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Abstract: Most populations of Scots pine in Spain are locally adapted to drought, with only a few
populations at the southernmost part of the distribution range showing maladaptations to the current
climate. Increasing tree heights are predicted for most of the studied populations by the year 2070,
under the RCP 8.5 scenario. These results are probably linked to the capacity of this species to
acclimatize to new climates. The impact of climate change on tree growth depends on many processes,
including the capacity of individuals to respond to changes in the environment. Pines are often locally
adapted to their environments, leading to differences among populations. Generally, populations
at the margins of the species’ ranges show lower performances in fitness-related traits than core
populations. Therefore, under expected changes in climate, populations at the southern part of the
species’ ranges could be at a higher risk of maladaptation. Here, we hypothesize that southern Scots
pine populations are locally adapted to current climate, and that expected changes in climate may
lead to a decrease in tree performance. We used Scots pine tree height growth data from 15-year-old
individuals, measured in six common gardens in Spain, where plants from 16 Spanish provenances
had been planted. We analyzed tree height growth, accounting for the climate of the planting sites,
and the climate of the original population to assess local adaptation, using linear mixed-effect models.
We found that: (1) drought drove differences among populations in tree height growth; (2) most
populations were locally adapted to drought; (3) tree height was predicted to increase for most of the
studied populations by the year 2070 (a concentration of RCP 8.5). Most populations of Scots pine
in Spain were locally adapted to drought. This result suggests that marginal populations, despite
inhabiting limiting environments, can be adapted to the local current conditions. In addition, the
local adaptation and acclimation capacity of populations can help margin populations to keep pace
with climate change. Our results highlight the importance of analyzing, case-by-case, populations’
capacities to cope with climate change.

Keywords: climate change; gene flow; local adaptation; maladaptation; mixed-models; phenotypic
plasticity; phenotypic variation

1. Introduction

The impact of climate change on tree growth is complex, because it depends on many biotic and
abiotic processes, and hence, it remains difficult to predict. Northern and western European forests
may benefit from warmer temperatures, with positive effects on tree growth [1–4], but at the same
time, tree mortality has increased during the last years [5]. Contrarily, southern and eastern European
forests can experience reductions in their growth rates as a consequence of more frequent and intense
episodes of drought [1,6]. In natural populations, tree growth strongly depends on climate and stand
structure, and on processes related to competition and facilitation among individuals. This complexity
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varies across geographical scales [4,7,8]. Moreover, tree height growth, related to biomass, and thus,
to reproduction, is an important component of fitness with moderate heritability [9] that can show
population-level differentiation as a result of local adaptation [10,11]. Likewise, tree height growth can
express plasticity (i.e., acclimation) as a result of rapid changes in the environment [12,13].

In the past, natural selection driven by climate may have led to differences among populations in
fitness-related traits [10,14]. As a result, tree populations show moderate to strong local adaptation,
despite having high levels of gene flow [15]. A locally adapted population is expected to reach its
optimum performance (i.e., maximum performance) and outperform non-local populations at its local
habitat [16]. However, genetic and demographic processes are different across species’ ranges, leading
to remarkable differences between the core and margin populations [17]. Generally, populations’
performances are lower in the margin populations than in the core populations, although this pattern
is trait-dependent [12,18]. For instance, tree growth generally declines towards the margins of species’
ranges [19,20], although it can be compensated by trade-offs with other fitness related traits [21–23].
Among the different processes that influence trait patterns across species’ ranges, genetic adaptation in
margin tree populations is particularly important in the context of climate change.

Common garden experiments (provenance tests) offer an ideal framework to evaluate local
adaptation [16,24]. The phenotypic data measured in these experimental designs allow one to estimate
populations’ responses to different environments (i.e., reaction norms or plastic responses) and the
effect that is attributable to genetic processes. Likewise, common gardens can be used to define a
locally adapted population when the local population shows a higher level of fitness (measured from
fitness-related traits) than the non-local population when measured in its own habitat [16].

Scots pine (Pinus sylvestris L.) is one of the most widely distributed species in the world [25], with
a natural range from beyond the Arctic Circle in Scandinavia to southern Spain, and from western
Scotland to the Okhotsk Sea in eastern Siberia. In general, Scots pine tree growth is limited by high
temperatures found in the southern part of the range and at low elevations [26], cold temperatures at
the northern part of the range and at high elevations [26,27], and by the combination of photoperiod and
cold hardiness at the northernmost part of the range [28]. The southern range of Scots pine is reached
in Spain. Here, Scots pine presents a fragmented distribution, with high genetic differentiation between
populations [29–31]. The Spanish populations are mostly found in mountainous areas, growing under
the influence of continental or Mediterranean climates, which are characterized by dry summers and
cold winters inland, and by mild winters in coastal areas [32], respectively. These marginal populations
can be more vulnerable as they inhabit less favorable habitats, where water availability becomes
the main constraint of forest growth [33], compromising natural regeneration [34]. Recent warming
trends in the climate have exacerbated drought stress, and have negatively impacted tree growth,
probably due to an increase in respiration rates and a lower carbon uptake [35,36]. However, these
studies have overlooked population-level variation with regard to adaptation and acclimation potential.
Previous models, including local adaptation and phenotypic plasticity data, predicted a greater habitat
suitability for Scots pine in Spain than classic species distribution models, based exclusively on species
occurrence [30], suggesting that these processes are crucial for assessing future predictions of tree
height across the species range. However, the extent to which southern Scots pine populations are at a
high risk of maladaptation under expected climate change is unclear.

Here, we hypothesize that southern Scots pine populations are locally adapted to the current
climate, and that expected changes in climate may lead to a decrease in tree performance. To evaluate
our hypothesis, we analyze Scots pine tree height growth data as a proxy of fitness [37,38], from
15-year-old individuals that were measured in a network of common gardens planted in Spain, the
southern part of the species’ range. This network gathers six planting sites, in which plants of 16
Spanish provenances had been planted. We define the following objectives: (1) we identify the main
climatic drivers shaping among-population differentiation and phenotypic plasticity, (2) we assess if
local populations outperform non-local populations at their local environments, and (iii) we predict
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tree height growth, accounting for the genetic effect of the populations and the phenotypic plasticity, in
the southern range of the species under future climates, to assess the impact of climate change.

2. Material and Methods

2.1. Phenotypic Data and Common Gardens

We used the tree height growth data of Scots pine (P. sylvestris) from 15-year-old plants measured
in six planting sites established in Spain, the southern range of the species (Figure A1). Sixteen
genetically distinct Spanish populations [30,31,39] that cover the species distribution in Spain were
planted in each planting site (Figure A1). The seeds for population seedlots were collected during
the years 1988 and 1989 [39,40]. A seedlot was composed by mixing the seeds collected in natural
populations from at least 25 mother trees, with a 50-m separation distance between each individual, to
avoid interbreeding [41]. In 1991, two-year-old plantlets originating from the seedlots were planted
in the planting sites, following a randomized complete block design, with four blocks and a 16-tree
square plot for each population, planted at a 2.5 × 2.5 m spacing.

2.2. Climate Data

We used two sources of gridded climate data for the present and future conditions:
(1) We used the Gonzalo–Jiménez [42] Spanish climatic model—the average climate was calculated

for the period between 1961 and 1999—covering Spain at 30 arc sec resolution (~1 × 1 km), to calibrate
our models. We used a total of 51 temperature and precipitation-related climate variables to accurately
assess the main climatic drivers promoting among-population differentiation and plasticity (Table 1).
We named the climatic variables of the planting site and the population origin _s or _p, respectively
(e.g., AHM_s and AHM_p for the annual heat-moisture index of the planting site or at the population
origin, respectively).

Table 1. Temperature- and precipitation-related climate variables considered in the present study.

Temperature-related

Monthly temperature (T, ◦C) T.jan, T.feb, T.mar, T.apr, T.may, T.jun, T.jul, T.ago, T.sep,
T.oct, T.nov, T.dec

Mean annual temperature MT

Monthly minimum temperature (TMF, ◦C) TMF.jan, TMF.feb, TMF.mar, TMF.apr, TMF.may, TMF.jun,
TMF.jul, TMF.ago, TMF.sep, TMF.oct, TMF.nov, TMF.dec

Temperature of the coldest month

• mean temperature of the coldest month (MCMT)
• average minimum temperature of the coldest

month (MINCMT)

Monthly maximum temperature (TMC, ◦C)
TMC.jan, TMC.feb, TMC.mar, TMC.apr, TMC.may,
TMC.jun, TMC.jul, TMC.ago, TMC.sep, TMC.oct,

TMC.nov, TMC.dec

Temperature of the warmest month

• mean temperature of the warmest month (MWMT)
• average maximum temperature of the warmest

month (MAXWMT)

Continentality (◦C) TD = MWMT −MCMT

Growing degree-days with temperature
above 5 °C DD5

Frost period (month) FP

Precipitation-related

Annual precipitation (mm) PREC.annl

Seasonal precipitation (mm) PREC.win, PREC.spr, PREC.sum, PREC.son

Annual heat-moisture index AHM = MT + 10/(PREC.annl/1000), based upon [10]

Summer heat-moisture index SHM = MAXWMT/(PREC.sum/1000), based upon [10]

jan, feb, mar, apr, may, jun, jul, ago, sep, oct, nov, dec are the abbreviations for the months of the year, from January
to December. annl means annual. win, spr, sum and aut are the abbreviations for winter, spring, summer and
autumn, respectively.
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(2) We used the WorldClim climate database [43,44]—the average climate was calculated for the
period between 1970 and 2000—at 30 arc sec resolution (~1 × 1 km), to make spatial predictions of
tree height growth for the current and future climates. The climate values for the planting sites and
population origins for the current climate were represented by the average climate, as calculated for
the period 1970–2000. For future climates, we averaged five global circulation models (GISS-E2-R,
HadGEM2-AO, IPSL-CM5A-LR, MIROC-ESM, and NorESM1-M) available in WorldClim [44] for the
Representation Concentration Pathway (RCP) 8.5 trajectory for the year 2070. RCPs are greenhouse
gas concentration (not emissions) trajectories adopted by the IPCC in the last Assessment Report
(AR5) [45]. The RCP 8.5 trajectory is the most aggressive trajectory, and it predicts an increase in the
mean temperature of between 2.0 ◦C and 3.7 ◦C during the 21st century. Hence, using this scenario
for our predictions will show the worst expected outcome. The climate values for the planting sites
were represented by the average climate predicted for the year 2070, while the climate values for the
populations origins were represented by the average climate of the period 1970–2000.

2.3. Selection of Climate Variables

To identify linear and non-linear co-variations between tree height growth and the climate
variables, both between the planting sites and at the populations’ origins, we used Pearson and
Spearman correlation analyses. Based on the correlation results, we set a cutoff of ρ ≥ |0.5| to select
the climate variables for the planting sites, and of ρ ≥ |0.08|, to select the climate variables for the
populations’ origins. For further analyses, all climate variables were standardized: i.e., the mean was
subtracted from each value and divided by the standard deviation. We selected 29 climate variables
for the planting sites, and five variables for the populations. Climate variables for the planting sites
included temperature- and precipitation-related variables, while climate variables for the populations
were mostly precipitation-related (Table A1 in Appendix A).

2.4. Linear Mixed-Effect Models of Tree Height Growth

We fitted linear mixed-effect models of tree height growth that accounted for both the climate of
the planting site and the climate of the population origin [10,12,13]. To build the best supported linear
mixed-effect model, we followed two steps:

(1) We fitted a battery of linear mixed-effect models of pairwise combinations between one climate
variable of the planting site, and another climate variable of the population origin from the set of
previous selected climate variables to find the best combination. These models included the structure
of the experimental design in the random part (two random effects, blocks nested into planting sites,
and populations), and the linear and quadratic terms; and the linear interaction term of these climate
variables in the fixed part [12] (Equation (1)). We selected the model with the lowest Akaike Information
Criterion value (AIC) [46].

Hijk = α0 + α1(clim_s)ik + α2(clim_p)ij + α3(clim_s)ikˆ2 + α4(clim_p)ijˆ2 +

α5(clim_s)ik × (clim_p)ij + β1(Planting.site/Block) + β2 (Population) + εijk,
(1)

where Hijk is tree height growth of the ith individual of the jth population in the kth planting site. αs

is the set of n parameters associated with the fixed effects of the model, clim_pij is the climate at the
population of origin of the ith individual of the jth population; clim_sik is the climate at the planting site
of the ith individual in the kth planting site. βs are the random effects. εijk is the residual distribution
of the ith individual of the jth population in the kth planting site following a Gaussian distribution.

(2) We built the best supported linear mixed-effect model with the best combination of climate
variables selected in the previous step. First, the random part remained invariable, and included the
experimental design structure described above (Equation (1)). Second, we defined a full model that
included the linear and quadratic terms of both the climate at the planting site and the climate at the
population origin, and the linear interaction term of both terms. The model selection of the predictor
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variables in the fixed part was conducted by using a hierarchical backward selection procedure. We
used the AIC criteria, following the rule that net increments of lower than two units of AIC associated
with the elimination of any parameter in the full model determined the exclusion of the parameter
from the final model [47,48]. We started with the selection of the two-variable interaction (round 1)
and then tested the quadratic effects of both climate variables (rounds 2 & 3) and so on downwards
the main effects of each predictor (round 4). Fixed effects were tested, using the maximum likelihood
(ML), and random effects were tested using the restricted maximum-likelihood method (REML). We
computed the percentage of variance explained by the fixed effects of the best supported model, MR2,
and the percentage of variance explained by the fixed and random effects together, CR2, [49,50]. The
goodness-of-fit of the best model was assessed by examining the predicted vs. observed values. We
used normal error distribution with an identity link. We used R (version 3.2.3, 10 December 2015) run
in the Linux–GNU operating system to perform all of the analyses, and the “lme4” and “lmerTest”
packages [50,51].

2.5. Assessment of the Local Adaptation of Tree Height Growth for Spanish Scots Pine Populations under the
Current Climate

Using the best supported linear mixed-effect model, we calculated for each population the tree
height growth at its local environment (HL), and the optimum tree height growth (HOPT) attainable at
the same environment by a non-local population. To calculate HL, we replaced the climatic values of
the planting site by those of the population climate of origin (i.e., clim_s = clim_p). The estimation
of HOPT was done in two steps. First, we identified the value of the climate of the population origin,
providing the optimum tree height growth (CLOPT), using the best supported mixed-effect model. To
do that, we calculated the first-order partial derivate of the best supported linear mixed-effect model
with respect to the climate variable of the population origin and settled it to zero [14]. Second, we used
CLOPT in our best supported mixed-effect model to obtain HOPT.

The amount of local adaptation of tree height growth for each population was then calculated
as follows:

LAH = HOPT − HL, (2)

A positive value of LAH indicates that a non-local population would outperform the local one,
suggesting that the local population is not locally adapted. Values of LAH that are equal to or close to
zero indicate local adaptation. The higher the value of LAH is, the higher the degree of maladaptation is.

We computed the climate lags (CLH) for each population associated with LAH values, to evaluate
the climatic causes of maladaptation; i.e., if the local population does not reach the optimum tree height
growth, it could be because it is currently living in a drier or warmer climate (negative values of CLH)
or in a wetter or cooler climate (positive values of CLH).

CLH = CLOPT − CLL, (3)

2.6. Spatial Predictions of the Local Adaptation of Tree Height Growth for Southern Scots Pine Populations
under the Impacts of the Current and Future Climate

We predicted the optimum tree height growth (HOPT) and local tree height growth (HL) at age
15, based on our models. Our predictions were performed across the species’ range in Spain [52].
Then, we estimated LAH as the difference among them. Moreover, we predicted tree height growth
by the year 2070 under the RCP 8.5. scenario (HL-FUT) [53]. Differences between HL-FUT and HL,
(DFUT-PRES), can inform us about the climate change impact on Scots pine populations. Positive values
of DFUT-PRES mean that Scots pine populations will increase the tree height growth, while negative
values would indicate a decrease. We used the ‘raster’ package in R for all of the spatial computations.
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3. Results

3.1. Linear Mixed-Effect Models of Tree Height Growth

First, from the battery of models fitted, the model with the lowest AIC included the spring
precipitation of the planting site, PREC.spr_s, and the summer heat moisture index of the population
origin, SHM_p, (Table A2). Second, the best supported linear mixed-effect model contained the linear
term of the spring precipitation of the planting site, PREC.spr_s, and the linear and quadratic terms of
the summer heat moisture index of the population origin, SHM_p, and the linear interaction between
PREC.spr_s and SHM_p (Tables 2 and 3). The fixed effects of the model explained 62.36% (MR2) of the
variance, and 75.14% (CR2) of the variance was explained by the fixed and random effects together. An
examination of the residuals indicated that the main assumptions of linear mixed-effect models were
met (Figure A2).

Table 2. Fixed effects selection for the tree height growth model, following a hierarchical backward
procedure using AIC [46] (see Section 2.4 for a detailed description). d.f.: degrees of freedom, AIC:
Akaike values, ∆AIC: difference in AIC values between alternative models. MR2 is the percentage of
the variance explained by the fixed effects of the model. CR2 is the percentage of the variance explained
by the fixed and random effects of the model. MR2 and CR2 values are given for the best supported
mixed-effect model.

Fixed Effect Selection d.f. AIC ∆AIC MR2 CR2

(Round 1) Two-way interaction
Tree height growth ~ full model 10 50,802.8 0

Tree height growth ~ full model minus interaction (PREC.spr_s × SHM_p) 9 50,824.2 21.44
* (Round 2) Quadratic effect planting site

Tree height growth ~ full model 10 50,802.8 0
Tree height growth ~ full model minus quadratic effect (PREC.spr_s) 9 50,801.4 −1.31

* (Round 3) Quadratic effect population
Tree height growth ~ full model 9 50,801.4 0

Tree height growth ~ full model minus quadratic effect (SHM_p) 8 50,804.2 2.77
* (Round 4) Main effects

Tree height growth ~ full model 9 50,801.4 0 62.36 75.14
Tree height growth ~ full model minus linear term (PREC.spr_s) 7 50,835.4 33.94
Tree height growth ~ full model minus linear term (no SHM_p) 6 50,830.1 28.69

Tree height growth ~ intercept model 5 50,842.6 41.13

* Rounds 2, 3 and 4 of the backward selection began with the best supported model obtained in the previous
round. PREC.spr_s is the spring precipitation at the planting site. SHM_p is the summer heat moisture index at the
population origin.

The spring precipitation of the planting sites (PREC.spr_s) had a positive effect on tree height
growth (Figure 1). The summer heat moisture index (SHM_p) drove the among-population
differentiation in the studied populations. Specifically, populations that originated in sites with
intermediate values of the summer heat moisture index, SHM, displayed the highest tree height growth,
while populations that originated in sites with either high or low values of SHM presented lower
tree height growth. This pattern varied across the PREC.spr_s gradient, due to the interaction term
between PREC.spr_s and SHM_p (Table 3 and Figure 1).
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Table 3. Mean, standard error (SE), t-values and p-values are given for the fixed effects of the tree
height growth model in the first panel; and standard deviation (SD) for the random effects are given in
the second panel.

Fixed Effects

Mean SE t-Value p-Value

(Intercept) 335.414 19.873 16.878 1.34 × 10−5 ***
PREC.spr_s 124.186 19.189 6.472 2.96 × 10−3 **

SHM_p −9.091 5.694 −1.597 1.34 × 10−1 n.s.
(SHM_p)2 −8.562 3.894 −2.199 4.64 × 10−2 *

PREC.spr_s × SHM_p −5.794 1.195 −4.848 1.29 × 10−6 ***

Random Effects

SD

Block/Planting site 31.33
Population 20.2

Planting site 42.8
Residual 79.15

Asterisks indicate statistical significance at a p-value of lower than: 0.001 (***); 0.01 (**); 0.05 (*); 0.1 (.) or 1 (n.s., not
significant). PREC.spr_s is the spring precipitation at the planting site. SHM_p is the summer heat moisture index
at the population origin.
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Figure 1. Predicted tree height growth (cm), based on the best supported linear mixed-effect model
across the gradients of spring precipitation of the planting sites, PREC.spr_s, and of the summer heat
moisture index of the populations’ origin, SHM_p.

3.2. Assessment of the Local Adaptation of Tree Height Growth for Spanish Scots Pine Populations under the
Current Climate

Most of the populations, except two, underperformed at their local environment, as shown by
LAH values that were different from zero (Table 4). However, the LAH values were small, and they
were specifically below 5 cm in 11 out of the 16 populations tested (Table 4). Most of the populations
were currently growing under drier conditions, as we found negative values in climatic lags CLH. This
may prevent the optimum tree height growth from being reached. Two out of the 16 populations were
growing under wetter conditions, as we found positive values in CLH (Table 4).
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Table 4. Predictions of local tree height growth, HL (cm), and optimum tree height growth, HOPT (cm),
for each population, based upon the best supported model.

Population PREC.spr_p CLL HL (cm) CLOPT HOPT (cm) LAH (cm) CLH

Baza 265 325.00 239.17 152.34 309.24 70.07 −172.66
Navarredonda de Gredos 237 282.83 229.54 159.87 264.98 35.43 −122.96

Campisábalos 211 239.66 211.75 166.87 224.09 12.34 −72.79
Galve de Sorbe 227 221.77 241.20 162.56 249.22 8.02 −59.21

Morrano 185 205.41 181.13 173.86 183.40 2.27 −31.54
Castell de Cabrés 205 197.74 212.78 168.48 214.68 1.90 −29.26

La Cenia 298 179.43 359.13 143.45 361.79 2.66 −35.98
Navafría 327 175.18 404.95 135.66 408.12 3.17 −39.52
La Granja 377 164.96 485.11 122.21 488.71 3.60 −42.76

Gúdar 202 155.77 209.40 169.30 209.92 0.52 13.53
San Zadornil 267 154.55 312.41 151.80 312.41 0.00 −2.74

Covaleda 327 148.13 407.92 135.66 408.12 0.20 −12.47
Orihuela del Tremedal 297 147.56 360.13 143.73 360.13 0.00 −3.83

Puebla de Lillo 477 118.18 651.63 95.28 652.34 0.70 −22.90
Borau 400 92.37 524.20 116.01 526.11 1.92 23.64

Pobla de Lillet 226 91.69 234.84 162.84 247.59 12.75 71.15

Differences between the optimum and local tree height growth are given in LAH (cm). Differences in climate
between the optimum and local tree height growth are given in CLH. CLL refers to values of the climate variable of
the summer heat moisture index, SHM, of the population origin. CLOPT refers to values of the climate variable of
the summer heat moisture index, SHM, where the maximum tree height growth is reached.

3.3. Spatial Predictions of the Local Adaptation of Tree Height Growth for Southern Scots Pine Populations
under the Impacts of the Current and Future Climate

Most southern Scots pine populations are locally adapted (LAH values close to zero) or slightly
maladapted (LAH values of around 5; gray to light-yellow colors in Figure 2) to current climates. Just a
few populations of Scots pine at the southernmost part of the distribution presented large values of
LAH (yellow to red colors in Figure 2).
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Figure 2. Local adaptation of tree height growth to current climate for southern Scots pine populations
at 15 years-old (LAH, cm) in Spain. LAH provides a measurement of the local adaptation in cm.
Zero values indicate local adaptation, the rest of the values denote a lack of local adaptation. Gray
to light-yellow colors indicate that the populations are locally or slightly maladapted (LAH ranges
between 0 and 5 cm), whilst yellow to red colors indicate populations maladapted to the current climate
(LAH > 5 cm).
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Our model predicted an increase in tree height growth in year 2070, particularly in the north
(Pyrenees), and in high-elevation areas (Figure 3). The model predicted a decrease in tree height
growth in the center and in the north-west. Populations at the southernmost part of the distribution
were predicted to decrease moderately (Figure 3).Forests 2019, 10, x FOR PEER REVIEW 9 of 18 
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Figure 3. Differences in tree height growth predictions (DFUT-PRES, cm) between future (year 2070, RCP
8.5.) and tree height growth for current climate conditions. Violet to gray colors indicate a decrease in
tree height predicted for 2070, and gray to green colors indicate an increase in the potential tree height
growth, as predicted by the model.

4. Discussion

4.1. The Main Climatic Drivers Shaping Among-Population Differentiation and Phenotypic Plasticity
Responses of Tree Height Growth

The main climatic driver shaping genetic differentiation among the populations, in terms of tree
height growth, was the summer moisture index (SHM_p), a proxy of drought. This result suggests
that drought has probably been a selective factor, which is in agreement with previous studies [39,54].
For instance, our model predicted that populations that originated under more stressful conditions,
i.e., with higher values of the summer moisture index calculated for the period of years between
1961 and 1999 (Figure 1), would present a slower rate of growth, which is a suggested strategy for
increasing drought adaptation by reducing aboveground biomass [39,55]. Other adaptive responses to
reduce cavitation risks, induced either by drought or frost stresses, have been described for the same
populations. For example, populations from dry sites show large average tracheid lumen diameters, to
assure hydraulic conductivity, whilst populations from sites with frequent freeze–thaw events present
small tracheid lumen diameters [53]. Also, it has been suggested that southern populations adapt their
leaf conductance and stomata control for less transpiration through the needles [54].

Phenotypic plastic responses were driven by spring precipitation (PREC.spr_s). We found a
common pattern where tree height growth decreases under drier conditions (Table 3 & Figure 1). This
result agrees with the findings of a previous study, where annual precipitation drove phenotypic plastic
responses in tree height–diameter allometry for the same species [40]. Now, this study has allowed us
to identify that tree height growth is largely driven by the rainfall that falls during the spring season.
This could be related to the fact that maximum cambial activity for this species has been described to
take place between mid-March and end of August [55], suggesting that Scots pine populations make
better use of the rainfall in the early growing season than in the late season (autumn).

Both results highlight that water availability drives the phenotype variations in tree height growth
in Scots pine populations, which is consistent with the limiting role that water plays in Mediterranean
ecosystems [56].
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4.2. Most Southern Scots Pine Populations are Locally Adapted to the Current Climate

The finding of local adaptations for most of the southern Scots pine populations was in agreement
with our expectations (Table 4 & Figure 2). One possible explanation could be related to the species’
demographic history. During the last glacial maximum, Scots pine had many refuge areas scattered
throughout southern Europe [57,58]. These populations may have adapted to the particular conditions
of this part of the range during the postglacial migrations [24,33]. Furthermore, the fragmented
distribution of the species in the southern part of the range, and the low levels of gene flow among
populations might have favored local adaptation [31]. However, we found maladaptation in the
southernmost populations (Figure 2). This result could be explained accordingly by the gene flow
asymmetry theory across species’ ranges [14]: maladapted populations might have received alleles
from core and northern populations that are pre-adapted to cooler or wetter conditions than those
found at the southernmost part of the range, limiting local adaptation [10,14].

Nevertheless, our findings of local adaptation may change if other fitness-related traits were
considered. For instance, fitness-related traits can present trade-offs across the species’ ranges [21,23].
Typically, demographic compensation has been found in several marginal populations [21–23]. We
could expect the same for Scots pine, given that the southernmost Spanish populations show low early
recruitment as a consequence of high seedling mortality, low seed production, and high predation
rates [56]. Hence, a wider perspective of Scots pine adaptation patterns using other traits than those
related with growth is desirable.

4.3. The Importance of Considering Genetic and Plastic Effects for Evaluating Tree Height Growth for Future
Climates

Our predictions should be interpreted as the combination of adaptation and plasticity effects in
tree height growth. The contribution of genetic effects to explain tree growth variation in our data
was lower than that of phenotypic plasticity, although it was of similar magnitude (∆AIC = 28.69 and
∆AIC = 33.94, respectively, Table 1). This result highlights that both adaptations to local conditions
and the capacity to adjust to the environment through plastic responses are crucial for understanding
the performance of Scots pine populations for future climates.

Future predictions for an average tree, showing an increase in tree height, suggest that plasticity
can help with tree acclimation to the new climate, and it can then compensate for the imprint of local
adaptation, which is a common characteristic in trees [57]. Our results are partially in agreement
with [27], where moderate increases in tree growth for Scots pine populations are predicted in Spain
under the RCP 8.5 scenario for 2050, although tree growth does decrease, especially in southern
low-elevation sites, in 2070. In the northern and high-elevation areas (Pyrenees), warmer conditions
would benefit tree growth by lengthening the growing season, thus increasing net photosynthesis,
stomatal conductance, and specific hydraulic conductivity [58]. However, opposite results of tree
growth decrease have been reported for this species in Spain [35,59], as lower precipitation regimes
combined with higher temperatures would presumably lead to a general pattern of more frequent
drought events, higher evapotranspiration, and reduced soil water availability in the future. However,
none of these studies have accounted for the plasticity capacity of the species, and this could explain
the differences in the forecasts. Moreover, few populations in the north-west and in the central part of
the species distribution in Spain have been predicted to decrease in tree height growth. This prediction
could be reflected by the sharp decrease in spring precipitation that is expected for year 2070 (RCP
8.5.) in these areas (Figure A3). Our forecast could be related to site characteristics (such as soil depth,
nutrient availability, geomorphological features, etc.) that can make water availability difficult.

Finally, caution is needed when interpreting our predictions beyond the year 2070, as we do
not know whether plasticity will help with acclimation to new environments in the far future, and
evolutionary adaptation may then become necessary. Contrary to our expectations, in terms of the
species’ growth, the forecast for southern Scots pine populations is generally favorable. Nonetheless,
our results are based on common gardens. In natural populations, other factors, such as above-
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and below-ground competition, herbivory, management practices, etc., can strongly modify our
expectations of Scots pine growth and adaptation to climate change.

5. Conclusions

Most of the populations of Scots pine in Spain were locally adapted to drought. This result
suggests that marginal populations, despite inhabiting limiting environments, can become adapted to
their current local conditions. In addition, the local adaptation and acclimation capacity of populations
can help marginal populations to keep pace with climate change. Our results highlight the importance
of analyzing populations’ capacity to cope with climate change, on a case-by-case basis.
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Appendix A

Table A1. Pearson and Spearman correlation coefficients between climate data, at the planting sites
and at the population origin, and tree height growth of Scots pine from 15-year-old.

Climate at the Planting Site Climate at the Population Origin

Variables Pearson Spearman Variables Pearson Spearman

TMF.jan −0.565 −0.384 TMF.jan 0.025 0.019
TMF.feb −0.581 −0.497 TMF.feb 0.006 0
TMF.mar −0.62 −0.554 TMF.mar 0.007 −0.002
TMF.apr −0.65 −0.616 TMF.apr 0.004 −0.004
TMF.may −0.371 −0.382 TMF.may −0.007 −0.01
TMF.jun −0.055 −0.111 TMF.jun −0.002 0.003
TMF.jul −0.107 −0.038 TMF.jul −0.016 −0.025
TMF.ago −0.171 0.009 TMF.ago −0.021 −0.036
TMF.sep −0.534 −0.536 TMF.sep −0.014 −0.029
TMF.oct −0.633 −0.554 TMF.oct 0.005 −0.009
TMF.nov −0.636 −0.594 TMF.nov 0.01 0.006
TMF.dec −0.577 −0.479 TMF.dec 0.024 0.01
TMC.jan −0.32 −0.174 TMC.jan −0.017 −0.031
TMC.feb −0.478 −0.47 TMC.feb −0.03 −0.023
TMC.mar −0.628 −0.644 TMC.mar −0.043 −0.039
TMC.apr −0.648 −0.644 TMC.apr −0.034 −0.037
TMC.may −0.607 −0.695 TMC.may −0.055 −0.057
TMC.jun −0.469 −0.345 TMC.jun −0.055 −0.064
TMC.jul −0.494 −0.478 TMC.jul −0.075 −0.087
TMC.ago −0.379 −0.378 TMC.ago −0.075 −0.086
TMC.sep −0.438 −0.44 TMC.sep −0.077 −0.086

www.genfored.es
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Table A1. Cont.

Climate at the Planting Site Climate at the Population Origin

Variables Pearson Spearman Variables Pearson Spearman

TMC.oct −0.443 −0.521 TMC.oct −0.034 −0.024
TMC.nov −0.269 −0.208 TMC.nov −0.028 −0.027
TMC.dec −0.287 −0.174 TMC.dec −0.016 −0.014

T.jan −0.457 −0.407 T.jan 0.003 0
T.feb −0.569 −0.497 T.feb −0.014 −0.018
T.mar −0.66 −0.684 T.mar −0.023 −0.022
T.apr −0.648 −0.616 T.apr −0.019 −0.027
T.may −0.586 −0.616 T.may −0.034 −0.037
T.jun −0.337 −0.345 T.jun −0.03 −0.029
T.jul −0.358 −0.282 T.jul −0.048 −0.052
T.ago −0.311 −0.378 T.ago −0.051 −0.049
T.sep −0.492 −0.378 T.sep −0.05 −0.042
T.oct −0.534 −0.521 T.oct −0.016 −0.027
T.nov −0.466 −0.521 T.nov −0.011 −0.023
T.dec −0.426 −0.407 T.dec 0.001 −0.006

PREC.annl 0.675 0.663 PREC.ann 0.073 0.105
PREC.win 0.575 0.516 PREC.win 0.035 0.038
PREC.spr 0.779 0.663 PREC.spr 0.073 0.088
PREC.sum 0.609 0.497 PREC.sum 0.08 0.079
PREC.son 0.611 0.487 PREC.son 0.079 0.107

MT −0.544 −0.458 MT −0.024 −0.031
MCMT −0.262 −0.282 MCMT −0.056 −0.057

MAXWMT −0.416 −0.378 MAXWMT −0.072 −0.083
MCMT −0.446 −0.407 MCMT 0.01 0.007

MINCMT −0.561 −0.351 MINCMT 0.031 0.027
FP 0.651 0.594 FP −0.016 0.009

DD5 −0.613 −0.548 DD5 −0.004 −0.012
TD 0.282 0.33 TD −0.103 −0.107

AHM −0.611 −0.663 AHM −0.083 −0.087
SHM −0.376 −0.554 SHM −0.108 −0.103

T.#, TMC.# and TMF.# mean minimum, maximum and mean average monthly (#) temperatures (◦C); PREC.ann means
annual precipitation (mm); PREC.win, PREC.spr, PREC.sum, PREC.aut, for winter, spring, summer and autumn,
respectively; TM means mean annual temperature (◦C); MINCMT means mean of the minimum temperatures
from the coldest month (◦C); FP means frost period (month); DD5 means degree days-period over 5 ◦C; TD means
continentality; AHM means annual heat moisture index; and SHM means summer heat moisture index.

Table A2. AIC values from the battery of linear-mixed effect models fitted. Climate variables of the
planting sites are specified with _s and climate at the populations’ origin with _p. The best supported
model showed the lowest AIC and it is highlighted with bold.

PREC.ann_p PREC.sum_p PREC.aut_p TD_p SHM_p

TMF.jan_s 49,559.63 49,551.74 49,554.15 49,557.09 49,546.44
TMF.feb_s 49,560.72 49,551.38 49,555.08 49,557.30 49,547.21
TMF.mar_s 49,560.71 49,550.99 49,555.01 49,557.11 49,546.92
TMF.apr_s 49,560.68 49,551.40 49,555.01 49,557.05 49,546.58
TMF.sep_s 49,559.38 49,550.93 49,554.04 49,557.11 49,546.46
TMF.ocT_s 49,560.05 49,550.89 49,554.45 49,556.87 49,546.21
TMF.nov_s 49,560.59 49,550.80 49,554.90 49,557.00 49,546.73
TMF.dec_s 49,558.35 49,551.16 49,553.06 49,556.43 49,545.56
TMC.mar_s 49,559.41 49,551.82 49,553.99 49,556.32 49,545.58
TMC.apr_s 49,560.07 49,551.58 49,554.50 49,556.48 49,545.95
TMC.may_s 49,558.67 49,550.63 49,553.19 49,555.64 49,544.68
TMC.ocT_s 49,560.10 49,551.94 49,554.42 49,557.14 49,546.54

T.feb_s 49,560.11 49,551.59 49,554.50 49,557.14 49,546.43
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Table A2. Cont.

PREC.ann_p PREC.sum_p PREC.aut_p TD_p SHM_p

T.mar_s 49,559.29 49,550.86 49,553.77 49,556.02 49,545.26
T.abr_s 49,560.58 49,551.67 49,554.94 49,556.90 49,546.43
T.may_s 49,559.93 49,551.30 49,554.34 49,556.65 49,545.82
T.ocT_s 49,560.85 49,552.14 49,555.19 49,557.78 49,547.12
T.nov_s 49,560.74 49,552.16 49,554.99 49,557.50 49,547.12

PREC.ann_s 49,556.66 49,547.51 49,551.56 49,554.96 49,542.98
PREC.win_s 49,557.89 49,548.82 49,553.03 49,557.20 49,544.34
PREC.spr_s 49,551.91 49,542.89 49,546.79 49,549.92 49,537.76
PREC.sum_s 49,559.40 49,550.01 49,553.93 49,556.48 49,545.86
PREC.aut_s 49,558.02 49,548.82 49,552.83 49,555.99 49,544.56

TM_s 49,560.08 49,551.91 49,554.55 49,557.53 49,546.59
MINCMT_s 49,559.40 49,551.46 49,553.88 49,556.69 49,546.14

FP_s 49,559.60 49550.39 49,553.99 49,556.29 49,545.69
DD5_s 49,559.15 49,550.99 49,553.67 49,556.52 49,545.53

AHM_s 49,553.34 49,546.99 49,548.73 49,553.97 49,541.36
SHM_s 49,557.06 49,551.09 49,551.97 49,556.55 49,545.83

T.#, TMC.# and TMF.# mean minimum, maximum and mean average monthly (#) temperatures (◦C); PREC.ann means
annual precipitation (mm); PREC.win, PREC.spr, PREC.sum, PREC.aut, for winter, spring, summer and autumn,
respectively; TM means mean annual temperature (◦C); MINCMT means mean of the minimum temperatures
from the coldest month (◦C); FP means frost period (month); DD5 means degree days-period over 5 ◦C; TD means
continentality; AHM means annual heat moisture index; and SHM means summer heat moisture index.
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Figure A1. Network of provenance common gardens in Spain (GENFORED): Planting sites (green
crosses), populations (pink circles). The species distribution range is shown in gray (two isolated
populations are represented by “+” in gray).
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Figure A2. Graphical summary of the best supported model for Scots pine populations from 15 year-
old. Top line, left to right: plot of observed raw data vs. predicted; plot of observed raw data vs. 
predicted data; residuals vs. predicted data. Middle line: qq-plot; histogram of residuals values; 
residuals vs. shm_p (summer heat moisture index). Bottom line: residuals vs. prec.mam_s (spring 
precipitation); residuals vs. population factor; residuals vs. planting site factor. 

Figure A2. Graphical summary of the best supported model for Scots pine populations from 15 year-old.
Top line, left to right: plot of observed raw data vs. predicted; plot of observed raw data vs. predicted
data; residuals vs. predicted data. Middle line: qq-plot; histogram of residuals values; residuals vs.
shm_p (summer heat moisture index). Bottom line: residuals vs. prec.mam_s (spring precipitation);
residuals vs. population factor; residuals vs. planting site factor.
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