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Abstract: Forests and scrubland comprise a large proportion of terrestrial ecosystems and,
due to the long lifespan of trees and shrubs, their capacity to grow and store carbon as
lasting woody tissues is particularly sensitive to warming-enhanced drought occurrence.
Climate change may trigger a transition from forests to scrubland in many drylands
during the coming decades due to the higher resilience of shrubs. However, we lack
standardized frameworks to compare the response to drought of woody plants. We present
a framework and develop an index to estimate the drought-induced vulnerability (DrVi)
of trees and shrubs based on the radial growth trajectory and the response of growth
variability to a drought index. We used tree-ring width series of three tree (Pinus halepensis
Mill., Juniperus thurifera L., and Acer monspessulanum L.) and three shrub (Juniperus oxycedrus
L., Pistacia lentiscus L., and Ephedra nebrodensis Tineo ex Guss.) species from semi-arid areas
to test this framework. We compared the DrVi values between species and populations
and explored their temporal changes. Across species, the strongest DrVi values were found
in declining P. halepensis stands and J. oxycedrus from the same site, while the lowest DrVi
values were found in A. monspessulanum, P. lentiscus, and E. nebrodensis. Across populations,
J. oxycedrus presented higher vulnerability in one of the dry sites. The P. halepensis declining
stand showed a steady increase in DrVi value after the 1980s as the climate shifted toward
warmer and drier conditions. We conclude that the DrVi allows comparing species and
populations using a standardized general framework.

Keywords: basal area increment; dendroecology; drought stress; early warning signal;
Mediterranean climate; shrub; tree

1. Introduction
The Earth is warming at a rate not seen before, potentially increasing the occurrence of

extreme climate events such as droughts and heat waves [1,2]. Such an aridification trend
is negatively affecting the functioning of ecosystems and, ultimately, human well-being [3].
Forests and scrubland, i.e., woody plant communities, account for an important proportion
of the Earth’s land surface [4] and they are vulnerable to climate change threats [5,6], par-
ticularly in drylands such as most of the Mediterranean basin [7]. In this climate change
hotspot, increases in temperature and atmospheric evaporative demand since the early
1980s have triggered the occurrence of more severe droughts [8]. This situation will worsen
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in the future, as a precipitation decrease is forecasted in the region [9], and the occurrences
of drought-induced forest dieback and mortality events can trigger structural and composi-
tional shifts from forests to scrubland [10]. Knowledge of how Mediterranean forests and
scrubland respond to drought is important to advance the understanding of their vulnera-
bility to climate change [11,12]. However, we lack knowledge on the response of shrubs to
drought and a standardized framework to compare drought-induced vulnerability.

Trees and shrubs form annual growth rings that potentially register changes in cli-
mate variability, representing a valuable natural archive to track their past and current
performance [13]. In addition, growth trajectories can reflect changes in vitality and
productivity [14,15], although they are strongly influenced by tree ontogeny and pheno-
logical adjustments [16,17], as well as by stand density and competition [14]. In a climate
change context, understanding how species, populations, and individuals vary in their
growth responses to drought occurrence has become an important research challenge
(e.g., [15,18–22]).

In terms of growth, gymnosperms present stronger and more pervasive drought im-
pacts than angiosperms [23] and smaller trees seem to be less vulnerable to drought [24,25].
Under the same regional climate constraints, it is expected that drought-vulnerable species
will present more negative growth trajectories and stronger relationships between growth
variability and drought indices than drought-tolerant species (e.g., [19,26]). When compar-
ing populations between regions, it is expected that those exposed to drier or hasher condi-
tions will be more coupled to drought impacts [27,28] and be less resilient to drought [29].
The closer the population is to the driest border of the species distribution range, the
higher its drought vulnerability will be, but this is not always the case [20]. Comparing
the growth trajectories and responses to climate of trees and shrubs under the same en-
vironmental constraints and across climatic gradients can help to assess their drought
vulnerability [22,26].

Increases in drought–growth coupling, overall loss of resilience, and negative growth
trajectories can be considered early warning signals of forest dieback [30–33]. However, we
still lack standardized frameworks that can serve to evaluate and compare the drought-
induced vulnerability of trees and shrubs between species and populations. Growth
resilience indices have been widely used because of their versatility and easy interpretation,
and they have been complemented to offer a framework to study growth resilience [18,21].
However, vulnerability is a more complex concept that includes not only sensitivity but also
exposure and the capacity to cope with it [34]. Recent analyses have revealed that resilience
indices strongly depend on the relationship between growth variability and drought [35],
which can be seen as a measure of sensitivity. Additionally, the loss in resilience capacity
through time might be strongly linked to the existence of negative growth trajectories,
which are also important to understand forest dieback and growth decline [15,33]. Thus,
pervasive growth reductions can be indicative of a reduction in the capacity of trees to
cope with drought due to an overall reduction in overall tree conductive area and vitality.
Both growth–climate coupling and growth trajectories change through time [36], which is
something that needs to be accounted for when interpreting their patterns. A standardized
framework to evaluate drought-induced vulnerability is important to identify forests and
scrubland prone to drought-induced dieback [37,38] and to elucidate which species or
populations will be the winners and losers in a drier and warmer climate [26].
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The growth trajectories and growth responses to climate of shrubs and small trees has
been less studied that that of trees [39–41]. The ecological significance of this growth form
is particularly important in dry regions such as the Mediterranean basin [42]. In some of
these regions, shrubs are expected to play a fundamental role [12] and they can replace
trees after drought- or fire-induced disturbances [10]. The comparison of growth patterns
in shrubs and coexisting trees is challenging and poses substantial difficulties, but it is
of primal importance if we want to infer whom, when, and why are more vulnerable to
climate change [43,44].

In this study, we propose a framework to study drought-induced vulnerability between
tree and shrub species and populations based on the growth trajectories using the basal
area increment (BAI) and the relationship between growth variability (ring-width index;
RWI) and a drought index (Standardized Precipitation Evapotranspiration Index). In
addition, we present a new index, the drought-induced vulnerability index (DrVi), which
standardizes and combines these metrics (Figure 1).
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Figure 1. Proposed framework to study drought-induced vulnerability. The product of the standard-
ized growth trajectory (basal area increment, BAI trend) and growth response to the drought index
(RWI vs. SPEI correlation) has a maximum value of 1 when the drought-induced vulnerability (DrVi)
of the studied population is maximum. Grey points represent 999 random values of BAI trends and
RWI vs. SPEI correlations with their size proportional to the DrVi value.

2. Materials and Methods
2.1. Study Sites and Species

Most sampled sites were located in “Sierra de Alcubierre”, a small mountain chain
located in the semi-arid region in the middle of the Ebro Basin, Northeastern Spain
(Figure 2). This range was defined by the famous Spanish politician and geographer
Pascual Madoz [45] as “undoubtedly, the driest mountain in Spain”. The vegetation is
dominated by gymnosperm shrubs from the genus juniper and angiosperm shrubs such as
Pistacia lentiscus L., Rhamnus lycioides L., and Quercus coccifera L. The dominant trees are
Aleppo pine (Pinus halepensis Mill.), Spanish juniper (Juniperus thurifera L.), and holm oak
(Quercus rotundifolia Lam.) in wet sites. However, this mountainous massif situated in the
middle of dry steppes offers refuge (e.g., N- and W-oriented slopes near valley bottoms)
for species inhabiting wet-cool sites such as Quercus faginea Lam. or Acer monspessulanum
L. [46].
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We used dendrochronology to measure annual growth rings and reconstruct growth
patterns of nine populations of Mediterranean tree (Pinus halepensis, Juniperus thurifera,
and Acer monspessulanum) and shrub species (Juniperus oxycedrus L., Pistacia lentiscus, and
Ephedra nebrodensis Tineo ex Guss.). At one of the sites (Sierra de Alcubierre), all of the
species were sampled, and we compared their drought-induced vulnerability. For one
of the species (J. oxycedrus), we considered three populations along a climatic gradient
(Figrues 2 and S1), and we compared their drought-induced vulnerability. In Sierra de
Alcubierre, we expect greater vulnerability for the trees P. halepensis and J. thurifera because
large conifers are less resilient to drought [25] and shrubs are expected to be more drought
tolerant than trees [40]. In the case of J. oxycedrus populations, we expect higher vulnerabil-
ity in the population from the driest site since those populations exposed to drier conditions
are expected to present stronger correlations between growth and drought [27,28,44] and
to be less resilient to drought [29].

We sampled single populations of E. nebrodensis, J. oxycedrus, J. thurifera, P. lentiscus,
and P. halepensis and two populations of A. monspessulanum. Additionally, we included two
additional populations of J. oxycedrus sampled in wetter (Napal, Navarra; [47]) and drier
sites (Valcuerna Valley, Huesca; [44]). The Napal site (42.712◦ N, 1.205◦ W, 694 m a.s.l.) is
characterized by milder climate conditions due to oceanic influence, while the Valcuerna
site (41.436◦ N, 0.072◦ W, 200 m a.s.l.) is characterized by a semi-arid climate.

We selected between 16 and 30 mature individuals of the species studied at the selected
sites (Table 1). For J. thurifera and P. halepensis, two increment cores were taken at breast
height (1.3 m) using a Pressler increment borer (Haglöf, Långsele, Sweden). In the case of
shrubs, basal sections were taken from the thickest stem using a hand saw. Species and
populations were selected because they come from different climate conditions and cover
ample ecological gradients (Figrues 2 and S1).

Table 1. Tree and shrub populations studied. The study sites, the coordinates of the sampling sites,
the names of the species (angiosperms in bold), and the codes of the populations are shown.

Site Latitude (◦) N Longitude (◦) − W/+ E Species Code

Sierra de Alcubierre

41.8165 −0.5088 Acer monspessulanum L. ALAM
41.6920 −0.3677 Acer monspessulanum L. LAAM

41.6499 −0.3635 Ephedra nebrodensis Tineo ex
Guss. LAEP

41.6920 −0.3677 Juniperus oxycedrus L. LAJO
41.6920 −0.3677 Pinus halepensis Mill. LAPH
41.7327 −0.4237 Pistacia lentiscus L. LAPL
41.7828 −0.5544 Juniperus thurifera L. PEJT

Napal 42.7290 −1.2312 Juniperus oxycedrus L. NAJO
Valcuerna 41.4387 0.0675 Juniperus oxycedrus L. VAJO
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Figure 2. The locations of the study sites and populations in Northeastern Spain. The colors represent
total annual precipitation (TAP in cm) according to WorldClim [48]. The blue symbols show the
locations of the study sites (blue) and populations within the Sierra de Alcubierre site (small dots
within the circle). The contour lines indicate the elevation lines (in meters above sea level).

2.2. Dendrochronological Methods

The collected cores and stem sections were air-dried in the laboratory. After that, we
used sandpapers of different grains to polish the samples until the annual rings were visible.
Finally, the samples were scanned at a resolution of 2400 dpi using an Epson Expression
10,000XL scanner (Epson, Suwa, Japan). Images were processed using CooRecorder and
CDendro v.9.8.1 software [49]. Samples were visually cross-dated identifying ring borders,
and ring widths were measured to the nearest 0.001 mm. The software COFECHA v.6.06
was used to assess the validity of the visual cross-dating [50]. This was done by calculating
correlations between the resulting chronology for each species and site and the individual
ring-width series of the measured individuals.

To estimate growth trajectories, the ring-width series were converted into basal area
increments (BAI, cm2 year−1), assuming a circular outline of stems. It has been suggested
that BAI is a more reliable proxy of tree growth than ring width because it removes the
variation in radial growth attributable to increasing circumference while preserving long-
and short-term changes in growth [51]. We used the following formula:

BAI = π (R2
t − R2

t−1) (1)

where R is the radius of the tree and t is the year of tree ring formation.
To estimate growth variability, the measured ring-width series were standardized

fitting a spline with a 50% frequency cutoff at a frequency equal to 25 years for all individual
series. Temporal autocorrelation was eliminated by fitting autoregressive models to obtain
residual ring-width series (RWI). Residual site chronologies were calculated using the
Tukey bi-weight robust mean for each species at the site where it was sampled. The quality
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and reliability of the site chronologies was estimated by calculating the mean correlation
among indexed ring-width series (rbar) and expressed population signal (EPS) for each
species at each site [52,53]. The rbar was used to reflect the shared variability between
individual series, and the EPS accounted for the number of series and reflected to what
extent the chronology reflected a common signal.

We calculated the resilience indices proposed by Lloret et al. [18], which were further
modified [21] to compare them with the proposed drought-induced vulnerability index.
We considered the resistance (Rt), recovery (Rc), and resilience (Rs) indices, as well as the
recovery period and the relative growth reduction. These indices were calculated for the
years 2005 and 2012 because they were identified as abnormally dry years with strong
impacts on forest productivity and tree growth across Spain [54].

All analyses were carried out using R software v.4.4.3 [55]. The chronologies were
built using R package dplR [56]. The resilience indices were calculated using the pointRes
package in R [57,58].

2.3. Climate Data and Drought Index

To assess drought severity, we used the Standardized Precipitation Evapotranspiration
Index [59], which was calculated based on precipitation and potential evapotranspiration
data from the Terraclimate dataset with a ~4 km spatial resolution [60]. The SPEI is a
multi-scalar drought index with negative and positive values corresponding to dry and wet
conditions, respectively [59]. We calculated monthly SPEI data from the period 1962–2024
at scales of 1 to 48 months using the R package SPEI [61]. SPEI patterns were similar
between sites and presented a trend toward drier conditions after the 1980s and particularly
during the 21st century (Figure 3), probably due to changes in temperature (Figure S1).
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Figure 3. The Standardized Precipitation Evapotranspiration Index (SPEI; [59]) for the studied sites.
The SPEI was calculated at scales of 3, 6, 12, 24, and 48 months for the period 1962–2023 in the
studied sites: Napal (plots a–e), Sierra de Alcubierre (plots f–j), and Valcuerna (plots k–o). Blue
colors indicate positive SPEI values (wet conditions) and brown colors indicate negative SPEI values
(dry conditions). The index was calculated using the SPEI package in R [61] and the Terraclimate
dataset [60].
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To represent the bioclimatic niche of each species in Spain, their distributions were
obtained from the Anthos project (www.anthos.es, accessed on 5 February 2025) and the
average climate conditions (19 bioclimatic variables) were obtained for each site during
the period 1970–2000 from the WorldClim database (www.worldclim.org, accessed on 5
February 2025). Anthos is a Spanish plant information system that provides distribution
maps of species based on the “Flora Iberica” catalog. WorldClim bioclimatic variables
are derived from monthly temperature and precipitation records in the period 1970–2000
and provide information on climate annual trends, seasonality, and extremes [48]. For
the selected species, we downloaded their occurrence from Anthos and extracted the
bioclimatic variables associated with those locations. In addition, we also extracted the
bioclimatic variables for the sampled populations (Table S1 and Figure S2).

2.4. Statistical Analysis

To assess whether the study species varied in their bioclimatic niche, we performed
a principal component analysis (PCA, [62]) followed by PERMANOVA with 999 permu-
tations [63]. We used the values of the 19 bioclimatic variables extracted for the location
of each species. In addition, we evaluated the location of each sampled population in
accordance with the first (PCA1) and second (PCA2) principal components. Specifically,
we calculated the mean and standard deviation (SD) of PC1 and PCA2 for each species
and compared whether the value for the sampled populations fell within the SD for the
species. In doing so, we could represent the bioclimatic niche of each species in Spain and
the relative position at the sites in which each population was sampled.

To study the relationship between growth variability and drought severity (SPEI),
we calculated Pearson correlation coefficients between the residual site chronologies of
each species and the SPEI. Correlations were obtained for each month of the year, from
September of the previous year of growth (t − 1) to September of the current year (t). The
significance associated with the correlation coefficients (p < 0.05) was calculated using a
permutation test. In our case, we used 1000 permutations to establish the significance of
each correlation coefficient. Analyses were performed at scales from 1 to 48 months during
the period 1962–2020 using 25-year moving windows. Thus, we studied how the RWI
vs. SPEI correlations varied in time (25-year moving window) within the study period
(1962–2020). For each moving window, we selected the maximum correlation between the
growth variability and the SPEI drought index. These calculations were done using the
treeclim package in R [64].

To study growth trajectories, we used linear models in which the BAI for the period
1962–2020 was the response variable and the calendar year was the explanatory variable.
Calendar year was standardized prior to the analyses so that the slope of the relationship
varied between −1 and 1. As done for the RWI vs. SPEI correlation, analyses were done
using 25-year moving windows to evaluate temporal variations in growth trajectories.

We propose a framework to study the drought-induced vulnerability of species and
populations in a harmonized approach based on their growth trajectories and the correlation
between growth variability and a drought index (Figure 1). Prior to this, the variables were
re-scaled so that they operated in a space between 0 and 1, in which zero represents the
most positive growth trajectory and the most negative SPEI–growth coupling, respectively.
Giving that the standardized BAI trend and the RWI vs. SPEI correlation varied between
−1 and 1, they were transformed as follows:

BAI trend scaled = 1 − (BAI trend + 1)/2 (2)

RWI vs. SPEI correlation scaled = (RWI vs. SPEI + 1)/2 (3)

www.anthos.es
www.worldclim.org
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We calculated the drought-induced vulnerability index (DrVi) as the product of the
BAI trend scaled and the RWI vs. SPEI correlation scaled. Therefore, the proposed index
varied between 0 and 1, with high values representing negative growth trajectories and
strong climate–drought coupling (Figure 1). As done for the growth trajectories (BAI trend
scaled) and the relationship between growth variability and the drought index (RWI. Vs.
SPEI correlation scaled), the DrVi was calculated for the period 1962–2020 using 25-year
moving windows.

3. Results
We found differences in the bioclimatic niche between the species studied (Figure 4a),

which were significant according to PERMANOVA (F = 303, df = 7815; R2 = 0.16; p < 0.001).
PCA1 was mainly related to temperature-related bioclimatic variables such as mean annual
temperature (BIO 1), mean temperature of the wettest and driest quarter (BIO 10, 11),
and maximum temperature of the warmest and coldest months (BIO 5, 6). Species like P.
lentiscus and P. halepensis tended to have positive PCA1 values while A. monspessulanum
and J. thurifera presented negative values. PCA2 separated sites with elevated temperature
range and seasonality (BIO 2, 4) from sites with high precipitation (BIO 12, 13). Species like
E. nebrodensis and J. thurifera had lower PCA2 scores than species like A. monspessulanum
and P. lentiscus (Figure 4a).

Regarding the studied sites, Sierra de Alcubierre presented low values of PCA1 for P.
halepensis and P. lentiscus, average values for J. oxycedrus and E. nebrodensis, and relatively
high values for A. monspessulanum and J. thurifera (Figure 4b). Most species presented
low PCA2 values, particularly in the case of P. halepensis, J. oxycedrus, P. lentiscus, and
A. monspessulanum. This means that, in Sierra de Alcubierre, all species were found in
relatively dry and highly seasonal sites (low PC2 scores) and in warm sites in the case of J.
thurifera and A. monspessulanum (high PC1 scores). In the case of J. oxycedrus populations,
Napal was colder and wetter than Alcubierre and particularly Valcuerna (Figure 4b).

Radial growth varied between populations and species (Table 2 and Figure 5). The
individuals from the J. thurifera population in Sierra de Alcubierre were the oldest and
presented the widest rings, while the J. oxycedrus population from Valcuerna grew the
least (Table 2). We found that the mean ring-width series (chronologies) of the species
were reliable in most of the cases. In general, they presented higher rbar and EPS values
for trees (P. halepensis, J. thurifera) than for shrubs, with the exception of J. oxycedrus in
Valcuerna (Table 2). In the case of shrubs, higher rbar values and EPS values were found in
drier sites (J. oxycedrus in Valcuerna). Most species presented a positive growth trend in
the study period, with the exception of P. halepensis in Sierra de Alcubierre (Figure 5 and
Table 3). However, the 25-year moving window analyses revealed that the mean BAI trend
decreased from the beginning (1962–1987) to the end of the study period (1995–2020), with
the exception of A. monspessulanum and P. halepensis in Sierra de Alcubierre and J. oxycedrus
in Valcuerna (Figure 5 and Table 3).
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Figure 4. The bioclimatic space occupied for the study tree and shrub species considered and the
relative locations of the populations studied. In (a), the bioclimatic space occupied for each species is
represented according to the WorldClim [48] data and the distribution data from the Anthos project
(www.anthos.es, accessed on 5 February 2025). The dots represent the occurrences of each species,
and the ellipses represent the distribution of each species. Several bioclimate variables out of the
19 considered (those more related with the axes) are represented (see Table S1). In (b), the mean
and standard deviation of each species in the PCA1 and PCA2 axes are shown. The black dots
indicate the populations sampled for each species in Napal (squares), Sierra de Alcubierre (circles),
and Valcuerna (diamonds).

Table 2. Dendrochronological characteristics of the populations studied. For each population (code),
the timespan covered by the chronology, the mean ring width and its SD, the number of measured
series and individuals, the first-order autocorrelation (AR1) with its SD, the rbar values, and the EPS
values for the chronologies in the period 1990–2020 are shown.

Code Site Species Timespan
Ring

Width/SD
(mm)

No.
Series/No.

Individuals
AR1/SD rbar EPS

ALAM Sierra de
Alcubierre Acer monspessulanum L. 1960–2023 0.852 ± 0.544 22/11 0.360 ± 0.25 0.193 0.724

LAAM Acer monspessulanum L. 1926–2023 0.681 ± 0.443 32/16 0.310 ± 0.232 0.177 0.751

LAEP Ephedra nebrodensis Tineo
ex Guss. 1936–2020 0.762 ± 0.418 40/20 0.295 ± 0.245 0.313 0.732

LAJO Juniperus oxycedrus L. 1880–2023 0.461 ± 0.399 32/17 0.276 ± 0.259 0.163 0.768
LAPH Pinus halepensis Mill. 1862–2023 0.838 ± 0.636 41/21 0.373 ± 0.231 0.602 0.969
LAPL Pistacia lentiscus L. 1936–2023 0.797 ± 0.454 30/15 0.216 ± 0.248 0.235 0.821
NAJO Juniperus thurifera L. 1849–2019 1.087 ± 0.793 31/16 0.365 ± 0.257 0.150 0.739
PEJT Napal Juniperus oxycedrus L. 1878–2017 0.589 ± 0.436 87/46 0.383 ± 0.167 0.513 0.974
VAJO Valcuerna Juniperus oxycedrus L. 1914–2022 0.328 ± 0.213 30/15 0.246 ± 0.191 0.324 0.878

Bold indicates angiosperm species.

www.anthos.es
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monspessulanum L., Pistacia lentiscus L. and Ephedra nebrodensis Tineo ex Guss. (b) in Sierra de Al-
cubierre; and Juniperus oxycedrus L. across all study populations (c). The vertical dashed lines indi-
cate the year 1980, which coincides with a climatic shift (see Figure 2). Values are means ± SD. 

The response of growth to drought varied between species and populations (Figure 
6). All species responded positively to the SPEI at varying time scales (from 1 to 48 
months) during the growing season (from May to August) but with substantial differ-
ences. The strongest correlations between RWI and SPEI were found for P. halepensis and 

Figure 5. The basal area increments (BAI) of Pinus halepensis Mill. and Juniperus thurifera L. (a);
Acer monspessulanum L., Pistacia lentiscus L. and Ephedra nebrodensis Tineo ex Guss. (b) in Sierra de
Alcubierre; and Juniperus oxycedrus L. across all study populations (c). The vertical dashed lines
indicate the year 1980, which coincides with a climatic shift (see Figure 2). Values are means ± SD.

The response of growth to drought varied between species and populations (Figure 6).
All species responded positively to the SPEI at varying time scales (from 1 to 48 months)
during the growing season (from May to August) but with substantial differences. The
strongest correlations between RWI and SPEI were found for P. halepensis and J. thurifera
in Sierra de Alcubierre (Table 3), which also were the species responding to longer time
scales (Figure 6). We found variations in the RWI–SPEI correlation between 25-year periods
with A. monspessulanum and J. thurifera in Sierra de Alcubierre and J. oxycedrus in Napal
and Valcuerna, presenting a positive trend (Table 3). Thus, these populations were more
impacted by drought now (1995–2020) than in the past (1962–1987).
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Table 3. Relationships between growth, drought, and growth trajectory in each population. The aver-
age maximum correlation coefficient between the RWI and the SPEI at different scales (mean ± SE)
is shown for 25-year moving windows in the period 1962–2020. The trend shows the presence of a
significant (* p < 0.05) linear trend in the maximum correlation coefficient. The BAI trend for 25-year
moving windows in the period 1962–2020 is shown together with its temporal trend (significant;
* p < 0.05).

Code Site Species RWI–SPEI
Correlation

Trend in the Max.
RWI–SPEI
Correlation

BAI Mean Trend Trend in the BAI
Mean Trend

ALAM Sierra de
Alcubierre Acer monspessulanum L. 0.500 ± 0.017 0.751 * 0.417 ± 0.066 −0.846 *

LAAM Acer monspessulanum L. 0.371 ± 0.023 0.342 0.673 ± 0.025 −0.163

LAEP Ephedra nebrodensis Tineo
ex Guss. 0.604 ± 0.012 0.155 0.264 ± 0.084 0.876 *

LAJO Juniperus oxycedrus L. 0.559 ± 0.007 0.161 0.063 ± 0.056 −0.828 *
LAPH Pinus halepensis Mill. 0.738 ± 0.006 −0.003 −0.336 ± 0.064 −0.476 *
LAPL Pistacia lentiscus L. 0.553 ± 0.016 0.249 0.491 ± 0.025 −0.845 *
NAJO Juniperus thurifera L. 0.651 ± 0.007 0.382 * 0.697 ± 0.025 −0.866 *
PEJT Napal Juniperus oxycedrus L. 0.707 ± 0.018 0.911 * 0.350 ± 0.035 −0.439 *
VAJO Valcuerna Juniperus oxycedrus L. 0.588 ± 0.019 0.927 * 0.321 ± 0.021 −0.204

Bold indicates angiosperm species.
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Figure 6. Relationship between growth indices and drought across species and populations. The 
average Pearson correlation coefficients (r) between RWI and SPEI in 25-year moving windows for 
the period 1962–2020 are shown. For each month (previous September to current September, y-axis; 
lower case letters correspond to the year before ring formation) and scale (1 to 48 months, x-axis), 

Figure 6. Relationship between growth indices and drought across species and populations. The
average Pearson correlation coefficients (r) between RWI and SPEI in 25-year moving windows for
the period 1962–2020 are shown. For each month (previous September to current September, y-axis;
lower case letters correspond to the year before ring formation) and scale (1 to 48 months, x-axis), the
values show the average correlation. Brown values indicate positive relationships and blue colors
indicate negative relationships.

We found that the drought-induced vulnerability index (DrVi) reflected the differences
between species and populations and pointed to P. halepensis in Sierra de Alcubierre
as the most vulnerable population in terms of growth (Figure 7). This was due to an
overall negative BAI trend during the study period and a strong relationship between RWI
and SPEI. However, the temporal variations in DrVi value through the period 1962–2020
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displayed different trajectories depending on the populations considered. In Sierra de
Alcubierre, a strong increase in the P. halepensis DrVi value was observed during the 1980s,
while other species like J. thurifera, J. oxycedrus, and A. monspessulanum increased their
DrVi values early in the 21st century (Figure 7). By the end of the study period, the lowest
DrVi values were observed for P. lentiscus and E. nebrodensis, and also for one of the A.
monspessulanum populations. Regarding the comparison of J. oxycedrus along a precipitation
gradient, we found a higher increase in DrVi value for J. oxycedrus from Sierra de Alcubierre
and constant and relatively low vulnerabilities of Napal and Valcuerna (Figure 7c). The
DrVi value was strongly determined by the BAI trend and it was also negatively related
to the resistance and resilience indices and positively to the recovery period and growth
reductions in the 2005 and 2012 droughts (Figure S3). The DrVi value was not related to the
average position of the species in the bioclimatic space.
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Figure 7. The variations in growth trajectory, growth–drought coupling, and the vulnerability index
between populations and species. In (a), each population is represented according to the average
BAI trend and maximum RWI–SPEI correlation in the period 1962–2020. Dots represent averages,
with the size proportional to the drought-induced vulnerability index. The segments represent the
standard deviations for the means in the BAI trend and RWI–SPEI correlation. In (b), the temporal
variation in DrVi value is shown considering 25-year moving windows for the period 1962–2020 in
Sierra de Alcubierre. In (c), the temporal variation in DrVi value is presented for the period 1965–2020
and the J. oxycedrus populations studied in Napal, Sierra de Alcubierre, and Valcuerna. Each species
and population are represented with a different color and symbol, respectively.
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4. Discussion
The results presented here indicate that tree and shrub populations vary in their

drought-induced vulnerability, as reflected by changes in growth trajectories and responses
to the drought index. Moreover, we show that this vulnerability is not stationary, pointing
to the importance of considering evolving temporal windows to evaluate it [36]. The
framework presented here describing a new drought vulnerability index allows the com-
parison of populations and species in a standardized bioclimatic space so as to identify
those areas and populations that are vulnerable to climate change [11,12]. Regarding the
comparison between species coexisting in the same site (Sierra de Alcubierre), we found
partial evidence that growth of trees is more vulnerable to drought than that of shrubs,
larger species are more vulnerable [24,25], and gymnosperms tend to be more vulnerable
than angiosperms in terms of growth [23], particularly in this region [44]. We compared
species that occupy different bioclimatic niches, but the drought vulnerability was not
higher for those populations that find their dry or warm limit in Sierra de Alcubierre, as
expected [14,27,29]. In fact, we found differences in drought-induced vulnerability between
similar A. monspessulanum populations, which was not in accordance with our expectations
but aligned with other studies [20]. Regarding the comparison of J. oxycedrus populations
along a precipitation gradient, we found lower vulnerabilities in the wettest and driest
populations, partially contradicting our hypothesis. Our results align with previous studies
suggesting that local and microsite conditions can play an important role and can hinder
general patterns in drought-induced vulnerability in some situations [20].

At the Sierra de Alcubierre site, we studied two gymnosperm trees (P. halepensis and
J. thurifera) that are adapted to drought [65] but that vary in their bioclimatic niche, as
demonstrated in our analyses (Figure 4). The growth of these species is known to respond
to climate variability by substantially reducing their growth in dry years [66,67], and in the
case of P. halepensis, its growth strongly depends on the precipitation during the previous
autumn and winter [68]. However, J. thurifera is more adapted to continental climate
conditions than P. halepensis (Figure 4). We found that the two species strongly responded
to the SPEI during the study period but their growth trajectories differed (Figure 5). In
particular, P. halepensis presented a declining trend in response to a climate shift in the early
1980s (Figure 3), while J. thurifera only started to decline after severe droughts occurred in
the early 21st century. Junipers are drought-resistant species [69], but recent studies indicate
that they may be also vulnerable to increases in the occurrence of severe hotter droughts [44].
In fact, our results indicate that the growth of J. thurifera has decreased in vigor and has
become more drought limited during the last years (Table 3). The delayed increase in the
vulnerability index of J. thurifera could be due to the location of the sampled population in
valley bottoms [67], which might facilitate the access to deep water sources in comparison
to the P. halepensis population. Collectively, our results confirm that these gymnosperm
trees are becoming more vulnerable to drought as the climate warms (Figure 7), but a better
understanding of how these and other coexisting species access deep water sources can be
important to better interpret the obtained results [70].

As far as we know, this is the first dendrochronological assessment of the small tree
A. monspessulanum (Table 2 and Figure 5). Studies have found that other maple species
have dendrochronological potential and are drought tolerant [22]. Our results partially
concur with this view because we found a low drought-induced vulnerability of one of
the populations studied. However, the other population showed a relatively high increase
in drought vulnerability after the severe droughts occurring in the early 21st century
(Figures 5 and 7). In fact, we found differences in the growth response to climate of the
two populations sampled (Figure 6), pointing to the importance of microsite conditions
in determining tree growth in harsh environments [28]. Interestingly, the population of A.
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monspessulanum displaying an increase in DrVi value coexists with the P. halepensis and J.
oxycedrus populations that also show temporal increases in DrVi values (Figure 7). This
suggests that this site is particularly vulnerable to recent increases in drought occurrence, as
indicated by ongoing processes of P. halepensis crown dieback (Figure S4), in contraposition
with the other A. monspessulanun population sampled near formerly cultivated fields.
However, a proper comparison of the sites will require a more detailed screening of their
topographic and soil conditions.

We included in this study three species of shrubs (Juniperus oxycedrus, Pistacia lentis-
cus, and Ephedra nebrodensis) that have been previously used in dendrochronological
studies [41,44,47]. As expected, we found that their radial growth was sensitive to drought
(Figure 6) and that they were, in general, less vulnerable to drought than trees, which
points to the importance of size in determining drought vulnerability [71]. In particular, E.
nebrodensis (gymnosperm) and P. lentiscus (angiosperm) showed relatively low values of
DrVi and no clear increasing trends. The multi-stemmed nature of these shrubs and their
low stature can benefit their recovery after drought occurrence [40]. However, we found
marked increases in the DrVi values of J. oxycedrus in Sierra de Alcubierre, a pattern that
requires further attention since it could represent an early warning signal of impending
dieback. As said before, microsite conditions can be behind the increases in drought vul-
nerability of the three species studied in this site (Figure 7). However, it is also true that
shrubby junipers have a superficial root system that makes them vulnerable to the occur-
rence of drought early in the growing season or to prolonged droughts [44]. The question
that remains open is why the driest J. oxycedrus population found in Valcuerna (Figure 7)
showed no increase in DrVi value despite this population presenting lower growth rates
among those sampled (Table 2). This suggests that it might be well adapted to drought
occurrence. In any case, a better understanding of how these coexisting species respond to
drought and access soil water and nutrients is key to advancing our understanding of their
drought-induced vulnerability.

Finally, several remarks can be presented on the proposed framework to study drought-
induced vulnerability (Figure 1). We found that our index correlated well with other widely
used indices of growth resilience [18,21], which reinforces its validity (Figure S3). However,
some caveats should be considered in further applications of the index. First, it relies
on growth trajectories, which are important to understand changes in vigor [14] and
responses to climate change [19] but also depend on ontogeny and phenology [16,17].
This can be partially overcome by using moving temporal windows, but it also requires
the consideration of the age of the studied populations or species when comparing their
drought-induced vulnerability. Second, growth variability and its response to climate (and
drought) is not static [36], which also needs to be considered and accounted for. Along this
reasoning, we opted for the use of the maximum correlation between the growth variability
and the SPEI drought index across multiple seasons (from previous to current September)
and scales (from 1 to 48 months). This selection clearly displaces the potential scores of
the species to the right side of the graph (Figure 7a). Optionally, the mean correlation
value can be selected instead of the maximum value, but similar results were obtained
in our case. Connected to this, the difference between the potential (Figure 1) and the
realized space (Figure 7) in our proposed framework is unclear, which might depend on the
species considered and the temporal resolution. For example, the variation in the growth
trajectory is much clearer than the variation in the growth response to SPEI (comparing
vertical and horizontal segments in Figure 7). This is probably because we worked with
a system that is chronically drought-limited by definition. Finally, it is important to note
that the drought-induced vulnerability index reflects temporary growth reductions and
enhanced drought sensitivity but cannot be directly translated into permanent decline
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or tree dieback since postponed growth and growth plasticity can reflect the capacity to
tolerate drought. An application of this framework to wider datasets across different
biomes and considering healthy as well as declining stands can help to better define the
realized zone of drought-induced vulnerability and its significance.

5. Conclusions
The drought-induced vulnerability index (DrVi) proved to be valid to represent

changes in growth trajectories and the response of growth variability to drought between
coexisting species and across populations. We found pieces of evidence indicating that the
growth of trees was more vulnerable to drought than the growth of shrubs in Sierra de
Alcubierre. Moreover, our results indicated that growth trajectories and the response of
growth variability to drought are not stationary, pointing to the importance of considering
varying temporal windows. The framework proposed here aligns with previous efforts to
quantify the vulnerability of woody plants to climate change by using radial growth records
(e.g., [15,18,19,21,22]) and can help to identify climate change winners and losers [22,26]
and potential changes in woodland communities [10]. However, further applications of
the standardized framework proposed here are required to better delimit how DrVi varies
between species and populations.
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//www.mdpi.com/article/10.3390/f16050760/s1, Figure S1. Mean maximum temperature and
precipitation (1958–2023) at each site; Figure S2. The representation of the distribution of the studied
species and sites according to MAT and TAP; Figure S3. The correlation between the average drought-
induced vulnerability index (DrVi) and other variables; Figure S4. General view of one of the sites
sampled in Sierra de Alcubierre; Table S1. The loadings of the bioclimatic variables in the first and
second axes of the PCA (Figure 4).
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