'™ forests

Article

The Imprint of Droughts on Mediterranean Pine Forests

Maria Royo-Navascues '>*({), Edurne Martinez del Castillo 377, Ernesto Tejedor (”, Roberto Serrano-Notivoli >,

Luis Alberto Longares -2, Miguel Angel Saz

check for
updates

Citation: Royo-Navascues, M.;
Martinez del Castillo, E.; Tejedor, E.;
Serrano-Notivoli, R.; Longares, L.A.;
Saz, M.A.; Novak, K.; de Luis, M. The
Imprint of Droughts on
Mediterranean Pine Forests. Forests
2022, 13, 1396.
https://doi.org/10.3390/f13091396

Academic Editor: Matthew Therrell

Received: 30 June 2022
Accepted: 25 August 2022
Published: 31 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2 1,2

, Klemen Novak ® and Martin de Luis

Department of Geography and Regional Planning, University of Zaragoza, C/Pedro Cerbuna 12,
50009 Zaragoza, Spain

Environmental Sciences Institute (IUCA), University of Zaragoza, 50009 Zaragoza, Spain
Department of Geography, Johannes Gutenberg University, 55099 Mainz, Germany

Department of Atmospheric and Environmental Sciences, University at Albany (SUNY),

Albany, NY 12222, USA

Department of Geography, Universidad Auténoma de Madrid, C/Francisco Tomds y Valiente 1,
28049 Madrid, Spain

Department of Wood Science and Technology, Biotechnical Faculty, University of Ljubjana, Rozna Dolina,
Cesta VIII/34, 1000 Ljubljana, Slovenia

*  Correspondence: mr@unizar.es

Abstract: Triggered by frequent high temperatures and scarce precipitation, droughts are a recurrent
phenomenon in the Mediterranean Basin, causing significant impacts on forests. We analyzed the
effects of drought intensity, duration, and seasonality on tree growth by investigating the relationship
between the Standardized Precipitation-Evapotranspiration Index (SPEI) at different time scales and
tree-ring width (TRW) in three pine species (Pinus halepensis Mill., P. sylvestris L., and P. uncinata
Ramond ex A.DC) throughout a dense dendrochronological network in the Mediterranean Basin.
We used generalized linear mixed models to predict such values over the entire distribution of the
analyzed species. Furthermore, in areas where the species coexist, we analyzed the same parameters
to highlight differences in their responses to similar climatic conditions. Our results showed that the
maximum intensity of drought-affected conifers occurred more in the southern areas of the Spanish
Mediterranean coast, especially P. halepensis, with maximum values of r = 0.67, while in the rest of
the study area, the intensity decreased with elevation; we obtained maximum values of r = 0.40 and
r = 0.33 for P. sylvestris and P. uncinata, respectively. This spatial distribution was also related to
the duration of the drought impacts, showing that areas with lower intensity had shorter durations
(24 months). We observed a latitudinal pattern in the seasonality of the drought impacts, with earlier
growing seasons at high elevations (June-August) and later ones in the semi-arid Mediterranean.
Similar intensity impacts were found in P. halepensis and P. sylvestris coexistence zones, although
P. halepensis had a much longer duration and an earlier beginning of seasonality. Higher intensity,
duration, and seasonality of drought effects were observed for P. sylvestris in areas where P. sylvestris
and P. uncinata are distributed sympatrically. Understanding the plasticity and climatic response of
these common southern European species to different types of droughts is crucial in the context of
climate change where droughts are increasing in frequency and intensity.
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1. Introduction

The Mediterranean Basin is a complex climatic area driven by a seasonal cycle linked
to wet temperate circulation in the winter and subtropical circulation in the summer, which
produces high precipitations in the winter and dry summers [1]. Extreme events, such as
torrential rain or heat waves, are relatively frequent, including long periods without signifi-
cant precipitation, which has a critical influence on forest dynamics [2]. In addition, the
persistent high temperatures during the summer increase the atmospheric water demand,
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triggering the intensification of evapotranspiration, which in turn, leads to water stress
scenarios (i.e., drought events).

The spatial extent and temporal persistence of droughts have increased in recent
decades, especially in the Mediterranean region [3,4], and future scenarios show a general
increase in the severity and duration of droughts over the 21st century [5]. The Mediter-
ranean region is considered a hotspot of both climate change and biodiversity and is
expected to face increased challenges due to climatic shifts [6]. This is also confirmed by
data provided by regional climate models, the most advanced tools for estimating future
climate changes at the local scale. However, recent research has shown that there is a need
to explore the advantages of increasing the spatial resolution of regional climate models,
especially in forest ecosystems and areas with complex terrains [7,8].

Climate conditions are becoming more extreme [9] and yet, certain forest species have
been able to cope with increasing drought frequency and intensity, revealing their ability
to adapt [10-12]. Nevertheless, other species are currently experiencing a growth decline,
especially in the Mediterranean area [13], a trend that is projected to be amplified in the
future [14]. Yet, there are few studies involving trend analysis of drought in Mediterranean
forest ecosystems using long-term time series from mountainous meteorological stations.
This is because of the difficulties involved in the installation and maintenance of meteo-
rological instruments, especially at high elevations in mountainous regions. In a recent
analysis conducted by Stefanidis and Alexandridis [15], temporal changes in drought
conditions were reported on a seasonal basis.

Pinus halepensis Mill, P. sylvestris L., and P. uncinata Ramond ex A.DC are three of the
most common forest trees in the Mediterranean, sometimes coexisting. The three species
have different periods of cambial activity [16,17] and degrees of plasticity [11,18-20], which
may cause diverse responses and sensitivity to drought. In addition, the existence of
individuals of the same species in different locations is expected to provide a certain
variability associated with the plastic response of the species to droughts throughout its
range [12], as well as at different time and seasonal scales.

In this sense, tree-ring records have been effectively used as a proxy to study the effects
of droughts in forest populations [21-24], traditionally centered on the mean response of
the species at a particular site. In this paper, we use an approach based on studying the
individual response of each of the sampled trees. As described in [25], this approach allows
for a more detailed assessment of the effect of climate variability on species growth.

The use of climatic variables such as temperature and precipitation has been the most
common approach to studying relationships between climate and tree-ring characteristics
(width, density, or stable isotope composition) [26-28]. However, there are specific drought
indices that have proven to be more effective at explaining the relationship between drought
and tree-ring records, such as the Palmer Drought Severity Index (PDSI) m, the Standard
Precipitation Index (SPI) [2,32,33], or the Standardized Precipitation-Evapotranspiration
Index (SPEI) [32].

In fact, by using these indices, several drought reconstructions have been developed
enabling a better contextualization of current drought patterns relative to those in past
centuries [33,34]. Compared to the other indices, SPEI improves drought detection [35]
by considering the water balance through the calculation of evapotranspiration, being the
most suitable index for climate-growth analyses. In addition, since it can be calculated
using different time scales, it provides a multiscale approach to studying drought behavior,
allowing the duration and seasonality in which drought is more closely related to the
environmental process under study to be determined.

Our study represents a major advance in the study of the drought-growth relationships
of these species in the Mediterranean. This is because first, we used a large and dense
dendrochronological network; second, we used an approach based on the response of
individual trees to drought rather than using regional chronologies; third, we estimated
such responses across the entire distribution of the species using generalized linear mixed
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models (GLMM), and finally, we included a comparison between different species growing
in the same climatic conditions.

In this regard, the objectives of this study were (i) analyzing the response of individ-
ual P. halepensis, P. sylvestris, and P. uncinata in the western Mediterranean to droughts,
(ii) predicting the effect of droughts on the Mediterranean distribution of these species, and
(iif) evaluating this effect in areas of coexistence (i.e., areas where two of the three studied
species are present).

2. Materials and Methods
2.1. Dendrochronological Network

The study area includes the current spatial distribution of three species of conifers
(P. halepensis, P. sylvestris, and P. uncinata) in the Iberian Peninsula (IP) (Figure 1a). This area
has high climatic variability with warm, dry summers and cold, wet winters. Additionally,
both the latitudinal and altitudinal (elevation ranges from 1 to 3404 m a.s.l.) climatic
gradients produce contrasting temperature and precipitation regimes (Figure 1b—d) that
have different effects on pine populations. The northern part of the study area is dominated
by the Atlantic influence, with a high average annual precipitation (>1500 mm, Figure 1b)
and a low mean maximum and minimum temperatures (<8 °C, Figure 1c,d). This regime
is similar to the continental climate of the mountain areas in the interior of the IP, and
in all of these areas, the trees begin their growing season later [36] because of the colder
temperatures. The rest of the territory has a Mediterranean-like regime with warm, dry
summers and relatively mild wet winters. The maximum precipitation, although varying by
region, usually occurs in winter—spring, with a secondary peak in the autumn. Additionally,
the mild temperatures in both seasons driven by the coastal influence often cause a double
growth period [37,38] with the disruption of summertime, when low precipitation inhibits
tree growth.

Figure 1. (a) Location of the dendrochronological network (162 sites). (b) Annual mean precipitation
for the 1950-2012 period. (¢) Annual mean maximum temperature. (d) Annual mean minimum
temperature. Numbers refer to different toponyms: (1) Pyrenees, (2) Iberian System, (3) Central
System, (4) Catalan Coastal Range, and (5) the Mediterranean Sea.
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The research was carried out in four stages: (1) Calculation of climatic variables;
(2) creation of trend-free tree-ring series; (3) calculation of SPEI for each location, and
(4) description, modeling, and estimation of the intensity, duration, and seasonality of SPEI
within the spatial distribution of the pine species in the Mediterranean IP.

2.2. Creation of the Tree-Ring Basal Increment Chronologies

The dendrochronological dataset contained 162 sites, including 69 for P. halepensis,
73 for P. sylvestris, and 20 for P. uncinata, and a total of 119,520 rings (https://grupoclima.
unizar.es/#data). The database was developed for previous research publications
(i.e., Royo-Navascues et al. [12,39], and Tejedor et al. [33]). A total of 999 P. halepensis,
1100 P. sylvestris, and 459 P. uncinata individuals were sampled. The sampled trees ranged
in age from 21 to 628 years, although for this study, only sites from the period 1950-2012
were selected to match the available climatic data.

Core samples were air-dried, glued onto wooden stands, and successively sanded to
facilitate the identification of growth rings. To identify the exact position and dating of
each ring, the samples were scanned and synchronized using CoRecorder software [40].
The tree-ring width was then measured to the nearest 0.01 mm using a LIBTAB table.
COFECHA [41] was used to verify the cross-dating of all measurement series.

We converted the tree-ring width data into annual basal area increment (BAI) to
account for the geometric constraint of adding a cross-sectional area of wood to a stem
of increasing radius [14]. We used the diameter at breast height measured at the time of
sampling to calculate the BAI using the bai.out function of the R package dpIR. Calculating
the mean BAI for defined periods allows for comparison over time, as biological trends
do not affect it [42]. The BAI obtained for each of the species is shown in Figure 2. The
maximum frequency for P. halepensis was between 18 and 20 mm, while for P. sylvestris
and P. uncinata it was between 20 and 22 mm. The annual BAI was used as the dependent
variable and calculated using the following equation for each of the sampled specimens:

2 2
BAl, = n(rt,y — ”t,y—l)
where r; and 7%, y—1 correspond to the stem radii corresponding to tree (;) for years (;)

and ;- 1, respectively. Finally, we calculated the average of the series of BAIs of the cores
corresponding to each specimen.
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Figure 2. Variability in annual basal area for P. halepensis Mill, P. sylvestris L, and P. uncinata Ramond ex A.
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To remove the low-frequency variability from the BAI tree-ring series and emphasize
the high-frequency variability, we applied a double detrending. First, we applied a negative
exponential model and then we fitted a cubic spline using a cut-off where the frequency
response was 0.5 at a wavelength of 0.67 times the length of the series in years, using the
‘dpIR’ package [43]. We then constructed the residual chronologies, which are produced
after removing the first-order autoregression for each tree-ring series.

Ascribing to the concept of tree chronology [25,44,45], we shifted from a general
analysis of the average climate response of a population to investigating the full range
of individual responses among sampled trees, which allowed us to make the results
comparable between sites and species. Moreover, it is well-known that climate-growth
relationships may vary as trees became older/bigger [46]. As a consequence, since sampled
trees in different populations may be of a different age/size structure, growth responses
to drought may also differ. To avoid such a bias in our results, the correlation analysis
between the tree chronologies and the drought indices calculated at different time windows,
was completed using, in all cases, 30-year intervals.

2.3. Drought Definition and SPEI Calculation

A complete daily precipitation data series from 1950 to 2012 was computed for all
166 locations of the chronologies with the R package reddPrec [44]. The data series was
constructed in three stages: (1) quality control of the raw original data; (2) reconstruction of
the resulting quality-controlled data series by estimating new values at missing days, and
(3) the creation of new data series at target locations based on the reconstructed observations.
Then, we used the SPREAD and STEAD datasets [45,46] respectively, to calculate monthly
precipitation and temperature over the pine distribution (Figure 1A).

Drought severity was quantified with the Standardized Precipitation-Evapotranspiration
Index (SPEI) [47] in the SPEI R package [48] using the monthly temperatures and pre-
cipitation data as input. The SPEI value includes a lag, indicating the number of months
considered to comprise drought conditions and the month of the year when the lag ends.
We used Hargreaves’ method [49] with minimum and maximum temperature and precipi-
tation to calculate potential evapotranspiration at a monthly scale because of the absence
of additional climatic variables. This approach has been proven to provide more accurate
results than other temperature-based methods [50].

The SPEI properly represents the multiscalar-dimension aspect of droughts. Its flexi-
bility through the consideration of different lags provides a more accurate picture of how
drought varies between the different components of the hydrologic system. This is espe-
cially interesting when the aim is the study of drought-growth relationships because of the
plasticity of biological responses to long-term climatic phenomena, such as droughts.

2.4. Drought Effects on Tree Growth

Correlations between each individual BAI tree chronology and SPEI were calculated for
each combination of month (1 to 12) and lag (24 scales). The analysis was completed using all
possible 30-year intervals for which BAI tree chronology and SPEI series were available.

2.5. Spatialization of Drought-Growth Relationships

Next, we assessed the extent to which the variability in the observed responses between
drought and growth followed a distribution pattern along the environmental gradients
of the study area, as the objective was to translate this information to the entire extent of
the three species distributions. When distribution patterns existed and were modeled, the
influence of droughts on species was predicted continuously throughout the species’ range.

The relationship of the different time scales of the SPEI with the tree chronologies pro-
vided relevant information regarding the ecological nature of drought-growth relationships.
Then, by evaluating several complementary aspects, such as the intensity and duration
of drought which limited species growth; seasonality, the periods of the year in which
drought started and growth conditions were present, we were able to better understand
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the likely response of Mediterranean forests to different types of droughts and provide
potential adaptation measures for a projected warmer and drier future.

Generalized linear mixed models were used to evaluate the effect of droughts on
tree growth in the distribution of species in each month and the lag calculated above.
The corresponding values of mean annual precipitation and temperature were used as
predictors (fixed factors) and the interaction between them was also considered in the
model. We logarithmically transformed the dependent and independent variables before
running the model because they had a skewed distribution. Subsequently, to ensure that the
predictors used were on the same scale, the log-transformed variables were standardized
to obtain a mean of zero and a standard deviation of one. In addition, as the BAI represents
repeated measurements of the same individuals, tree identity was included as a random
factor in the model. The analyses were performed in the R environment using Ime4 [51].

< —glmer(CORRb ~ BAIyy
*(PCPanNuALL,, + TMEANANNuAL,, + PCPanNuaL,, : TMEANAnNuAL,,) + (1| TREEcopE)

where PINUS_model,yonsh, 1ag, represents the effect of drought on tree growth in month I
and lag n, and BAI,; represents the basal area of each individual. The independent vari-
ables included are annual rainfall (PCPannuarl,,), annual mean temperatures
(TMEANANNUAL,,), and their interaction (PCPanNuaL,,, : TMEANANNuAL,,,), and fi-
nally, tree code represents the code of each tree used as a random factor (1 | TREEcopE).

The model was applied at time scales from 1 to 24 months and from January to
December for each series. In total, 288 correlation coefficients (24 scales * 12 months start)
were obtained for each individual 30-year tree chronology.

Three different parameters were then extracted for each individual tree:

e  The intensity: magnitude of maximum correlation as an indicator of the impact of
drought in explaining the year-to-year variability in tree growth.

e  The duration: the cumulative time scale at which such correlations were maximized
(i.e., the lag at which drought had the most significant effects on tree growth).

e  The seasonality: initial month at which such correlations were maximized (the month
at which the effects of drought started to affect tree growth).

The prediction of drought-growth relationships within species’ ranges was carried out in
two steps: (1) a GLMM model was created based on the observations, with the BAI depending
on the climatic variables (defining drought), and (2) the model was applied to all grid points
covering the range of the three species using their individual climatic information.

Lastly, we then explored the variability and distribution patterns of this parameter set
across the species’ range, and finally, we focused specifically on the analysis of the predicted
parameters for areas in which P. sylvestris vs. P. halepensis and P. sylvestris vs. P. uncinate
occur in sympatry.

3. Results

The relationship between growth and SPEI for each tree sampled was translated into
intensity, duration, and seasonality by species (Figure 3). As shown in Figure 3a, P. halepensis
responded with the highest correlations, compared to P. sylvestris and P. uncinata, obtaining a
median of 0.57, a value well above those obtained for the other two species (0.34 for P. sylvestris
and 0.30 for P. uncinata). P. halepensis suffered drought effects for between 8 and 12 months,
while P. sylvestris and P. uncinata experienced them for between 1 and 9 months and 1 and
5 months, respectively (Figure 3b). The three species generally started to experience drought
effects in July (Figure 3c).

The models obtained for each of the species produced correlation values that allowed
us to establish which variable had the greatest influence on growth. For P. halepensis,
significant correlations were obtained for precipitation and mean temperature as well as
for their interaction, indicating a strong hydroclimatic influence on growth (Supplementary
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Material Tables S1-S3). In the case of P. sylvestris, the highest correlations were obtained
for precipitation (Table 54), while mean temperatures had a higher influence on P. uncinata
(Table S5). These results demonstrate that the response to drought is consistent with
existing climatic gradients in the range, and therefore, allowed us to create predictions for
the species within their distributions.
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Figure 3. Boxplot of observed (a) intensity, (b) seasonality (in months), and (c) duration of drought
effects (in months) of all analyzed sites. The central lines of boxplots indicate the median value, the
vertical hinges indicate the first and third quartiles, the error bars indicate the 95% confidence interval
of the median, and the small circles indicate values beyond the 95% confidence interval threshold.
PIHA: P. halepensis; PISY: P. sylvestris; PIUN: P. uncinata.

3.1. Intensity, Duration, and Seasonality of Drought Effects on Tree Growth across Species Distributions

The highest values for the intensity of drought impacts (up to 0.67) predicted for
the Mediterranean distribution of P. halepensis (Figure 4a,d,g) occurred in the southeast of
the Iberian Peninsula, with a gradual decrease towards higher latitudes and elevations.
The maximum duration was found in the mountain ranges near the Mediterranean Sea,
although the response of trees to droughts exceeding 10 months was generalized across
their distribution. There was a gradient in seasonality towards earlier onset of drought
response in the interior of the Iberian Peninsula (before August), although it started between
November and July of the previous year at all sites.

The predicted intensity for P. sylvestris had a wide range throughout its distribution
(Figure 4b,e,h), showing the highest values (approaching 0.40) in the southeast of the
Iberian System, while in the high Pyrenean elevations, we found values close to zero.
According to the expected duration, we found the longest duration in the areas close to the
Mediterranean (up to 21 months), while we found periods ranging between 1 and 8 months
in the higher areas such as the Pyrenees and the Iberian System. Seasonality was limited to
the months of July and August of the current year.

Low-intensity values (below r = 0.3) were observed throughout P. uncinata s distribu-
tion. Duration over most of its distribution ranged from 0 to 3 months, with the exception
of lower elevations extending up to 5 months, and with a define onset between July and
August over much of its distribution (Figure 4c,f,i). The supplementary material shows the
behavior of the three components (intensity, duration, and seasonality) as a function of the
essential climatic elements (Supplementary Material Figures S6-S8).
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Figure 4. Predicted intensity, duration (in months), and seasonality (in months) of drought effects on
P. halepensis (a,d,g), P. sylvestris (b,eh), and P. uncinata (c £,i) based on the current distribution of each species.

3.2. Intensity, Duration, and Seasonality of Drought Effects on Tree Growth in Coexistence Zones

The intensity of drought effects on P. halepensis was higher throughout the areas where
it occurs in sympatry with P. sylvestris (Figure 5). Duration for the two species was similar,
especially in the Pyrenees and in some points west of the Iberian System, although it was
generally greater for P. halepensis. Seasonality was also very similar between the two species,
except for some points in the Catalan Coastal Range.

P. uncinata suffered a greater intensity of drought effects in the southern part of
the Pyrenees while P. sylvestris showed a greater intensity in the northern part of their
sympatric distribution (Figure 6). The duration of drought effects they suffered in the
sympatric areas was similar, although at low elevations, P. uncinata had a longer duration
exceeding 6 months. Conversely, in the eastern Pyrenees, P. sylvestris had higher durations
than P. uncinata (more than 6 months). The peak of the drought occurred later in P. uncinata,
east of the Pyrenees. In the western Pyrenees, we found seasonality of up to 6 months.
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(a) Intensity

Figure 5. Differences in intensity (a), duration (in months) (b), and seasonality (in months) (c) between

P. halepensis and P. sylvestris across coexistence distribution area. Positive values (or months) indicate

that P. halepensis shows higher values (or months) than P. sylvestris.

(b) Duration

(c) Seasonality
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Figure 6. Differences in intensity (a), duration (in months) (b), and seasonality (in months) (c) between
P. uncinata and P. sylvestris across coexistence distribution area. Positive values (or months) indicate
that P. uncinata shows higher values (or months) than P. sylvestris.

4. Discussion

We described how the three pines species responded to droughts at different intensities,

scales, and seasonality. It is possible to explain such responses with the environmental
gradients of the study area by extending the individual tree information to the whole
distribution area of the three species. Spatial generalization of this type of impact has great
potential for forest and land management.
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The arid and semi-arid Mediterranean areas where P. halepensis prevails are charac-
terized by high average temperatures and relatively low rainfall (250-300 mm annually).
In these areas, droughts were more intense, had stronger effects on its growth, and lasted
longer (from nine to twelve months). In general, secondary growth patterns and cambial
phenology in P. halepensis are mainly related to variations in precipitation [12], although sev-
eral studies have shown that temperature variations can also influence growth [11,52-54].

The sensitivity and seasonality of climatic influences on P. halepensis vary across
climatic gradients, as the earlywood and latewood proportion within tree-rings varies
depending on the climatic conditions in which it grows [12]. This highlights the plasticity
in its growth as it adapts to different environments throughout its distribution. On the
other hand, different scientific studies have shown that the cambial activity of P. halepensis
begins in February and ends approximately in November of the current year of ring forma-
tion [11,18,52,55]. Furthermore, in coastal areas of the Mediterranean, its cambial activity
may be continuous, without a real latency period in the cold season [56,57]. Therefore,
droughts affecting this species in the arid and semi-arid Mediterranean are important on
an annual scale, including rainfall across all four seasons.

The areas where P. halepensis and P. sylvestris occur in sympatry in the central part of the
Iberian Peninsula are at higher altitudes than the semi-arid areas. The intensity of drought
impacts was lower in sympatric areas, having less influence on their growth. We found
that both species responded equally, reducing their activity in winter [53]. Both species also
showed similar sensitivity to drought effects with a more seasonal effect (three months)
limited to spring and summer.

Above 1000 m a.s.l,, the presence of P. halepensis decreases and P. sylvestris becomes
the dominant species. The typical semi-arid Mediterranean climatic characteristics change,
becoming more humid and temperate and providing favorable conditions for P. sylvestris
growth. Previous works studied wood formation dynamics along climatic gradients in
P. sylvestris [58], although research has proved it to be a plastic species in the Mediter-
ranean [27]. The xylogenesis shown by the species at sites in the Iberian System confirms
that climatic conditions influence the beginning and end of the growth period of P. sylvestris.
For example, mild temperatures in early autumn can lead to an extension of its growth
period [36]. In addition, other works showed significant inter-annual correlations in ear-
lywood and latewood with climatic factors implying the effect of climatic conditions on
tracheid formation [59,60]. Therefore, P. sylvestris demonstrates plasticity in its xylogenesis
strategies depending on local climatic conditions and in agreement with our findings,
undergoes short, seasonal droughts limited to the summer months.

The sympatric areas of the distribution of P. sylvestris and P. uncinata showed a clear
pattern of lower temperatures and higher rainfall, in contrast to the semi-arid Mediter-
ranean coastal areas. Our results showed drought had lesser effects on tree growth there;
they have a monthly-scale effect and are restricted to summer. These results are in line
with previous studies showing a temperature rather than a precipitation signal in the
high-altitude forests of the Pyrenees [61,62] and the northern Iberian System [33].

A similar pattern was found in areas dominated by P. uncinata, which are much more
humid and cooler than the rest of the study area. Inhabiting colder environments, P. uncinata
is a species adapted to frost, tolerating it better than other species, such as P. halepensis.
Based on the results obtained here, droughts had less influence on the growth of P. uncinata
because of its occurrence on an almost monthly scale within summer. The growth of this
species in the Pyrenees and the Iberian System is mainly influenced by thermal factors [63].
The high temperatures recorded in the summer limit the duration of cambial activity in
this species.

Our results also reveal the potential for developing hydroclimatic reconstructions at
different scales based on the duration, intensity, and seasonality of tree-growth responses
to drought across species and environments. Several reconstructions of such areas have
advanced our understanding of past hydroclimatic variability (i.e., [33,64—66]), although
these were of a regional scale and focused on a fixed hydroclimatic variable only (i.e., SPI



Forests 2022, 13, 1396 11 of 14

at twelve months). However, considering the plasticity of the different species, and within
species as a function of altitude, there is a potential to develop more complex hydroclimatic
reconstructions using dynamic drought indices (e.g., SPEI at three, six, and twelve months),
including the spatialization or gridding of the reconstruction.

5. Conclusions

We found clear and significant patterns in the distribution of the parameters studied
(intensity, duration, and seasonality of drought impacts), significantly related to an en-
vironmental gradient associated with climatic conditions. Pinus spp. populations in the
arid and semi-arid Mediterranean (especially P. halepensis) showed a very high response
to long-term droughts, confirming their high capacity to cope with long periods of water
deficit [67]. However, P. sylvestris and P. uncinata, which grow under more humid and
temperate climatic conditions in mountains and transition zones, might be more vulner-
able to future warmer and drier conditions. The positive trend towards aridity in these
wetter sites could endanger the survival of these populations and favor the northward
expansion of more drought-adapted species, such as P. halepensis [68]. Such heterogeneous
responses among species to climatic variations are related to local adaptation and, above
all, to the phenotypic plasticity of each species, and these two factors are fundamental for
determining potential adaptability to future climatic conditions [11].
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https:/ /www.mdpi.com/article/10.3390/f13091396/s1, Table S1: Precipitation correlation values
for Pinus halepensis, Table S2: Mean temperature correlation values for Pinus halepensis, Table S3:
Precipitation and mean temperature correlation values for Pinus halepensis, Table S4: Precipitation cor-
relation values for Pinus sylvestris, Table S5: Mean temperature correlation values for Pinus uncinata,
Figure S6: Intensity behavior as a function of mean annual temperature and annual precipitation,
Figure S7: Duration behavior as a function of mean annual temperature and annual precipitation.
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