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Abstract: The increasing occurrence of dry and hot summers generates chronic water deficits that
negatively affect tree radial growth. This phenomenon has been widely studied in natural stands of
native species but not in commercial plantations of exotic tree species. In central Chile, where the
species is increasingly planted, the dynamics of stone pine (Pinus pinea L.) growth under drought
have been little explored. We studied the impact of drought on four stone pine plantations growing in
central Chile. We sampled and cross-dated a total of 112 trees from four sites, measured their tree-ring
width (RWL) series, and obtained detrended series of ring width indices (RWIs). Then, we calculated
three resilience indices during dry years (Rt, resistance; Rc, recovery; and Rs, resilience), and the
correlations between the RWI series and seasonal climate variables. We found the lowest growth
rate (1.94 mm) in the driest site (Pefiuelas). Wet conditions in the previous winter and current spring
favored growth. In the wettest site (Pastene), the growth rates were high (4.87 mm) and growth also
increased in response to spring thermal amplitude. Overall, fast-growing trees were less resilient
than slow-growing trees. Drought reduced stone pine stem growth and affected tree resilience to
hydric deficit. At the stand level, growth rates and resistance were driven by winter and spring
precipitation. Fast-growing trees were more resistant but showed less capacity to recover after a
drought. In general, stone pine showed a high post-drought resilience due to a high recovery after
drought events. The fact that we found high resilience in non-native habitats, opens new perspectives
for stone pine cropping, revealing that it is possible to explore new areas to establish the species. We
conclude that stone pine shows a good acclimation in non-native, seasonally dry environments.

Keywords: stone pine; tree radial growth; hydric deficit; resilience; recovery; climate change

1. Introduction

Stone pine (Pinus pinea L.) is a conifer native to the Mediterranean basin, where its
cones have been harvested for millennia [1]. Stone pine is increasingly used in afforestation
both in native and exotic countries due to its multi-functionality and the socioeconomic
benefits provided by its pine nuts [2,3]. Most stone pine plantations worldwide are ex-
tensively managed, with an increasing interest to apply intensive silviculture, given its
impact on productivity [4]. In Chile, stone pine was introduced by European immigrants
and exhibits good adaptation and development in the central and southern areas [5].
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Climate change is increasing the frequency of extremely dry and hot summers, gener-
ating chronic water deficits [0], affecting tree growth and survival [7], and increasing tree
susceptibility to pests and pathogens [8]. In Chile, the ecological balance of ecosystems
located in the central area of the country is closely related to the presence and resilience
of arboreal species. A long-lasting drought known as mega drought [9] has affected both
native forests [10] and plantations of several species, including stone pine [11]. The rainfall
reduction and temperature increase are negatively impacting stone pine growth and cone
production in the European Mediterranean region, challenging management [12]. Climate
change is expected to reduce the species” habitat and shift its geographical distribution [13].

Drought, a climatic stressor of escalating prominence, exerts substantial pressure on
the physiological processes of trees, potentially stunting growth and increasing mortality
rates within the affected populations [14]. The responses of tree growth to climate vari-
ability depend on the species and stand characteristics [15]. Stone pine presents a unique
adaptability and tolerance to arid climates characterized by dry and hot conditions in
summer and high temporal variability in rainfall [11,16,17]. However, in the stone pine
native habitat, the increasing frequency and intensity of drought events have been shown
to threaten the vitality and sustainability of these tree populations [15,18,19].

In the face of climate change, understanding the effects of drought on growth dynamics
is critical for designing sustainable management strategies [20]. For stone pine trees, growth
dynamics have been little explored [21], especially in non-native environments. Diameter
growth can be studied from radial ring width sequences measured from cross-sectional
cores [22], and is useful to examine growth responses to climatic variability [23].

Relevant questions regarding species resilience in a scenario of prolonged or intensified
drought episodes have been posed [24,25]. Mazza et al. [26] suggested that future studies
on stone pine plantations should consider climate-driven growth patterns along drought
gradients. This study focuses on assessing the impact of drought on stone pine radial
growth, measured through tree-ring width variations within plantations along an aridity
gradient. Our aims were to assess the dendrochronological response of stone pine in
Chile and to investigate growth patterns in response to extreme events by employing the
resilience components (resistance, recovery, and resilience). We hypothesize a high degree
of growth synchrony within stone pine populations along Chile and a growth reduction in
response to drought, particularly in the driest sites.

2. Materials and Methods
2.1. Study Sites

The study sites are located in central Chile. Four plantations with typical Mediter-
ranean climate (Pefiuelas, Cahuil, Paredones and Pastene) were selected along a 600 km
latitudinal gradient (Figures S1 and S2). Tree density ranged from 400 to 833 trees ha !
(Table 1). Pefiuelas, Cahuil and Paredones sites have a warm-summer climate with winter
rainfall, and a long dry season (8 to 9 months). Pastene has a cooler and wetter climate,
with only 6 dry months. The soils are acid in all sites.

Table 1. Characteristics of Pinus pinea L. plantations sampled in central Chile.

Site Characteristics Pefiuelas Cahuil Paredones Pastene
Latitude S 33°11’ 34°30’ 34°42' 38°12
Location Longitude W 71°29/ 72°00’ 71°53 72°60
Elevation (m a.s.l.) 391 115 105 299
Annual rainfall (mm) 385 497 551 1072
Climate t Mean temperature (°C) 13.6 14.1 14.5 10.9
No. dry months t+ 9 8 8 6
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Table 1. Cont.
Site Characteristics Peiiuelas Cahuil Paredones Pastene
Sand (%) 45.3 434 57.1 40.1
AWC (mm) t1+ 339 38.0 39.5 61.2
Soil FC (cm3 cm™3) 0.236 0.277 0.259 0.415
pH 55 6.2 5.6 5.8
Texture loam sandy-loam sandy clay loam loam
Stand Density (trees ha=1) t++t 833 400 625 625
tan Age (years) 1+t 43 34 30 41
DBH (cm) t+t+ 48.5 30.2 32.8 40.9
Height (m) t11+ 18.7 6.3 111 14.9
. Thinned and Thinned (20, 30) . Thinned and
Management (age in years) pruned (25) and pruned (30) Thinned (15) pruned (20)

AWC: Available Water Capacity; FC: Field Capacity. + Annual values, period 1977-2022. +1 Dry months = Monthly
Rainfall/Monthly Evapotranspiration < 0.5. 11 AWC measured at 30-60 cm depth. 1+t At the year of sampling;
plantation year was reported by owners.

2.2. Dendrochronological Analyses

In winter 2017, a sample of mature and apparently healthy trees was selected to extract
cores in each plantation (n = 28), totaling 112 trees. Two cores (north-south and east-west)
were extracted from each tree at 1.3 m height, using a 5.15 mm Pressler increment borer.
Cores extend from the bark to the pith of each tree. Each core sample was placed in labeled
paper straw tubes and transported to the laboratory.

The cores were air-dried and mounted with glue onto wooden supports. Then, they
were sanded with successively finer sandpaper until the annual tree rings were visible [27].
An Epson Perfection V19 scanner was used to scan the cores at a resolution of 1200 dpi.
A procedure for scanner calibration to generate comparable data was applied. Tree-ring
width (RWL) was measured with a 0.01 mm resolution along two radii per sample using
the CooRecorder software version 7.8.1 [28]. Visual crossdating was evaluated using the
COFECHA software version 7.8.1 (Laboratory of Tree-Ring Research, University of Arizona,
Arizona, USA), which calculates moving correlations between individual tree-ring width
series and the mean series of each site [29]. Calendar dates were assigned to rings following
the Southern Hemisphere convention, which assigns an annual ring to the calendar year in
which ring formation begins [30] (starting in September of the current year and ending in
May of the following one). The series of tree-ring width (RWL) difference in percentage
from one year versus the previous one along years were calculated. Each RWL series was
detrended using a cubic smoothing spline (67% of series length, at 50% cut-off frequency).
Then, to account for changes in tree age affecting growth, each series was standardized
by dividing the observed by the predicted values [31]. The detrended and standardized
series were converted into ring width indices (RWIs). The individual RWIs were averaged
into mean site series (chronology) by applying a by-weight robust mean. Negative pointer
years, i.e., those when at least 75% of trees show RWIs 40% lower than the average RWIs
during the previous three years, were identified as a drought year.

Resilience components were calculated following Lloret et al. [32]: resistance (Rt),
i.e., the capacity to sustain growth levels during the drought, represents the decrease in
growth during the year of drought with respect to the three-year period before the drought;
recovery (Rc), i.e., the capacity of the tree to recover its growth after drought; and resilience
(Rs), i.e., the ability of trees to reach growth levels observed before the drought occurred.

RWIp

Rt = ———— 1
RWlpre—p ( )
RWI st —

Re — post—D (2)

RWIp
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where RWIp corresponds to the RWIs (standardized, not pre-whitened ring width indices)
during the drought year, and the RWIp,._p and RWIps_p correspond to the average RWIs
of the three years before and after the drought, respectively. The resilience components
were calculated for every tree in each site every year along a common 30-year period
(1987-2017), and separately for each drought year. The series of RWL and RWI have a
sample size of 31 year X 4 sites. Rt, Rc and Rs have 1 value per site and drought event; thus,
there are different sample sizes across sites. RWIs, negative pointer years and resilience
indices were calculated with dpIR and pointRes packages of R software (dpIR version 1.1.4,
PointRes version 2.0.2) [33].

Rs 3)

2.3. Climate Data

Climatic data were extracted from “ERA5-Land Daily Aggregated” Copernicus data
set [34] and aggregated in months, growth years (defined between 21st June and 20th June
of the following year) and seasons (autumn: March 21st to June 20th; winter: June 21st
to September 20th; spring: September 21st to December 20th; and summer: December
21st to March 20th), for the following variables: average temperature (AT, °C), minimum
temperature (Min T, °C), maximum temperature (Max T, °C), accumulated rainfall (RF,
mm), thermal oscillation ([TO = Max T — Min T], °C) and accumulated potential evapotran-
spiration (PET, mm). A hydric index (HI) was calculated [HI = RF — PET] as a proxy for
a hydric balance [35]; lower values of HI indicate a higher water deficit. Meteorological
series have sample size of 31 year x 12 months.

2.4. Statistical Analyses

Pearson’s correlation coefficients between RWIs and seasonal climatic variables were
calculated for each site. Partial Least Squares (PLS) multivariate regression was used to
explore the responses of sites, chronology of ring width series and resilience indices to the
significant seasonal climatic variables during negative pointing years at each site. The PLS
was calculated using the InfoStat software version 2014 [36].

3. Results
3.1. Dendrochronological Data

The mean DBH within plantations ranged from 18.7 cm in Pefiuelas, the driest site
with the highest planting density, to 40.9 cm in Pastene, the wettest site with the highest
soil water availability and field capacity (Table 1). The age in the sampling year ranged
between 30 (Paredones) and 43 years (Pefiuelas) (Table 1).

Tree growth (RWL) was the lowest in Pefiuelas, the driest site (1.94 mm), with an
average of 4.72 mm in the remaining sites. The standard deviation of RWIs, a measure of
interannual variability in ring width, ranged between 0.19 in Paredones and 0.41 in Cahuil
and Pefiuelas, with the latter two sites presenting the highest number of drought events
(Table 2). The frequencies of negative pointer years ranged from four in Cahuil to one in
Paredones. In Pastene, the wettest site, no negative pointer year was detected; however, a
40% growth decrease was recorded in 50% of trees in 1991, a year that was also considered
a drought event (Figure 1).
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Table 2. Characterization of Pinus pinea L. plantations located in central-southern Chile at the tree

level and post-drought resilience indices (values are means & SE).

Variables Pefiuelas Cahuil Paredones Pastene
Mean RWL (mm) 1.94 +0.19 415+ 048 5.13 £ 0.28 4.87 £+ 0.42
SD of ring width index 0.41 +0.01 0.41 4+ 0.02 0.19 + 0.01 0.31 +0.03
Drought years 1991, 2008 1995, 1999, 2008, 2017 1999 1991
Resistance index 0.41 £ 0.01 0.42 +0.05 0.45 £+ 0.00 0.59 £+ 0.00
Recovery index 242 +0.40 2.16 £ 0.62 1.94 4+ 0.00 1.77 +0.00
Resilience index 0.92 +0.12 0.78 4 0.08 0.93 +0.00 1.02 4+ 0.00
160+ Pehuelas 160+ Cahuil
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Figure 1. Series of tree-ring width (RWL) difference in percentage from one year versus the previous
one along years. Black bars correspond to negative pointer years, in which a growth deviation
above 40% was observed in at least 75% of the trees in each of the three study plantations (Pefiuelas,
Cahuil, and Paredones) or in at least 50% of the trees in the wettest site (Pastene). RWL deviation was
calculated as the ratio between RWL and the average RWL of the previous three years.

3.2. Response to Extreme Events

The correlation coefficients of RWI with monthly climatic variables (Figure S3) were
mostly statistically significant in the sites with a high occurrence of droughts. Indeed,
in Cahuil, where four droughts occurred, a number of variables of autumn, winter and
spring were significant; and in Pefiuelas, where two droughts occurred, numerous variables
of winter and spring were significant. In Paredones, where one drought was recorded,
climatic variables of summer and spring were significant; and in Pastene, the most humid
site, climatic variables were significant only in July, the coldest month.

The correlation coefficients of RWIs with seasonal climatic variables were mostly
statistically significant. Correlations with climatic variables that were statistically correlated
with RWIs in at least one site are presented in Figure 2. Climate affected inter-annual ring
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width variability in all sites, but mainly in Cahuil, where the highest frequency of droughts
was recorded. The correlations of RWIs with spring and winter TO were negative and
statistically significant in Pefiuelas and Cahuil. The correlation of RWIs with winter AT
and Min T was positive and statistically significant for all sites, except for Cahuil; spring
Max T was negative and significant only in Cahuil. The correlations of RWIs with spring
and winter HI were positive and statistically significant in most sites, except in Pastene.
Correlations with spring RF were statistically significant in all sites, whereas correlations
with winter RF were significant only in Pefiuelas and Cahuil, the driest sites (Figure 2).

Pearson
Variable Pefiuelas Cahuil Paredones Pastene .

coefficient
AT Wi 0.40* 0.24 0.35 0.6
Min T Wi 0.37* 0.37* -: 0.4
Max T Sp -0.17 -0.03 0.2
TO Wi -0.25 -0.28 0.0
TO Sp -0.24 0
RF Wi 0.27 04

RF Sp 0.39* e
HI Wi 0.27 -: 0.6

HI Sp

Figure 2. Heatmap of Pearson’s correlation coefficients between series of ring width indices (RWIs)
and seasonal climatic variables that were statistically correlated with RWIs in at least one site.
Significant correlations (p < 0.05) are shown with an asterisk. AT Wi: winter average temperature;
Min T Wi: winter minimum temperature; Max T Sp: spring maximum temperature; TO Wi: winter
thermal oscillation; TO Sp: spring thermal oscillation; RF Wi: winter rainfall; RF Sp: spring rainfall;
HI Wi: winter hydric index; HI Sp: spring hydric index.

The RWI and the three resilience components for each year of the chronologies classi-
fied by site were simultaneously analyzed using the PLS model to explore the response to
seasonal climatic variables. Figure 3 shows the triplot of the two principal latent factors of
PLS analysis, which explained 73.7% of the relationship among variables. Figure 3 includes
both meteorological and dendrochronological variables in the same space where locations
are shown. The angle between one meteorological and one dendrochronological variable is
proportional to the capacity of the meteorological variable to predict the dendrochrono-
logical one; acute angles represent a positive relationship between the analyzed variables,
while obtuse angles represent a negative relationship. Additionally, variables at the plot
right side have higher values in the locations in the plot right side than locations in the
left side. The triplot shows that Pastene plantation, which is located in an environment
characterized by high winter and spring rainfall, and high winter HI, and that had the least
severe drought, had the highest RWL and resistance. RWL mostly depended on rainfall,
HI and TO; it was favored by high spring and winter RF and HI (lower water deficit),
and high spring thermal oscillation. RWL was negatively correlated with tree recovery
and positively with tree resistance, but was not correlated with the resilience index. Tree
resistance to drought was positively correlated with diameter growth and, consequently, is
expected to be correlated with DBH; it depended on winter and spring rainfall (the higher
the rainfall during the vegetative growth seasons, the greater the resistance). The triplot
also showed that trees with higher RWL were less resilient than trees with lower growth.
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Figure 3. Triplot from PLS regression showing how tree-ring width (RWL) and resilience components
(Rs: resilience index, Rt: resistance index, Re: recovery index) were related to climate variables (TO
Wi: winter thermal oscillation; TO Sp: spring thermal oscillation; HI Wi: winter hydric index; HI Sp:
spring hydric index; AT Wi: winter average temperature; Min T Wi: winter minimum temperature;

Max T Sp: spring maximum temperature; RF Wi: winter rainfall; RF Sp: spring rainfall). Black dots
show plantation sites.

4. Discussion

Knowledge of stone pine growth resilience to drought in a climate-warming scenario
is important, especially considering that ecosystem services provided by this species are
expected to decrease under aridification [37]. We studied stone pine plantations growing
in a latitudinal range in Chile, a non-native habitat for the species. Our results evidenced
growth response to the local climate, which is characterized by different drought conditions,
and the influence of the stand and tree characteristics on resistance, resilience and recovery
indices. We detected responses to environmental factors within the tree—climate—site
complex, which highlight local interactions between site and climate conditions, as reported
by Calama et al. [38].

4.1. Dendrochronological Response

At the stand level, we observed that growth rates were related to climatic conditions,
showing a latitudinal climatic pattern related to rainfall and water deficit. The lowest RWL
(1.94 mm) was recorded in Pefiuelas, where this value was 2.1 to 2.6 times lower than in
the other studied plantations. Pefiuelas is characterized by the lowest rainfall, the highest
number of dry months, the lowest soil water availability and field capacity, and the highest
plantation density. It has been reported that, to cope with water deficit, stone pine modifies
the processes regulating growth, including wood formation [13]. The average height of
this plantation, 18.7 m at age 43, may have been stimulated by the initial and current high
density given the heliophile conditions of stone pine [26]. Indeed, plantation density is an
important management decision, especially under drought [39].
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4.2. Response to Droughts

In Pefiuelas, we found significant correlations of RWI with all winter and spring
seasonal climatic variables, except for spring maximum temperature, which is expected
since the DBH growth pattern of stone pine in Chile indicates higher growth during winter
and spring [11]. This result was also observed in Cahuil, the plantation with the highest
number of drought events (4); in fact, except for average winter temperature and rainfall,
all correlations were significant in this site. The results suggest the impact of climate on
inter-annual ring width variability in all sites, but especially in those where the highest
frequency of droughts was recorded (Cahuil and Pefiuelas). In sites with extreme drought
conditions, water deficit was found to limit the species growth also during early spring
and late summer [26].

Two seasonal climatic variables, winter minimum temperature and spring precipi-
tation, showed positive and significant correlations with growth indices in all the study
plantations, resulting in a high growth in early spring. This result indicates the relevance of
those climatic variables since a large part of the tree-rings are formed during the beginning
of the growing season [26]. Our results are in line with those of Mechergui et al. [13],
who pointed out that spring rainfall has positive effects on stem growth, and with those
of Yu Karpukhin and Yussef [40], who found a significant correlation of growth ring se-
ries with annual rainfall. On the other hand, Mazza et al. [26] reported the impact of
autumn-winter temperature.

In all sites but Pastene, spring thermal amplitude and hydric index showed significant
(negative and positive, respectively) correlations with growth indices. The correlation
of growth rates with spring maximum temperature was negative only in Cahuil, the
plantations that had undergone several drought events. The correlations of growth indices
with winter precipitation and the hydric index were positive in the driest sites (Pefiuelas
and Cahuil), where two or more drought years were recorded, indicating that tree growth
is effectively more controlled by climate on dry sites than on wet sites, as indicated by
Lebourgeois et al. [41].

Finally, we identified the climate variables that explained some of the components of
resilience, and how they impact those components. The highest resistance and resilience
were observed in Pastene, the plantation established on the coolest and wettest site, with
the highest soil water availability and field capacity. Song et al. [42] reported that under
intense drought, growth resistance decreased in several conifer species. Resistance was
strongly and positively related to winter rainfall, winter hydric index, and spring rainfall.
Pefiuelas, the site with most extreme environmental conditions and highest plantation
density, showed the lowest resistance and highest recovery, but did not show the lowest
resilience. In a meta-analysis including 166 cases assessing the influence of competition
level on growth response to drought, Castagneri et al. [43] found that higher competition
improved recovery. In Spain, Camarero et al. [44] found that stone pine plantations recov-
ered faster than natural stands. We found that warmer winter and spring reduced stone
pine resistance, confirming the species’ sensitivity to climatic conditions during the early
growing season. Interestingly, Piraino [24] reported the same effect under warm spring and
summer conditions in stone pine natural stands.

All the study plantations had a high recovery, which can be considered a characteristic
of drought resilient species [42]. Growth was negatively related to tree recovery and
positively to tree resistance, but it was not related to the resilience index. Tree resistance
to drought was positively related to diameter growth and, consequently, it is expected to
be correlated with DBH. It also depended on winter and spring rainfall, which improves
growth and, therefore, boosts tree resistance. The results also showed that trees with higher
growth rates were less resilient.

We found that the impact of drought on growth is also affected by tree characteris-
tics. In fact, at the tree level, trees with larger DBH were more resistant but showed less
capacity to recover after a drought event. Resilience was lowest in Cahuil, a site with
recurrent droughts, high inter-annual growth variability and high recovery, as previously
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reported [44]. Cahuil is also the plantation showing the lowest tree height, which could be
explained by the low density and by the low site quality [45].

The PLS analysis showed that growth depended on rainfall, hydric index and thermal
oscillation, being enhanced by high spring and winter precipitation and hydric index (lower
water deficit), and by high spring thermal oscillation. During the beginning of the growing
period, there is a rapid increase in maximum temperature (superior thermal oscillation)
accompanied by greater water availability as a result of winter and spring precipitation,
boosting growth. In fact, it has been reported that temperature fluctuations may only
have detrimental effects on plant traits including growth beyond a certain threshold [46].
Sites with high precipitation were characterized by a high growth rate, along with a high
resistance and low recovery. Pastene had a resilience >1, indicating that drought did not
have a strong legacy effect on diameter growth in that plantation.

Tree growth recovery and resilience were reduced with increasing site aridity, as
reported by Sohn et al. [47]. In sites with low precipitation, trees exhibited low resistance
and high recovery, as reported for fast-growing species [42] such as stone pine [48]. During
dry periods, fast-growing species would offset the growth reduction caused by drought
by an increased carbon assimilation rates [49] and by an extended multi-layered root
system [26].

The adaptation of forest management should be a dynamic process that takes into
account the local interactions between climate and the species through a systematic learning
process [15]. Adaptive stone pine management tools, including the establishment of mixed
stands that enhance the species’ resistance to extreme droughts [15], thinning [50], and
genetic selection of drought-resistant trees [19,40], could help in transitioning towards
efficient climate adaptation strategies.

In general, our results showed that resilience was not correlated with recovery or
resistance in the study area, probably due to the big difference in the frequency of drought
years across sites. We suggest performing further studies on plantations subjected to
recurrent droughts, which have cumulative stress effects [50]; those studies can provide
information about tree resistance and recovery, but not about tree resilience due to the high
growth variability.

Stone pine is a species extremely vulnerable to climate change [13]. The increasing
aridity and the compounding effects of multiple hot droughts could affect the species’
productivity and increase mortality; these topics should be addressed in future studies.
However, due to the way the resilience indices are calculated, differences in growth re-
silience response to long-term mega droughts are not adequate to assess the impact of
droughts on resilience components.

It was found that resilience in non-native habitats offers new insights for understand-
ing the stone pine growth resilience to drought. Beyond the species native habitat, stone
pine drought resilience is also present in non-native Mediterranean habitats characterized
by longer dry periods than in the species natural distribution. Analyzing growth resilience
components at the tree and stand levels allows us to understand stone pine behavior in
plantations established in different environments, subjected to increasing drought events that
can limit their productive potential and reduce the adaptive capacity of the species, especially
in non-native environments. Those analyses can provide valuable information to implement
adaptive management techniques to cope with environmental challenging conditions.

5. Conclusions

Drought reduced stone pine stem growth in plantations established in central-southern
Chile, affecting tree resistance, recovery and resilience to drought. The impact of drought on
these stone pine plantations was related to both stand and tree characteristics. At the stand
level, growth rates and resistance were related to winter and spring climatic conditions.

Annual growth showed a latitudinal climatic pattern related to rainfall and water
deficit. At the tree level, trees with higher growth rate were more resistant but showed less
capacity to recover after a drought year than trees with a lower growth rate. On the other
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hand, resilience was lower under high inter-annual growth variability. The high recovery
of stone pine after drought years revealed a relatively high resilience.

Stone pine showed drought resilience along a non-native latitudinal gradient, being a
characteristic inherent of the species that transcends its location. These findings are relevant
to the management of the species, particularly with the aim of facing climate change impacts
that are expected to include an increased frequency and severity of drought episodes.

This study of growth responses to climate variability elucidated vulnerabilities and
potential adaptive strategies of stone pine plantations in response to drought, providing
insights into management strategies for the species. The findings of this research may
contribute to the discussion about the resilience of stone pine, an emergent crop in central
Chile, in the face of escalating climatic uncertainties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/£15101775/s1, Figure S1. Location of stone pine plantations
studied in central Chile; Figure S2. Climodiagram of the four study sites in central Chile. Rainfall,
blue line; mean temperature, red line; Figure S3. Heatmap of Pearson’s correlation coefficients
between series of ring width indices (RWI) and monthly climatic variables. Significant correlations
(p < 0.05) are shown with an asterisk.
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