi-ring 
porous species that presents large morphological variation in foliar 
traits resulting in different morphotypes going from long lanceolate to 
short, rounded leaves (Peguero-Pina et al., 2014; Niinemets, 2015). In 
the two coastal sites (CO and OR) Q. ilex individuals belong to the subsp. 
ilex, whereas in the inland sites the morphological traits correspond to 
the subsp. rotundifolia. The two subspecies do not co-occur in any site 
simultaneously. The winter deciduous group of Mediterranean oaks 
consists of the ring porous species Q. faginea and Q. humilis. The former is 
distributed across the Iberian Peninsula and north of Africa, while the 
latter is widely distributed across central and southern Europe (Fig. 1a). 
Both species form an ecological continuum and they commonly 

hybridize in the northeast of Iberian Peninsula, but only individuals 
clearly identified as belonging to one or another species at each site were 
selected. The leaf and acorn characteristics corresponded to Q. faginea in 
all sites except the coastal Mediterranean site CO, where traits corre-
sponded clearly to Q. humilis. All study sites corresponded to secondary 
forests where most trees were relatively young (30–70 years), and had 
colonized former croplands and grasslands. 

2.2. Field sampling and traits measurements 

In 2008, six 0.5 ha plots were established in the study sites where 
healthy-looking mature trees were selected. In each plot, ten Q. ilex and 
Q. faginea individuals (OR, SO, SA, AL and OL) and fifteen Q. ilex and 
Q. humilis individuals (CO) were tagged and their diameter at breast 
height (DBH) measured. In total, 130 trees were sampled (65 Q. ilex ssp. 
ilex/ Q. ilex ssp. ballota and 65 Q. faginea/Q. humilis) across the study 
region. During a 6-year period (2008–2013), two branches (one sun- 
exposed branch and one shaded branch) 50–140 cm long were 
randomly sampled from the upper canopy of each individual to char-
acterize leaf and shoot traits. This sampling was designed to capture the 
widest possible range of variability within the crown. Collected 
branched accounted for a small proportion on the crown removed each 
year, so we assume that tree performance was not affected. Sampling 
was conducted on the date when primary growth had finished and leaf 
shedding of deciduous species had not yet begun (Table S2) in order to 
capture comparable phenological stages across sites. Measurements 

Fig. 1. (a) Distribution range of Quercus ilex ssp. ilex (dark green area), Q. ilex ssp. ballota (light green area), Q. faginea (purple area) and Q. humilis (pink area) (de 
Rigo et al., 2016), and location of study sites in southern Europe (black dots). (b) Geographic position of study sites in northeastern Spain. The grey-scale background 
map represents spatial variation of the ratio between precipitation and potential evapotranspiration (P:PET) (climate data from Fréjaville and Benito Garzón, 2018). 
(c) Climatic diagrams for each study site according to climatic data retrieved from E- OBS v. 27.0e database (Cornes et al., 2018) for the period 2008 – 2013. 
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were repeated on the same individuals each year to minimize the effect 
of genotypic and site differences. 

Trait measurements were conducted following standard protocols 
(Pérez-Harguindeguy et al., 2013). Collected branches were transported 
to the laboratory and two to five current-year shoots per branch were 
randomly selected. The leaf area of every leaf produced by each shoot in 
that year were scanned and their summed area measured with ImageJ 
software (Schneider et al., 2012) while being still fresh. Afterwards, twig 
and leaves produced by each shoot were oven-dried during 48 h at 60 ºC 
and weighted to 0.01 g precision. The following variables were derived: 
the area of all the leaves produced by a shoot (LA), the dry weight of a 
shoot twig (Sm), the leaf mass per area of all the leaves produced in a 
shoot (LMA), and the ratio of shoot twig to leaf biomass (Sm:Lm). LA and 
Sm reflect the growth and carbon allocation in primary growth and how 
it is distributed in different shoot parts. LMA is a structural trait, which 
relates to other chemical and structural leaf traits within the leaf eco-
nomics spectrum (Wright et al., 2004). The ratio Sm:Lm is an indicator 
of carbon allocation patterns between shoots and leaves. These measures 
were repeated every year except for 2008 at CO site. Across the six years, 
we measured 3144 shoots and 21,954 leaves of Q. ilex and 3061 shoots 
and 17,043 leaves for Q. faginea and Q. humilis. 

2.3. Dendrochronological methods 

Radial growth of selected trees was evaluated using dendrochro-
nology. In summer 2017, one or two cores per tree were extracted at 1.3 
m height using 5 mm Pressler increment borers (Haglöf, Sweden). The 
wood samples were processed following standard dendrochronological 
methodologies (Fritts, 2001). All cores were visually cross-dated and 
ring widths were measured to a precision of 0.001 mm using a LINTAB 
measuring device (Frank Rinn). The visual cross-dating was statistically 
checked using the COFECHA software (Holmes, 1983). Descriptive sta-
tistics of tree ring data were calculated (Table S2). Tree-ring width series 
were transformed to basal area increment (BAI) series to account for 
geometrical constraints (Biondi and Qeadan, 2008). BAI was calculated 
assuming a circular shape of stems and using the formula: 

BAI = π
(
R2

t − R2
t− 1

)
(1)  

where R2
t and R2 

t− 1 are the radius of the tree in the year of growth (t) 
and the previous year (t-1). To carry out the following analyses, we used 
BAI values for each year in the period 2008–2013. Tree ring series 
processing and dendrochronological statistics calculation were per-
formed using the package dplR (Bunn et al., 2020) from the R software 
(R core Team, 2022). 

The study period encompassed the severe drought event occurred in 
2012, which impaired forest productivity and triggered forest dieback 
episodes in northeastern Spain (Camarero et al., 2015; J.J. 2016). This 
provided an opportunity to study the growth response to an extreme 
climatic event and its relationship to morphological traits. We calculated 
the resilience indices proposed by Lloret et al. (2011) based on the ratios 
of pre- drought (BAIpreD), drought (BAID) and post- drought (BAIpostD) 
radial growth values as follows: 

Resistance = BAID
/

BAIpreD (2)  

Recovery = BAIpostD
/

BAID (3)  

Resilience = BAIpostD
/

BAIpreD (4) 

We used windows of three years before and after drought occurrence 
to calculate tree-level resilience indices. 

2.4. Statistical analysis 

Variance of traits – Total trait variation within each foliar habit was 
evaluated using the coefficient of variation (CV). To understand the 

distribution of variability across different ecological scales, we carried 
out a variance partitioning analysis following Messier et al. (2017, 
2010). Intercept only linear mixed-effects models (LMMs; Pinheiro and 
Bates, 2000) were fitted for each trait and foliar habit using branch-level 
trait data that included a random effect structure in which tree nested 
within site which in turn is nested within taxon are crossed with year: 
[(1|Taxon/Site/Tree) + (1|Year)]. This model is biologically realistic 
because it allows years to occur in multiple taxa, sites and trees. In the 
tree-level radial growth models, random effects were included as: [(1| 
Taxon/Site) + (1|Year)]. The resulting variance estimate for taxon 
represents variation among subspecies (evergreen oaks) or species (de-
ciduous oaks), the variance estimate for tree and site represents varia-
tion within- and among-populations, respectively, and the variance 
estimate for year along with the residual variance represents 
within-crown variation plus measurement error, which is jointly inter-
preted as phenotypic plasticity. 

We also calculated the TIC/IR statistic proposed by Violle et al. (2012) 
to analyze population-level trait variance by taking each site as a 
different population. This index represents traits’ values dispersion in 
each population (IC) in relation to the observed variance across the 
whole spatiotemporal gradient of the species (IR) and it quantifies the 
strength of environmental filtering (e.g., climatic constraints) in traits’ 
expression (Violle et al., 2012). The closer the TIC/IR value to 0 (i.e., less 
scattered trait in relation to the regional pool), the stronger the external 
filtering on the population. To separate the spatial and temporal com-
ponents of TIC/IR, we averaged mean trait values across years and across 
trees to calculate spatial TIC/IR (among-trees) and temporal TIC/IR 
(among-years), respectively. To be included in further analysis, spatial 
TIC/IR was determined for each year separately and temporal TIC/IR 
values were assigned to each tree within a site. TIC/IR values were 
calculated using the R-package cati (Taudiere and Violle, 2016). 

Effect of water availability on trait adjustments and variances – We used 
LMMs to evaluate trait-by-water availability relationships. For each 
foliar habit, branch-level trait data were fitted against the drought index 
(SPEI) and site P:PET. We also included DBH and tree age as individual 
level covariates. To identify seasonality of SPEI (i.e., time scale and 
month) that better explained the observed patterns of each trait, we 
fitted separated models of trait values against 1-, 3-, 6-, 9- and 12-month 
SPEI values for every month of the year, we ranked all potential models 
according to Akaike Information Criterion (AIC; Burnham and Ander-
son, 2002) and selected the model with the lowest AIC value. A random 
intercept associated with tree nested within site nested within taxon and 
crossed with year was included as explained above. 

To examine the effect of drought on trait variance, above branch- 
level trait-by-water availability LMMs were fitted including different 
variance structures that represent the change of variance as exponential 
or potential functions of previously selected SPEI and site P:PET 
(Table S3). We determined if models including nonconstant variance 
functions improved fixed variance models using the likelihood ratio test. 
In addition, we fitted LMMs of temporal and spatial TIC/IR against 
selected SPEI and site P:PET. Site nested within taxon was regarded as a 
random factor since multiple measures (different trees or years) 
occurred at each site and taxon. 

Covariation between traits and radial growth – We evaluated the rela-
tionship of leaf and shoot traits with BAI and drought response indices. 
Firstly, LMMs between BAI and mean values of traits during the study 
period 2008–2013 were fitted for each trait and foliar habit. To test if the 
covariation between BAI and traits depended on drought stress, we 
included SPEI and its interaction with trait. Models were fitted at tree- 
and site-levels to evaluate if trait impact on BAI changed at different 
ecological scales. To test if populations showing higher ITV grew more, 
site-level models also included spatial TIC/IR and its interaction with SPEI 
as covariates. Secondly, tree-level drought resilience indices were fitted 
against mean tree trait values. We also included temporal TIC/IR as fixed 
effects to check whether trees with greater phenotypic plasticity per-
formed better in the face of the 2012 drought. Tree- and site level models 
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included a random intercept of tree nested within site nested within 
taxon and site identity, respectively. 

All values of leaf and shoot traits and growth (BAI) were log- 
transformed before analysis to meet assumptions of normality. Vari-
ables were standardized by subtracting the mean and dividing by the 
standard deviation prior to the LMM analyses to obtain comparable 
parameters across covariates. All analyses were performed in the R 
statistical environment (R core Team, 2022). LMMs were fitted using the 
lme4 and lmerTest packages (Bates et al., 2015; Kuznetsova et al., 2017) 
for fixed variance models, or the nlme package for more complicated 
variance structures (Pinheiro et al., 2020). In the latter case, the effect of 
year in the structure of data was included as a first-order autocorrelation 
structure. 

3. Results 

3.1. Variance of traits 

The most variable trait at the intraspecific level was shoot twig mass 
(Sm; CV Q. ilex ssp. ilex/Q. ilex ssp. ballota = 19.1 %, Q. faginea/Q. 
humilis = 20.9 %), followed by Sm:Lm (CV Q. ilex ssp. ilex/Q. ilex ssp. 
ballota = 11.6 %, Q. faginea/Q. humilis = 11.8 %), whereas leaf-related 
traits (leaf area and leaf mass per area) showed the least variation 
(LA: CV Q. ilex ssp. ilex/Q. ilex ssp. ballota = 9.1 %, Q. faginea/Q. humilis 
= 9.0 %; LMA: Q. ilex ssp. ilex/Q. ilex ssp. ballota = 7.2 %; Q. faginea/Q. 
humilis = 8.3 %) (Fig. S1). In both species, variance decomposition 
showed the largest ITV at lower ecological scales (within trees for 
morphological traits and within populations for BAI). This phenotypic 
plasticity accounted for over half of the total variance in most traits 
except for LMA and LA in evergreen and deciduous oaks, respectively 
(Fig. 2a). Variation associated to different species within each foliar 
habit was negligible for most of traits excluding LMA in evergreen oaks 
(Q. ilex ssp. ilex/Q. ilex ssp. ballota) and primary growth (LA and Sm) in 
deciduous oaks (Q. faginea/Q. humilis). Variation among trees within a 
site was smaller than variation among sites. 

Population-level variance (TIC/IR) differed between traits and foliar 
habits (Table 1). LMA and LA showed the lowest TIC/IR means in ever-
green and deciduous oaks, respectively, thus highlighting the strongest 
environmental filtering on those traits. At the other end we found Sm:Lm 
with the highest TIC/IR in both foliar habits. The ratio between temporal 
and spatial TIC/IR was close to one for LA, Sm and Sm:Lm; that is, those 

traits shared similar proportion of variation across years and sites. LMA 
and BAI spatial variances were greater than temporal variance (Fig. 2b). 

3.2. Effect of water availability on trait adjustments and variances 

Both groups of Mediterranean oaks showed a consistent response of 
greater productivity (increased LA, Sm and BAI) and lower LMA with 
increasing water availability. SPEI had a significant effect in all traits of 
both foliar habits, whereas site P:PET only influenced LA of Q. ilex ssp. 
ilex/Q. ilex ssp. ballota and Sm, LMA and Sm:Lm of Q. faginea/Q. humilis 
(Table 2). Thus, seasonal climatic conditions characteristic for each trait 
and species arose as more important drivers of trait adjustments than 
mean aridity conditions. Primary growth traits (LA and Sm) and LMA 
positively and negatively responded, respectively, to increasing short- 
term water availability during spring (Fig. 3a-c). Deciduous species 
showed trait response to earlier conditions (March (LA) and April 
(LMA)) compared to the evergreen species (April and May). The impact 
of drought conditions on Sm:Lm and radial growth (BAI) occurred at 
longer time scales (six to nine months) and differed between foliar habits 
(Fig. 3d and e). Previous winter and spring conditions had a positive 

Fig. 2. Variance partitioning across different levels of organization (a); relationship between temporal and spatial population-level variance (TIC/IR statistic, Violle 
et al., 2012). Error bars indicate standard errors among sites (b). Abbreviations for traits are: leaf area (LA), shoot twig mass (Sm), leaf mass per area (LMA), the ratio 
of shoot twig mass by leaf mass (Sm:Lm), and basal area increment (BAI). Green and purple bars in (a) and points in (b) represent evergreen and deciduous oaks, 
respectively. 

Table 1 
Morphological traits and radial growth during 2008–2013 period for the study 
Mediterranean oaks. For each trait, mean values (standard errors) and 
population-level trait variance (TIC/IR, where IC and IR are the variances of 
population and of the species, respectively, for a given trait T; Violle et al., 2012) 
are presented.   

Evergreen Deciduous  

Mean (SE) TIC/IR 

(SE) 
Mean (SE) TIC/IR 

(SE) 

Leaf area (LA, cm2) 18.01 (0.22) a 0.85 
(0.10) 

35.51 (0.55) b 0.58 
(0.05) 

Shoot twig mass (Sm, 
mg) 

92.59 (1.56) a 0.84 
(0.04) 

109.87 (2.44) 
a 

0.69 
(0.08) 

Leaf mass per area 
(LMA, mg cm− 2) 

20.99 (0.08) a 0.49 
(0.08) 

12.46 (0.05) b 0.71 
(0.14) 

Sm:Lm 2.59 10− 1 

(2.99 10− 3) a 
0.97 
(0.07) 

2.53 10− 1 

(3.27 10− 3) b 
0.91 
(0.17) 

Basal area increment 
(BAI, cm2 y–1) 

4.83 (0.20) a 0.71 
(0.09) 

4.35 (0.17) b 0.87 
(0.15) 

Different letters indicate significant differences (p < 0.05) in mean values be-
tween evergreen and deciduous oaks according to the Kruskal Wallis test. 
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effect on Sm:Lm and BAI of deciduous species, whereas the effect 
extended to summer in the case of the evergreen species. Tree DBH and 
age were only significant covariates in BAI models and they had positive 
and negative effects on radial growth, respectively (Table 2). 

We found stronger evidence for increasingly constrained branch- 
level trait variation under drier conditions in the deciduous than in 
the evergreen oaks (Table 3). On one hand, trait-by-water availability 
model of LMA for the evergreen Q. ilex ssp. ilex/Q. ilex ssp. ballota 
improved when variance was allowed to change along SPEI gradients. In 
contrast, Sm variance decreased along gradients in spring water avail-
ability. On the other hand, variance structures of LMMs fitting LA, Sm 
and Sm:Lm of the deciduous Q. faginea/Q. humilis supported decreasing 
variance as site P:PET decreased. For both foliar habits, the greater the 
water shortage during their growing season, the greater the BAI vari-
ability. Our results also support constrained population-level trait vari-
ance by water availability with this effect being stronger in deciduous 
species (Table S4). For these species, spatial TIC/IR and temporal TIC/IR of 
LA, Sm and Sm:Lm were constrained as site P:PET or seasonal SPEI 
decreased, respectively (Fig. 4). In evergreen oaks, only temporal LAIC/IR 
positively responded to increasing water availability. 

3.3. Covariation between traits and radial growth 

At the tree-level, we found a negative relationship between BAI and 
LMA in Q. ilex ssp. ilex/Q. ilex ssp. ballota and positive between BAI and 
Sm and Sm:Lm in Q. faginea/Q. humilis (Table 4). Trait-BAI covariation 
in deciduous oaks was maintained between tree- and site-levels. How-
ever, positive significant relationships of LA, Sm and Sm:Lm with BAI 
emerged in the evergreen species when moving to population scales 
(Fig. 5a–c). It should be noted that at the site-level the association of BAI 
with LMA was not related to mean values but rather to LMAIC/IR 
(Fig. 5d). LAIC/IR was also positively linked to BAI of the evergreen oak 
(Fig. 5e). Therefore, the greater the variance of LA and LMA among trees 
within a site, the greater the mean BAI of the population. Trait covari-
ation was mediated by drought conditions only in the deciduous group. 
The negative interaction between Sm and Sm:Lm with SPEI6.May 
indicated that covariation strength decreases as water availability in-
creases (Table 3). 

None of the resilience indices against the 2012 drought of evergreen 
oaks showed a significant relationship with mean or variance trait 
values. In contrast, we found significant relationships between resis-
tance and resilience of deciduous oak species and temporal TIC/IR of LA, 
Sm and Sm:Lm (Table S5; Fig. 6). These results suggest that the short- 
term drought response of deciduous oak trees is enhanced by higher 
phenotypic plasticity in leaf and shoot traits. It is worth noting that 
while there are trees with reduced trait plasticity that show diverse re-
sponses to drought, trees with high phenotypic plasticity are consis-
tently more resistant and resilient to the 2012 drought (Fig. 6). 

4. Discussion 

4.1. Ecological scale of trait variation 

Ecologists and tree physiologists have long been interested in leaf 
trait variability of Mediterranean oaks. In this study the highest portion 
in trait variation was detected at the lowest ecological scale, within 
individual trees (Fig. 2a). Variation at sub-individual levels has not 
received much attention, albeit the potential importance that it could 
exert on ecological processes (Herrera, 2017). It might reflect differ-
ences in age, micro-environmental conditions or disturbance history 
(Albert et al., 2010; Funk et al., 2017). For example, relative leaf posi-
tion within the tree crown causes different microenvironmental condi-
tions (e.g., light, temperature and water stress) that led to trait 
differences in Mediterranean oaks (Rubio de Casas et al., 2007; Men-
diavilla et al., 2019). Changing environmental (climatic) conditions can 
also drive year-to-year variation of traits within trees. In this dataset, 
such variation represents a small proportion of the total variance. While 
both sources of variation (i.e. crown position and year) can be confused 
due to the sampling of different branches each year, they occur at the 
sub-individual level and can thus be interpreted as phenotypic plasticity 
(Nicotra et al., 2010). Phenotypic plasticity accounts for more than half 
of variation in most of the traits for both, deicuduous and evergreen 
oaks, thus supporting our first hypothesis. This is relevant as phenotypic 
plasticity has been proposed to be the major means by which plants cope 
with environmental heterogeneity (Valladares et al., 2007). At the 
population-level, spatial and temporal trait variance (TIC/IR) become 
comparable (Fig. 2b) suggesting a similar significance in the variation of 
environmental conditions among sites and across years that drive trait 
adjustments (Dwyer et al., 2014). 

Genetic differences between species drive considerable variation in 
specific traits of each foliar habit: LMA of the evergreen oaks and pri-
mary growth (LA and Sm) of deciduous oaks (Fig. 2a). Considering the 
different distribution of the subspecies and species (Fig. 1a), these re-
sults can support genetic adaptive modifications in response to long- 
term site climate. It is reasonable to expect that an evergreen and scle-
rophyllous species such as Q. ilex would cope with variable water 
availability through modifications in LMA, while the deciduous 
Q. faginea and Q. humilis, which are more mesic species, would use LA 
adjustments for the same purpose. Trait variation across sites was 
generally higher than among individuals of a given site (Fig. 2a), indi-
cating that macroclimatic patterns are stronger drivers of ITV than 
within site differences in evergreen and deciduous Mediterranean oaks 
and across their distribution area in northeastern Spain. It is important 
to note that when we refer to ITV, we mean the variation within each 
foliar habit conformed by closely related taxa. Broad-scale patterns in 
variance structures hint indirect evidence of populations local adapta-
tion allowing species distribution to track directional climate change by 

Table 2 
Linear mixed-effects models characterizing the trait-by-water balance relationships. Selected time scale and month of the SPEI are indicated. Standardized coefficients 
(lower/upper confidence limits) and significance level (*p < 0.05; **p < 0.01; ***p < 0.001) are shown only for significant fixed effects. Abbreviations of traits are 
listed in Table 1. Note that seasonality of SPEI is indicated as follows: the first digit refers to the time scale in months and the abbreviation of the month indicates the last 
month considered in its calculation.  

Group Trait SPEI Site P:PET DBH Tree age 

Evergreen LA 1.Apr 0.32 (0.25/0.37)*** 0.31 (0.06/0.68)*    
Sm 3.May 0.14 (0.09/0.20)***     
LMA 1.Apr − 0.03 (− 0.04/− 0.01)***     
Sm:Lm 9.Aug 0.09 (0.06/0.13)***     
BAI 9.Aug 0.20 (0.12/0.29)***  0.27 (0.22/0.38)*** − 0.16 (− 0.26/− 0.06)** 

Deciduous LA 1.Mar 0.04 (0.01/0.07)*     
Sm 1.Mar 0.15 (0.10/0.20)*** 0.26 (0.05/0.48)*    
LMA 1.Apr − 0.04 (− 0.06/− 0.03)*** − 0.08 (− 0.13/− 0.02)*    
Sm:Lm 6.May 0.04 (0.01/0.06)* 0.16 (0.06/0.25)***    
BAI 6.May 0.14 (0.04/0.24)**  0.29 (0.21/0.36)*** − 0.17 (− 0.24/− 0.09)**  

E. González de Andrés et al.                                                                                                                                                                                                                 



Agricultural and Forest Meteorology 346 (2024) 109884

7

providing pre-adapted propagules (Jump and Peñuelas, 2005; Albert 
et al., 2011). Camarero et al. (2012) found constitutive differences in 
foliar traits of Q. ilex in three of our study populations. Thus, our results 
also highlight the major role of genotypic differences among populations 
in shaping spatial trait variation considering their different provenances 
(Table S6) (Alía et al., 2009). However, the contribution of plastic ad-
justments to the environment and their interaction with genotype 
cannot be rejected (Albert et al., 2010). 

4.2. Trait adjustments and variances along water availability gradients 

We found a consistent trait response within both evergreen and de-
ciduous Mediterranean oaks across a wide spatiotemporal drought 
gradient (Fig. 3), thus highlighting the relevance of climate variability in 
driving trait shifts over space and time (Bloomfield et al., 2018; Kerr 
et al., 2022). As environment gets drier, trees shift from acquisitive to 
conservative water-use strategies (Reich, 2014). Leaf morphological 
modifications have been proposed as key strategies that allow Medi-
terranean oaks to withstand water deficit by improving water use effi-
ciency (Peguero-Pina et al., 2014; J.J. 2016). Our results are in line with 
previous studies on these species that also reported reduced LA and 
increased LMA as conditions became drier (Niinemets, 2015; Ramír-
ez-Valiente et al., 2020; Salazar Zarzosa et al., 2021; Solé-Medina et al., 

2022). Growth of woody tissues showed strong positive response to 
water supply consistent with their high climate sensitivity due to the 
preferential allocation to photosynthetic tissues under resource limita-
tion (Kannenberg et al., 2019), which is also supported by the positive 
SPEI – Sm:Lm association. This result is somewhat inconsistent with the 
well-established positive relationship between aridity and 
sapwood-to-leaf area ratio (Rosas et al., 2019; López et al., 2021). At the 
whole plant level, the Sm:Lm ratio was found to decrease with 
increasing annual temperature with no effect of aridity (Reich et al., 
2014; Durrsma and Falser, 2016). This effect could be mediated by tree 
height, as both variables have been reported to covary positively 
(Durrsma and Falser, 2016). However, we found no effect of tree size on 
Sm:Lm (Table 2), preventing us from drawing clear conclusions about its 
underlying climatic drivers. 

An interesting outcome of the present study is the seasonality pat-
terns of drought in the trait-by-water availability relationships since 
seasonal variation in abiotic properties drives a significant proportion of 
ITV (Moore et al., 2020; Westerband et al., 2021; Schmitt et al., 2022). 
Specific trait and species responses are in accordance with their 
phenology. Most of the shoot development occurs during spring in both 
species, although the deciduous oaks sprout and start leaf development 
at least two weeks before the evergreen oak (Table S2) (Mon-
tserrat-Martí et al., 2009). Likewise, tree ring formation peaks in spring 

Fig. 3. Relationships between leaf, shoot and BAI and Standard Precipitation and Evapotranspiration Index (SPEI). Month and time scales of SPEI for each trait and 
species can be found in Table 2. Solid lines represent significant effects according to LMMs and shaded areas represent 95 % confidence intervals (Table 2). Green and 
purple symbols and lines represent evergreen and deciduous oaks, respectively. 

Table 3 
Variance structure of the selected models characterizing the trait-by-drought relationships. The table shows the climatic covariate estimate introduced as power (p) or 
exponential (e) functions and the χ2 statistic and the associate p-value of the Likelihood Ratio Test comparing to fixed variance models.   

Evergreen Deciduous  

Covariate Estimate χ2 Covariate Estimate χ2 

LA    Site P:PET 0.219 (p) 17.641*** 
Sm SPEI3.May − 0.043 (e) 6.371* Site P:PET 0.313 (p) 33.574*** 
LMA SPEI1.Apr 0.084 (e) 24.462***    
Sm:Lm    Site P:PET 0.643 (e) 106.84*** 
BAI SPEI9.Aug − 0.124 (e) 6.328* SPEI6.May − 0.161 (e) 9.828**  
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across species, but only Q. ilex maintains some growth during summer 
and displays stronger autumn growth peak due to its facultative bimo-
dality (Tumajer et al., 2022). These differences result from contrasting 
strategies adopted by each species to cope with summer drought. High 
cavitation risks associated with large earlywood vessels of the ring 
porous deciduous species led to a drought avoidance strategy through 
sharp decreases in photosynthetic activity and advanced leaf shedding 
(J.J. Camarero et al., 2016; Resco de Dios et al., 2020). In contrast, the 
smaller vessels of Q. ilex increase xylem cavitation resistance, making it 
more drought-tolerant (Corcuera et al., 2004b; Montserrat-Martí et al., 
2009). 

Understanding how trait variances change along water climatic 
gradients may be more relevant to forecast plant responses to climate 
change than trait means (Anderegg et al., 2021). We observed two 
contrasting patterns of variance in response to water availability be-
tween traits and radial growth. On one side, and according to our second 
hypothesis, variances of leaf and shoot traits are constrained by water 
deficit (Table 3, Fig. 4). These outcomes support previous studies 
reporting reduced trait variance as climatic conditions become harsher, 
i.e., climatic filtering (Ramírez-Valiente and Cavender-Bares, 2017; 
Anderegg et al., 2021; Stotz et al., 2021; Vicente et al., 2022). For 
instance, Anderegg et al. (2021) found that within-species variance of 
leaf dry mass content was increasingly limited at higher arid conditions. 
Likewise, Vicente et al. (2022) observed that aridity reduced variance of 
traits related to the maintenance of water status in beech trees. Con-
straints of trait variance differed between foliar habits. We found 
stronger evidence of variance limitation by drought in the deciduous 
oaks as more traits were affected across different ecological scales. This 
finding is consistent with the higher drought sensitivity of these species, 
and it agrees with the lower multivariate plasticity displayed in 
Q. faginea populations from harsher (drier and colder) environments 

found by Solé-Medina et al. (2022). High ITV can be advantageous for 
coping with highly variable conditions (Anderegg, 2015), but it also 
implies excessive costs in low-resource environments (Valladares et al., 
2007). Thus, our results support the tradeoff between increased stress 
tolerance and the ability to cope with highly variable conditions through 
increased trait variation (Power et al., 2019), particularly for Q. faginea/ 
Q. humilis. Conservative resource-use imposed by arid conditions can, 
therefore, reduce trait variation and select trait values that promote 
maintenance of tree water balance. Such mechanisms seem to operate 
on different traits for each oak group; namely, on LMA for evergreen 
species and on primary growth (LA, Sm and Sm:Lm) for deciduous 
species. This is consistent with the idea that trait variation is 
species-specific, and traits vary independently despite being related 
(López et al., 2021). Moreover, the same traits showed the strongest 
climatic filtering, highlighting their relevant role in coping with drought 
in each species group. 

On the other side, variance of radial growth increased when water 
availability during the growing season decreased (Table 3), in agree-
ment with previous studies (Andreu et al., 2007) and possibly due to 
intensification of microsite differences with drought. Elevated growth 
plasticity may be advantageous in arid sites where precipitation is also 
highly unpredictable. In fact, growth bimodality in Q. ilex seems to be a 
plastic response to shifts in autumn precipitation (Gutiérrez et al., 2011). 
This bimodal behavior includes not only radial growth resumption after 
the release of summer drought, but also the formation of new shoots 
which correspond to the increased Sm variance at decreasing water 
availability in the evergreen oak. However, it is important to note that 
the consequences of increased variability in growth are not trivial, as 
they have been found to be positively related to drought legacies (Gazol 
et al., 2020). 

Fig. 4. Relationship between population-level variances (TIC/IR) and water availability, among-trees (a-c) and among-years (d-f). Water availability variables were 
mean annual P:PET for each site during 1980–2017 (site P:PET) and Standard Precipitation and Evapotranspiration Index (SPEI). Time scale and month of SPEI for 
each trait are the same as in Table 2. Solid lines represent significant effects according to linear mixed-effects models (see Table S4) and shaded areas are 95 % 
confidence intervals. Green and purple symbols and lines represent evergreen and deciduous oaks, respectively. 
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4.3. Drought performance is modulated by morphological traits 

Recent studies have addressed the relationship between ITV and tree 
growth responses to drought (González de Andrés et al., 2021; Serra--
Maluquer et al., 2021) or drought-induced tree mortality (Anderegg and 
HilleRisLambers, 2016; Kerr et al., 2022). Nevertheless, to our knowl-
edge, this is the first evaluation of the covariation between functional 
traits and radial growth with a dual approach (spatial and temporal), 
thus overcoming the limitations due to the use of trait databases based 
on measurements at a single point in time. Hydraulic traits have been 
argued to better predict cross-species (Choat et al., 2012; Anderegg 
et al., 2016; Serra-Maluquer et al., 2022) and within-species drought 
performance patterns (González de Andrés et al., 2021; Kerr et al., 
2022). However, the sensitivity and complexity of measuring these traits 
enlarge measurement effort and error, offsetting the advantages of 
including them in growth models (Li et al., 2022). In Q. ilex ssp. 
ilex/Q. ilex ssp. ballota, we found that covariation of traits and growth 
emerges mainly at large spatial scales. Meanwhile, Q. faginea/Q. humilis 
showed similar relationships at tree- and site-levels (Table 4; Fig. 5a–c). 
Therefore, our third hypothesis only holds true for the evergreen species. 
Tighter coordination between traits and growth is observed under dry 
conditions, where conservative resource use traits (low LA and Sm and 
high LMA) are associated with low growth rates (Reich, 2014; Bena-
vides et al., 2021; Vicente et al., 2022). Nevertheless, rather than a 
mechanistic link between growth and morphological traits 
within-species, our results may indicate common ecological drivers. 

An outstanding and novel finding of this study is the relationship of 
trait variance with annual BAI and growth responses to drought. 
Although this issue has been widely discussed in the literature, it has 
rarely been empirically established in mature forests before. We 
observed a positive covariation between the spatial population variance 
(among trees within a site) of LA and LMA and radial growth of Q. ilex 
ssp. ilex/Q. ilex ssp. ballota was observed (Fig. 5d and e). From a 
mechanistic standpoint, high trait variation in leaf traits would increase 
the probability that at least some trees are able to effectively cope with 
unpredictable environmental conditions (Valladares et al., 2014; 
Anderegg et al., 2021), so improving population adjustment capacity. 
Plastic adjustments of leaf water potential regulation and drought 
tolerance have been proposed to maintain turgor and carbon assimila-
tion in Q. ilex under moderate drought for longer periods of time 
(Limousin et al., 2022). Furthermore, higher trait variation among trees 
shapes populations with increased functional diversity that may prompt 
facilitation and/or niche partitioning (Forrester and Bauhus, 2016). 
Functional diversity has been related to enhanced productivity 

(Pretzsch et al., 2015), more temporally stable growth (del Río et al., 
2017), or higher resistance and resilience to drought (Gazol and 
Camarero, 2016). However, the covariation found between individuals 
within a site may also reflect common drought constraints on trait 
variance and radial growth. Therefore, future research is needed to 
further explore the relationships between trait variation within species 
and tree performance including a broader set of functional traits and 
higher number of tree species. 

Finally, we found positive relationships between temporal trait 
variance of LA, Sm and Sm:Lm and resistance and resilience against an 
extreme drought-event in deciduous oaks (Fig. 6). This suggests that 
higher phenotypic plasticity in primary growth improves tree drought 
performance against extreme events such as droughts as previously 
suggested (Nicotra et al., 2010; Funk et al., 2017). Indeed, Challis et al. 
(2022) have recently described increased time to hydraulic failure 
related to high plasticity in hydraulic traits in response to shifts in soil 
water availability. Deciduous oak populations experiencing the most 
arid conditions are those showing lower ITV, which may result in a more 
conservative growth response to warmer and drier conditions. However, 
caution is needed when establishing cause-effect relationships since 
covariation may arise from common ecological drivers rather than 
mechanistic linkages. In this respect, reciprocal transplanting experi-
ments may help to clarify these findings. 

5. Conclusions 

Our study demonstrates that the highest intraspecific variation in 
traits along a wide spatiotemporal gradient in Mediterranean oaks with 
contrasting foliar habit occurs within-individuals, indicating a high role 
of phenotypic plasticity in the total ITV. Through the analysis of a 
spatially and temporally explicit database, we were able to identify 
consistent trait adjustments toward more water-conservative trait values 
as conditions became drier. Significantly, trait variances also varied 
along water availability gradients showing stronger climatic filtering 
associated with increasing aridity, particularly in the more mesic de-
ciduous oaks. These findings support the tradeoff between increased 
drought tolerance and the ability to handle variability in water avail-
ability by means of increased ITV. Drought constraints on trait variance 
primarily affected LMA in the evergreen Q. ilex spp. ilex/Q. ilex ssp. 
ballota and on LA, Sm and Sm:Lm in the deciduous Q. faginea/Q. humilis. 
Interestingly, these were the same traits that showed covariation with 
tree performance for foliar habit. Thus, evergreen oak populations with 
greater among-tree variability in LMA exhibited greater radial growth, 
while deciduous oak trees with greater plasticity in primary growth 

Table 4 
Results of mixed-effects models evaluating covariation between morphological traits and basal area increment (BAI) with variables integrated at tree- and site-levels. 
Standardized coefficients (confidence interval) and significance level (*p < 0.05; **p < 0.01; ***p < 0.001) of are shown only for significant fixed effects. Coefficients 
of the main effect of SPEI are not shown, as they are identical to those in Table 2. In tree-level models, TIC/IR was variables were not included (n.i.).  

Scale Species Trait Mean TIC/IR Mean x SPEI 

Tree-level Evergreen LA  n.i.    
Sm  n.i.    
LMA − 0.07 (− 0.05 to − 0.02)* n.i.    
Sm:Lm  n.i.   

Deciduous LA  n.i.    
Sm 0.06 (0.02 to 0.14)** n.i. − 0.07 (− 0.024 to − 0.10)**   
LMA  n.i.    
Sm:Lm 0.11 (0.01 to 0.22)*** n.i. − 0.16 (− 0.19 to − 0.14)*** 

Site-level Evergreen LA 0.10 (0.04 to 0.23)* 0.09 (0.02 to 0.19)*    
Sm 0.15 (0.03 to 0.32)**     
LMA  0.08 (0.04 to 0.19)*    
Sm:Lm 0.06 (0.01 to 0.17)*    

Deciduous LA      
Sm 0.17 (0.02 to 0.32)**  − 0.09 (− 0.14 to − 0.05)*   
LMA      
Sm:Lm 0.14 (0.04 to 0.24)***  − 0.12 (− 0.16 to − 0.09)***  
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Fig. 5. Covariation between basal area increment (BAI) and morphological traits in evergreen oaks (green symbols and lines) and deciduous oaks (purple symbols 
and lines). Predictor variables are mean trait values (a-c) and trait variances (d-e). Solid lines represent significant effects according to linear mixed-effects models 
(see Table 4) and shaded areas are 95 % confidence intervals. 

Fig. 6. Relationship between drought resistance (a-c) and resilience (d-f) indices and among-years trait variance (temporal TIC/IR) of populations of deciduous oak 
species (Quercus faginea and Q. humilis). Solid lines represent significant effects according to linear mixed-effects models (see Table S5) and shaded areas are 95 % 
confidence intervals. 
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were more resistant and resilient to drought. 
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Pérez, F., Sánchez de Ron, D., 2009. Regiones De Procedencia De Especies Forestales 
De España. Ministerio de Medio Ambiente y Medio Rural y Marino, Madrid, Spain.  

Albert, C.H., Thuiller, W., Yoccoz, N.G., Soudant, A., Boucher, F., Saccone, P., Lavorel, S., 
2010. Intraspecific functional variability: extent, structure and sources of variation. 
J. Ecol. 98, 604–613. https://doi.org/10.1111/j.1365-2745.2010.01651.x. 

Albert, C.H., Grassein, F., Schurr, F.M., Vieilledent, G., Violle, C., 2011. When and how 
should intraspecific variability be considered in trait-based plant ecology? Perspect. 
Plant Ecol. Evol. Syst. 13, 217–225. https://doi.org/10.1016/j.ppees.2011.04.003. 

Anderegg, L.D.L., HilleRisLambers, J., 2016. Drought stress limits the geographic ranges 
of two treespecies via different physiological mechanisms. Glob. Cheng. Biol. 22, 
1029–1045. https://doi.org/10.1111/gcb.13148. 

Anderegg, W.R.L., Klein, T., Bartlett, M., Sack, L., Pellegrini, A.F.A., Choat, B., Jansen, S., 
2016. Meta-analysis reveals that hydraulic traits explain cross-species patterns of 
drought-induced tree mortality across the globe. Proc. Natl. Acad. Sci. U.S.A. 113, 
5024–5029. https://doi.org/10.1073/pnas.1525678113. 

Anderegg, L.D.L., Loy, X., Markham, I.P., Elmer, C.M., Hovenden, M.J., 
HilleRisLambers, J., Mayfield, M.M., 2021. Aridity drives coordinated trait shifts but 
not decreased trait variance across the geographic range of eight Australian trees. 
N. Phytol. 229, 1375–1387. https://doi.org/10.1111/nph.16795. 

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

Andreu, L., Gutiérrez, E., Macias, M., Ribas, M., Bosch, O., Camarero, J.J., 2007. Climate 
increases regional tree-growth variability in Iberian pine forests. Glob. Chang. Biol. 
13, 804–815. https://doi.org/10.1111/j.1365-2486.2007.01322.x. 

Babst, F., Bodesheim, P., Charney, N., Friend, A.D., Girardin, M.P., Klesse, S., Moore, D.J. 
P., Seftigen, K., Björklund, J., Bouriaud, O., Dawson, A., DeRose, R.J., Dietze, M.C., 
Eckes, A.H., Enquist, B., Frank, D.C., Mahecha, M.D., Poulter, B., Record, S., 
Trouet, V., et al., 2018. When tree rings go global: challenges and opportunities for 
retro- and prospective insight. Quat. Sci. Rev. 197, 1–20. https://doi.org/10.1016/j. 
quascirev.2018.07.009. 

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models 
using lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.48550/arXiv.1406.5823. 

Benavides, R., Carvalho, B., Matesanz, S., Bastias, C.C., Cavers, S., Escudero, A., Fonti, P., 
Martínez-Sancho, E., Valladares, F., 2021. Phenotypes of Pinus sylvestris are more 
coordinated under local harsher conditions across Europe. J. Ecol. 109, 2580–2596. 
https://doi.org/10.1111/1365-2745.13668. 

Biondi, F., Qeadan, F., 2008. A theory-driven approach to tree-ring standardization: 
defining the biological trend from expected basal area increment. Tree-Ring Res. 64, 
81–96. https://doi.org/10.3959/2008-6.1. 

Bloomfield, K.J., Cernusak, L.A., Eamus, D., Ellsworth, D.S., Prentice, I.C., Wright, I.J., 
Boer, M.M., Bradford, M.G., Cale, P., Cleverly, J., Egerton, J.J.G., Evans, B.J., 
Hayes, L.S., Hutchinson, M.F., Liddell, M.J., Macfarlane, C., Meyer, W.S., Prober, S. 
M., Togashi, H.F., Wardlaw, T., et al., 2018. A continental-scale assessment of 
variability in leaf traits: within species, across sites and between seasons. Funct. Ecol. 
32, 1492–1506. https://doi.org/10.1111/1365-2435.13097. 

Borghetti, M., Gentilesca, T., Leonardi, S., Van Noije, T., Rita, A., 2017. Long-term 
temporal relationships between environmental conditions and xylem functional 
traits: a meta-analysis across a range of woody species along climatic and nitrogen 
deposition gradients. Tree Physiol. 37, 4–17. https://doi.org/10.1093/treephys/ 
tpw087. 

Bunn, A., Korpela, M., Biondi, F., Campelo, F., Mérian, P., Qeadan, F., Zang, C., 2020. 
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Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. 
Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, 
and B. Zhou (Eds.), Climate Change 2021: The Physical Science Basis. Contribution 
of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA, pp. 3− 32. 
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