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Abstract: The magnitude of drought impact in forest ecosystems depends on which group of trees are
more severely affected; greater mortality of smaller trees can modulate the trajectories of succession,
while the mortality of larger trees can disproportionately offset the ecosystem’s carbon balance.
Several studies have documented a greater vulnerability of large trees to extreme droughts while
some other studies reported a greater growth reduction in smaller trees during droughts. We tested
these hypotheses by comparing tree basal area increment (BAI), drought resistance (i.e., magnitude
of growth decline during drought), and resilience (i.e., magnitude of growth recovery after drought)
across five different age-classes in black pine (Pinus nigra Arn. ssp. salzmannii) forests in Spain. Our
results showed that the BAI patterns, drought resistance, and resilience were strongly influenced
by tree age-classes. In addition, the effect of climatic water balance (precipitation minus potential
evapotranspiration) on BAI significantly varied among age-classes. The effect of water balance
on BAI was lower for younger age-classes (1–39 years of age) compared to older age-classes. We
observed a greater growth reduction (i.e., lower resistance) in older trees (>40 years of age) during
droughts compared to younger trees (<40 years of age). However, all trees, irrespective of their ages,
were able to recover the growth rates after the drought. In general, younger trees showed a greater
capacity in recovering the growth rate (i.e., more resilient) than older trees. We detected no significant
effects of stand basal area and stand density on BAI, drought resistance, and resilience. Overall, our
results indicated that growth of older trees was more negatively affected during drought. Therefore,
these older/larger trees can be selected for commercial thinning, or can be released from competition,
which can minimize the potential impacts of future droughts in black pine forests in Spain.

Keywords: climate change; drought; black pine; resistance; resilience

1. Introduction

Climate observations at a global scale indicate an increased frequency and severity of
drought events [1], though uncertainties remain concerning the responses of tree species
to extreme droughts [2]. Tree growth responses to droughts depend on tree and stand
characteristics [3–5]. Although several studies have investigated the potential impacts of
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droughts in drought-prone forests (e.g., [6–8]), we still need research focusing on identifying
the morphological characteristics of vulnerable individuals across different species to
accurately prepare and understand drought responses in forests [9]. Several studies have
documented a greater vulnerability of large trees to extreme droughts [10,11] while some
other studies reported a greater growth reduction in smaller trees during droughts [12,13].
These divergent response patterns emphasize the importance of identifying trees (size or
age classes) within specific ecosystems that are most vulnerable to droughts [14,15].

Climate projections predict a decrease in annual mean precipitation for the Mediter-
ranean Basin [16,17]. Precipitation variability could be particularly important as extreme
events, such as extended droughts, could have much more drastic consequences on tree
growth and survival than gradual changes in the average climate conditions [18,19]. Thus,
if the frequency of extreme droughts in Mediterranean areas increases in the future, it could
lead to a reduction in forest productivity and changes in species composition [20,21]. Tree
growth responses of different tree age-classes to long-term temperature trends and extreme
drought events are not clearly understood, especially in managed Mediterranean forest
ecosystems (but see, for example, [22]). Different researchers have found either enhance-
ment or decline responses in radial growth to increasing temperatures, with no clear trend
defined at each age-class [23–26]. An increase in temperature alone would be beneficial
for populations located in northern or high-altitude edge of their geographic distribution,
but an interaction with other climate- or site-related factors could alter the response [27].
However, a positive effect of temperature increase is not expected in Mediterranean forests
as warming effects on evapotranspiration can result in soil water deficits [28,29]. In addi-
tion, the low soil water retention capacity in Mediterranean region can limit the positive
effect of temperature increase on tree growth. Indeed, mountainous areas of the Mediter-
ranean basin may experience somewhat higher increases in temperature compared to the
surrounding regions [17], which could increase the vulnerability of the Mediterranean
mountain forests to climate change.

Climate—tree growth relationships of coniferous species have mostly been investi-
gated across unmanaged ecosystems [30–34], and few studies have examined the responses
in the mountainous regions of the Mediterranean basin, which are, on one edge, subjected
to both water-stress and high elevation-related low temperatures, but also, at lower eleva-
tions, overcoming relatively high temperature during the dry summer period [25,28,35–37].
Currently decreasing precipitation and increasing temperatures, together with a higher
likelihood of extreme drought events are increasing the vulnerability of Mediterranean
pine populations [38]. Improving our understanding on the tree drought resistance and
climate-growth relationships under different tree age-classes is of paramount importance
to properly manage forest ecosystems, and to better achieve the time of ecosystem recovery
after the wide range of abiotic and biotic stresses (i.e., climate change, excessive harvest-
ing, pests and diseases, drought, forest fires, and soil compaction) that threaten forest
ecosystems worldwide [38]. Previous studies reported that stand age plausibly regulates
ecosystem processes such as decomposition and nutrient cycling [39–44]. For example, [45]
showed that decomposition and mineralization processes can be reduced in very old forest
stands. On the other hand, young forest stands are often associated with a lower capacity
to retain carbon in soil.

In this study, we aimed to investigate trees’ basal area increment (BAI), drought resis-
tance (i.e., magnitude of growth reduction during drought), and resilience (i.e., magnitude
of growth recovery after drought) of five coexisting black pine (Pinus nigra) age-classes
under similar climatic conditions. We hypothesized that BAI, resistance, and resilience will
vary among tree age-classes as trees from different age-classes are associated with different
abilities for coping with changes in precipitation, temperature, and droughts. For this
analysis, we used a temperate forest chronosequence from mid-elevation central-eastern
region in Spain to evaluate the link between tree growth and climatic variables under
different tree age-classes.
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2. Materials and Methods
2.1. Study Area

The study forest area (“Los Palancares y Agregados”) is located in central-eastern
Spain (40◦01′50” N; 1◦59′10” W; Figure 1) inside the largest nature reserve in Castilla La
Mancha (18,078 ha).

Figure 1. Location of the Pinus nigra Arn. salzmannii sites (red ellipse). The map shows the distribution of Pinus nigra
Arn. across the Mediterranean Basin according to Euforgen (http://www.euforgen.org/species/pinus-nigra/, accessed on
26 May 2021).

Los Palancares y Agregados forest comprises about 4900 ha and 85 compartments.
The shelterwood method was first applied in 1895 as forests management plan, with a
shelter-phase of 20 years and a rotation period of 100 years. The shelterwood method has
remained in Palancares y Agregados ever since, which resulted in five different age classes
in tree population over the past 120 years. The regeneration method used, in both mixed
and pure even-aged Spanish black pine stands, involved a uniform opening of the canopy
without soil preparation. The main effort of forest management plans has been increasing
forest standing stock and transforming age-heterogeneous stands into even-aged. The
average elevation of the study area is 1200 m above sea level. According to [46], the climatic
characteristics of the experimental area can be classified as Mediterranean humid, with a
mean annual temperature of 11.9 ◦C (the mean lowest temperature of the coldest month
is −0.5 ◦C and the mean highest temperature of the hottest month is 30.5 ◦C) and mean
annual precipitation of 595 mm (99 mm in summer). The study area is dominated by mix
natural forests of Spanish black pine, Holm oak (Quercus ilex L.), Portuguese oak (Quercus
faginea Lam), and Spanish juniper (Juniperus thurifera L.). Due to their vulnerability to
climate change and land use intensification, this ecosystem is now included in the list
of European Union endangered habitats (Resolution 4/1996 by the Convention on the
Conservation of European Wildlife and Natural Habitats) and in the Protected Areas
listing of the Government of Castilla La Mancha (2/2001, Official Diary of Castilla La
Mancha N◦ 8). According to the USDA soil taxonomy [47], Entisols with a relatively thick
undifferentiated upper horizon are present in the experimental area. Generally, this type of
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soil has a dominance of mineral soil materials and absence of distinct pedogenic horizons.
Sandy-loam soil texture was present at the Palancares y Agregados forest.

2.2. Field Sampling and Dendrochronological Methods

In October 2013, five forest compartments of about 50 ha were randomly selected
at the Palancares y Agregados forest area, supporting forest stands of five ages: T1 (age
60–181 years), T2 (age 65–95 years), T3 (age 65–100–59 years), T4 (age 10–90 years), T5 (age
1–809 years). The forest under an age-class management is characterised by a sequence of
relatively homogenous, even-aged stands once the rotation period (100 years) is completed.
As the Palancares y Agregados forest management operations started at the end of the
19th century, it has been possible to select different compartments and age stands, ranging
from 1 to 100 years old. The main forest structure characteristics of each tree age level
were obtained from the current forest management plan develop by Castilla La Mancha
Forest Service in 2005. Two stands by age class were selected for the description and
quantification of the stand-structure variability along the tree age classes (Table S1). Within
each of the ten stands, two plots (c. 0.13 ha, located around 1 km apart) were sampled
in order to characterize stand structure. The selected forests quadrats displayed low
spatial heterogeneity in tree composition and density [48], hence the plots were large
enough to capture the low spatial/range of variability of the stands. All the trees with a
diameter greater than 3 cm at 1.3 m from the base (diameter at breast height; dbh) were
identified, tagged, and mapped, and their diameters were measured (see Figure S1 at
Supplementary Material).

Experimental sites and trees were selected in order to find the maximum tree growth
response to drought events and the best signal to noise ratio, respectively [34]. None of
the stands selected showed evidence of intense perturbations such as fires or windstorm.
Stumps were found in some stands as management by the Public Forest Administration
under the shelterwood system is applied over the study area. For the quantification of
secondary growth across the selected stands, wood cores were obtained from 20 dominant
trees per age compartment to build five tree-ring chronologies (one per each age class).
Two–three cores per tree at dbh were extracted with a borer, perpendicular to the terrain
slope [49]. Trees with asymmetrical growth and a non-circular bole were avoided. Cores
were sanded and visually cross-dated using the marker year’s method and their ring-width
series were measured to the nearest 0.001 mm by means of a stereomicroscope coupled
with a LINTABTM 5 RINNTECH® device linked to a computer. Cross-dating quality was
checked using COFECHA [50]. Basal area increment (BAI) was calculated from tree-ring
width as a more accurate evidence of annual radial growth around the circumference of
the tree. Age-related long-term BAI trend and BAI autocorrelation were removed by fitting
raw BAI data versus cambial tree age (tree age at coring height). Long-term BAI trend
was then estimated for the whole dataset by polynomial regression (loess) and weights
computed from the Gaussian density function [51]. BAI indexes were obtained as the
residual chronology, standardized by individuals mean BAI:

BaIindexij =
observedBAIj − predictedBAIj

meanBAIi
(1)

where BAI indexij stands for the value calculated for the year j in the tree i; observed BAIj
is the raw BAI value of the year j in the tree i; predicted BAIj is the BAI value predicted by
polynomial regression (loess) for the year j; and mean BAIi is the mean BAI of the tree i
computed for the entire tree chronology; BAI indexes were tested for age-independence
and autocorrelation (see Figure S1 at Supplementary Material).

2.3. Growth Stability Components in Response to Drought Events

We considered drought events as those years in which water balance (i.e., precipitation
minus potential evapotranspiration (P-PET) was below the 25% percentile for the studied
period (i.e., P-PET = −277) and tree growth showed a pronounced drop [52]. To evaluate
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this, we used the relative growth change method [53], identifying as drought events those
years in which at least 30% of the trees showed a BAI decrease of at least 30% relative to
the average BAI in the three preceding years. We identified 1981, 1991, 1999, and 2005 as
the most intense drought events during the study period (Figure 2). We also identified
1968 as a drought event, but it was not considered in further analyses due to the low
number of observations for trees of younger age classes. We evaluated growth resistance
and resilience to each drought event using resilience and resistance indices [54]:

Resistance (Rt) =
Dr

PreDr
(2)

Resilience (Rs) =
PostDr
PreDr

(3)

where PreDr was the average BAI of three years before the drought event; Dr was the BAI
during the year of the drought event; and PostDr was the average BAI of three years after
the drought event.

Figure 2. (a) Mean annual Basal Area Increment (BAI, cm) and annual water balance (P-PET, mm) for the studied period
(1962–2010). Vertical grey lines depict studied drought events. (b) The right panel shows detailed mean BAI values for each
drought event and the three years preceding and following the event.

2.4. Data Analysis

We used a linear mixed model to evaluate the main determinants of tree growth
(i.e., BAI) and to compare whether trees of different age classes show different responses to
water balance. BAI was log-transformed to avoid heteroscedasticity. We considered tree
size, age-class, annual water balance, annual temperature, stand density, and stand basal
area as fixed effects in the model. Tree size was included as a second order polynomial
based on exploratory analyses (Figure S1). We also included as fixed effect the pairwise
interaction between age-class and annual water balance. We considered tree identity nested
within stand identity as random term to account for non-independency among observations
within the same individual (i.e., repeated measurements). We also used an autoregressive
correlation structure to remove the first-order autocorrelation between observations. Con-
tinuous predictor variables were standardized (i.e., the mean was subtracted from each
value and divided by the standard deviation) to allow comparisons across model-estimated
parameters [55]. We checked that the explanatory variables did not show high collinearity
(r < 0.6). To assess whether growth response to water balance differs between age-classes,
we compared the water balance slope for each age-class by using a t-test. We evaluated
the percentages of variance explained by fixed and random effects following [56]. We also
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used linear mixed models to evaluate differences between age-classes and the effect of tree
size, stand basal area, and density in resilience and resistance indices for each drought
event. Resistance and resilience indices were log-transformed to avoid heteroscedasticity.
Stand identity was considered as a random term in the model. We used a t-test to evaluate
whether differences between species were significantly different from zero. For all models,
significant effects were considered at p < 0.05. All statistical analyses were performed using
the programming language R (version 3.5.3) [57] using the package nlme [58], visreg [59],
and pointRes [60].

3. Results
3.1. Characteristics of the Sampled Stands and Trees

The stand basal area and density ranged from 13.5 to 41.3 m2 ha−1 (mean ± SD,
27.6 ± 10.3 m2 ha−1) and from 645 to 2769 trees ha−1 (1251 ± 702 trees ha−1), respectively
(Table S1). The DBH of the sampled trees ranged from 5.4 to 50.8 cm (22.9 ± 11.5 cm). The
main BAI for the studied period was 3.7 ± 3.3 cm2. Stand basal area was lower for the
younger age classes (T4 and T5), whereas stand density decreased with tree age except for
T3 (Figure S2). Tree size and mean BAI increased with tree age (Figure S2).

3.2. Drivers of Tree Basal Area Increment (BAI)

BAI patterns were strongly influenced by tree size, climatic variables and the interac-
tion between age-class and water balance (Table 1). The percentage of variance explained
by both the fixed and random effects was 83% (conditional pseudo-R2) and the fixed
effects explained 57% of variance (marginal pseudo-R2). Tree size showed a quadratic
effect on BAI (Figure S3) whereas the effect of temperature and water balance was positive
(Figure S3, estimated slopes ± SE, 0.029 ± 0.05 and 0.041 ± 0.07, respectively). However,
the magnitude of the effect of water balance varied across age-classes (i.e., significant
interaction).

Table 1. F and p values for the fixed effects considered in the linear mixed model to analyse basal
area increment of black pines for the period 1962–2010. Water balance is the precipitation minus
potential evapotranspiration. F-value represents the F-statistics, i.e., ratio of two measures that are
expected to be equal under the null hypothesis, while p-value is the probability of obtaining results
as the observed results of a statistical hypothesis test.

Fixed Effect F-Value p-Value

Size 398.14 < 0.0001
Age-class 5.63 0.0939

Water balance 122.35 < 0.0001
Temperature 29.70 < 0.0001

Stand basal area 0.02 0.8993
Stand density 0.15 0.7251

Age-class ×Water balance 3.88 0.0038
Note: Significant differences in bold.

The effect of water balance on BAI was lower for younger age-classes (T4 and T5)
compared to middle age-class (T3), while the older age-classes (T1 and T2) showed interme-
diate response (Figure 3). Stand basal area and density showed a non-significant positive
effect on BAI (estimated slopes ± SE, 0.449 ± 0.475, and 0.297 ± 0.210, respectively).
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Figure 3. Estimated effect of water balance (P-PET) on black pine basal area increment for each age
class. Whiskers represent 95% confidence intervals of the estimated effect. Different letters show
statistically significant differences between age classes (p < 0.05).

3.3. Resilience and Resistance to Drought Events

We found BAI reduction in response to studied droughts compared to the three years
preceding the events (Figure 2). On average, tree BAI was reduced by 13%, 26%, 25%,
and 12% in response to 1981, 1991, 1999, and 2005 drought events, respectively. However,
the magnitude of the growth reduction varied not only between drought events but also
between age-classes (Figure S4). In general, older trees (T1, T2, and T3) showed greater
growth reductions than younger trees (Figure S4).

Trees of different age-classes showed significant differences in the resilience and
resistance to the studied drought events (Table 2, Figures 4 and 5). Tree size showed a
consistent negative effect on tree BAI resilience to droughts. However, the effect was
statistically significant only for the 2005 drought (Table 2). Stand basal area and stand
density did not show statistically significant effects on resistance and resilience. Resilience
indices to droughts generally showed values higher than 1.0 (Figure 4) indicating that most
of the individuals recovered growth rates three years after the drought event. Differences
in the resilience index between age-classes were not consistent between drought events.
Trees of the T4 age class showed the greatest and lowest resilience in response to 1981
and 2005 droughts, respectively (Figure 4). Youngest trees (i.e., T5) showed the greater
resilience to the two more recent drought events compared to older trees. However, in
response to the 2005 drought, oldest trees showed similar resilience to youngest (Figure 4).
We did not find statistically significant differences between age-classes in response to the
1991 drought. Resistance indices were generally lower than 1.0 reflecting the impact of
the studied drought events on tree growth (Figure 4). Trees of the T3 age class showed
consistently the lowest resistance to drought events except for the 2005 drought when the
T4 had the lowest resistance. However, the resistance of the T3 cohort was not statistically
different from T1 in 1981, T2 in 1991, T1 and T2 in 1999, and all but T5 in 2005 (Figure 4).
The youngest trees showed the greatest resistance to the two recent droughts, but for 2005,
the resistance of all age classes but T4 are statistically non-significant (Figure 5).
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Table 2. F and p values for the fixed effects considered in the linear mixed models to analyse resilience and resistance of
black pines to studied drought events. Significant effects at p < 0.05 are shown in bold. F-value represents the F-statistics, i.e.,
ratio of two measures that are expected to be equal under the null hypothesis while p-value is the probability of obtaining
results as the observed results of a statistical hypothesis test.

1981 1991 1999 2005

Fixed Effect F p F p F p F p

Resilience
Age class 96.52 0.0003 2.45 0.2419 79.41 0.0001 12.98 0.0075
Tree size 2.33 0.1306 0.94 0.3351 2.97 0.0885 7.37 0.0080

Stand basal area 5.42 0.1022 0.03 0.8784 0.03 0.8765 4.83 0.1153
Stand density 0.13 0.7444 1.50 0.3046 0.38 0.5795 0.17 0.7073

Resistance
Age class 7.56 0.0238 7.92 0.0217 28.06 0.0013 5.73 0.0414
Tree size 0.01 0.9373 0.31 0.5803 0.60 0.4420 0.14 0.7130

Stand basal area 0.12 0.7486 0.60 0.4949 0.75 0.4488 0.49 0.5336
Stand density 0.48 0.5398 0.08 0.7893 0.21 0.6776 0.87 0.4198

Figure 4. Boxplot of estimated resilience to each studied drought event and black pine age classes.
Points depict estimated values. Different letters show statistically significant differences between age
classes (p < 0.05).
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Figure 5. Boxplot of estimated resistance to each studied drought event and black pine age-classes.
Points depict estimated values. Different letters show statistically significant differences between age
classes (p < 0.05).

4. Discussion

Pinus nigra has been increasingly reported as vulnerable tree species to extreme
droughts [28,61] as the species is sensitive to drought-induced xylem dysfunction and
associated tree dieback [62,63]. With the increasing frequency and severity of extreme
droughts in the Mediterranean region [64] the understanding of Pinus nigra’ growth and
physiological performances during and after droughts are gaining research priorities
(e.g., [65–67]). In the present study, we aimed to understand how the trees from five
different age-classes of Pinus nigra responded to extreme drought events and what are the
tree-, site-, and climate-related factors that have modified those response patterns.

Our study identified significant differences among tree age-classes of managed Pinus
nigra forest stands in terms of basal area increment (BAI), drought resistance, and drought
resilience. These results support the argument that tree age can modify the drought impact
in forest stands [14,68,69]. Our results showed that younger trees (<40 years of age) were
more resistant and resilient to extreme droughts which occurred in 1981, 1991, 1999, and
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2005 compared to older trees (40–120 years of age) (Figures 4 and 5). The older trees, which
were larger in size (Figure S2), might have faced a greater hydraulic challenge compared to
smaller trees, as they had to lift the water to a longer distance from roots to crown against
the effects of gravity [70,71]. In addition, larger trees are often associated with crowns
directly exposed to increased solar radiation and evaporative demand during drought
events [10,72]. Thus, microclimate conditions at the scale of individual trees may play an
important role together with tree size. The exposure to an increased evaporative demand
can adversely affect the larger trees when they try to maintain the stomata open for C
assimilation [73]. A similar finding, i.e., higher growth of smaller trees during droughts
has been reported by other studies in Europe [11] and in North America [14]. Moreover,
larger trees often carry higher photosynthetic tissues compared to smaller trees and holds
a higher water requirement for maintaining the photosynthetic activity and for general
maintenance of other biological processes [74]. The higher water requirement can make
larger trees vulnerable to extreme drought events [71]. Our results have also shown that
the BAI of larger or older trees was more strongly correlated with water balance compared
to BAI of younger trees (Table 1).

Although growth reduction (i.e., lower resistance) was observed during all studied
drought years (Figure 5), trees were able to fully recover the growth rates after the droughts,
irrespective of tree age-classes (Figure 4). In fact, the growth rate after the droughts was
higher than the growth rate prior to droughts, which indicated compensatory growth
responses in these trees. The compensatory growth is probably a typical physiological
reaction or acclimation strategy in trees to compensate for losses during the drought
period [75,76] and could result due to favorable growing conditions after the drought
events. However, if the extreme droughts persist several years, the annual growth rate
of black pine might drastically decrease. The compensatory growth in trees has been
identified by several local [77], continental [78], and global scale studies [79,80] conducted
on coniferous as well as on broadleaved species. In the present study, we detected a
higher growth compensation in younger trees (<20 years of age) compared to older trees
(21–120 years of age) (Figure 4). This also suggests that a younger (<40 years of age)
Pinus nigra forest is not only resistant but also resilient to extreme drought events in this
Mediterranean region.

Stand density and stand basal area are useful indicators of tree-to-tree competition [15].
Previous studies identified a strong influence of stand density on BAI and on drought
resistance and resilience of Pinus nigra trees [66]. They demonstrated that the tree-to-
tree competition negatively influenced the BAI and intrinsic water-use efficiency in Pinus
nigra trees. In contrast to their findings, we detected no significant effect of stand density
or stand basal area on BAI or on drought resistance and resilience. It is important to
mention that our study did not measure stand density or stand basal area during those
identified drought years, hence provides limited quantitative measures of tree-to-tree
competition. In addition, we have limited variability in stand density across studied stands
which might have interfered the outcomes of our analyses, i.e., insignificant effect of stand
density of resistance and resilience. Our younger Pinus nigra stands are relatively dense in
composition (Table S1). This relatively higher stand density could make these forest stands
sensitive to future droughts and warming events [66]. Commercial thinning operations
could reduce the competition between trees and could increase resilience to upcoming
drought events [5,66,78,81,82].

In conclusion, our study showed that all Pinus nigra trees, irrespective of their ages
and stand densities, were able to fully recover their annual basal area growth after four
individual drought events between 1980 and 2005. Among the studied age-classes, younger
age-classes (i.e., younger than 40 years of age) were more resilient compared to older age-
classes (i.e., 41–120 years of age). Forest practitioners can exercise different thinning
interventions, especially removing older trees to reduce competition among retained
individuals and increase resistance to upcoming drought events. The tree age-dependent
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responses to droughts may indicate that analyses of stand-level responses to drought need
to consider tree age-classes.

Drought induced decline in tree growth and forest dieback have been reported in
many Pinus nigra forests [62], as well as in other coniferous forest ecosystems in the
Mediterranean region [83,84]. The lack of forest management can increase tree-to-tree
competition by increasing stand density, and this increasing stand density can potentially
aggravate the anticipated effects of the increasing frequency and severity of extreme
droughts in coming years [85]. Our study showed that younger Pinus nigra stands are more
resilient, as well as resistant, to drought events; therefore, promoting a greater presence of
young Pinus nigra stands in the forested landscape through forest management [66,82] can
enhance the resilience of Mediterranean conifer forests to extreme droughts. However, it is
also important to maintain tree size-heterogeneity in thinned stands to avoid structural
homogeneity associated vulnerability to extreme drought events.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Boxplot of the diameter at breast height (DBH), basal area increment (BAI), stand basal area and
density of sampled black pines and stands, Figure S3: Predicted effect (blue lines) of tree size,
temperature, and water balance (P-PET) on log-transformed Basal Area Increment (BAI) of sampled
black pines (n = 100). Grey belts and grey points show 95% confident intervals for model predictions
and observations, respectively, Figure S4: Mean Basal Area Increment (BAI) for age class and for each
drought event and the three years preceding and following the event. Drought events identified in
1981, 1991, 1999, and 2005 (black vertical line).
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