
Ecological niche modelling of three Mediterranean pine
species in the south of Spain: a tool for afforestation/
reforestation programs in the twenty-first century
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Abstract Climate change models predict an increase in aridity in many parts of the world

for the twenty-first century, which is likely to be more intense in the Mediterranean basin

than in other regions. This study addresses the potential distribution of three Mediterranean

pine species (Pinus pinea L., P. halepensis Mill. and P. pinaster Aiton) in southern Spain

in response to the forecast increased aridity. Pines constitute a useful source of various

types of raw materials, which has led to their increasing introduction around the world. The

study was based on ecological niche modelling using multinomial logistic regression, over

an area spanning about 8.7 million ha in the south of Spain. In total, 11 explanatory

variables were included, drawing on measurements made at high resolution (200 m). Four

different periods were studied: the reference period (1961–2000), early twenty-first century

(2011–2040), middle twenty-first century (2041–2070) and late twenty-first century

(2071–2100). Future time slices were analysed in three different scenarios: B1, A1b and

A2 in the CNCM3 general circulation model. The results predict a wider distribution for

stone pine, which could expand its potential area in southern Spain. In contrast, Aleppo

pine, and especially cluster pine, would reduce their present distribution, with cluster pine

occupying higher altitude sites while low altitude populations diminished. The validation

model enables accurate maps to be produced, representing powerful tools for afforestation/

reforestation programs in the future.
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Introduction

Projected trends in the context of global climate change suggest an increase in mean annual

temperatures in the Mediterranean Basin. This increase is likely to exceed the global mean

and lead to augmented drought by the end of the twenty-first century. In addition, annual

rainfall is likely to decrease (IPCC 2007; Giorgi and Lionello 2008; Garcı́a-Ruiz et al.

2011). These arguments reveal uncertainties on the ecological conditions of forest

ecosystems to be restored (Jacobs et al. 2015). The probability of more stressful conditions

in the Mediterranean Basin in the coming decades, together with the heterogeneous climate

in Spain, make this area a suitable scenario for assessing the potential effects of climate

change on terrestrial ecosystems (Márquez et al. 2011). This is especially true for southern

Spain, which exhibits the largest climate and relief extremes in the Iberian Peninsula.

Humans have had a strong impact on flora and vegetation, and are responsible for dis-

continuities in species distributions, shifts in environmental conditions and consequently

habitat loss (Ibáñez et al. 2014). The restoration of degraded areas can be carried out by

fast-growing pioneer pine species (Rejmánek and Richardson 1996). The most frequent

pines in southern Spain are P. pinea L. (stone pine), P. halepensis Mill. (Aleppo pine) and

P. pinaster Aiton (cluster pine), whose excellent performance under harsh climatic and

edaphic conditions (Del Campo et al. 2014), facilitates the implementation of afforestation/

reforestation programs.

In the nineteenth century, afforestation programs were developed to restore areas which

had been anthropically and naturally degraded for centuries (Barbéro et al. 1998). In Spain,

a large-scale reforestation program running from 1940 to 1995 led to the planting of

approximately 3.5 million ha (Montero 1997), largely with pines (Zavala and Zea 2004).

Indeed, in the Sierra Morena—the mountain range stretching the length of northern

Andalusia—close to 90 % of all reforestation was carried out with pines (Muñoz Álvarez

2010). Also notable in this context was the cultivation of cluster pine for timber production

in the second half of the twentieth century (González-Muñoz et al. 2014).

The naturalness of stone pine has been a matter of debate for centuries (Martı́nez et al.

2004). It is difficult to ascertain in some populations in the southwest of Spain (Stevenson

1985). Some sceptical authors believe that pines in the Iberian Peninsula are allochthonous

and claim that they have never been regarded as phytosociologically natural vegetation

(Ceballos and Ruiz de la Torre 1979; Rivas-Martı́nez 1987; Valle 2004). However, recent

studies support a natural origin of these species in the western Mediterranean Basin

(Martı́nez and Montero 2004). The largest stands of stone pine are located in the Iberian

Peninsula, which accounts for 60 % of the world distribution (Gómez et al. 2002; Martı́nez

et al. 2004). It is a similar case with cluster pine, the most widespread pine in the Iberian

Peninsula, occupying more than 1,200,000 ha—half of which are afforestations (López

González 2007). The natural distribution of this pine in the Iberian Peninsula has been

established from palaeoecological pollen and archaeological charcoals (Carrion et al. 2000;

Carrión and Dı́ez 2004; Garcı́a-Amorena et al. 2007; Rubiales et al. 2009; López-Sáez

et al. 2010). Valle (2004) found an edaphoxerophilous vegetation series of cluster pine on

peridotites and dolomites in southern Spain, in addition to an edaphoxerophilous complex

of Aleppo pine in south-eastern Spain. These findings have led to stone pine, cluster pine

and Aleppo pine being considered autochthonous (Soto et al. 2010). Pine forests were

mainly concentrated in sites with poor-developed soils and under harsh climatic conditions

(Cabezudo Artero and Pérez Latorre 2004). Largescale reforestation, however, has led to

the introduction of pines in potential areas for oaks.
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Ecological niche modelling (ENM) is used to correlate the current distribution of a given

species with its general abiotic preferences (Olden et al. 2002; Guisan and Thuiller 2005;

Araùjo and Guisan 2006; Elith et al. 2006; Mateo et al. 2011; Mellert et al. 2011). Use of the

modelling approach to predict potential species distribution has increased in recent years as

a useful tool for management, conservation and restoration (Hidalgo et al. 2008; Vessella

and Schirone 2013; Bede-Fazekas et al. 2014; López-Tirado and Hidalgo 2014). Many

studies using ENM have been carried out in the Iberian Peninsula (Alba-Sánchez et al. 2010;

Felicı́simo et al. 2012; Garcı́a-Valdés et al. 2013), including studies on decline and growth

as a result of drought (Sánchez-Salguero et al. 2010, 2012). In this work, we used logistic

regression (LR), a type of generalized linear model (GLM). Because LR uses presence/

absence data, it allows a model with a specific number of randomly chosen absences to be

run. The main advantage of LR is the applicability of its formula to the whole territory so

that explanatory variables can be related to the probabilities of presence (Sumarga 2011). If

the dependent variable has more than two categories, then Multinomial Logistic Regression

(MLR) is possible. This type of LR is used to study spatial vegetation dynamics by

recording plant species or vegetation types as pixels on a grid (Augustin et al. 2001; Finley

et al. 2009). The ensuing MLR formula can be subsequently used in the climate change

scenarios for forecasting the suitability of each species in the study area.

The primary aims of this work are: (a) to obtain a high resolution map (200 m) of

suitable areas for growth of the three target pine species in the south of Spain from the

results of a GLM approach; (b) to implement this method in three different climatic

scenarios (B1, A1b and A2) over the course of the twenty-first century; and (c) to predict

the potential impact of climate change on the distribution of the target species and assess

potential scenarios for future afforestation/reforestation programs.

Materials and methods

Study area

The study area spans ca. 8.7 million ha in the south of Spain (largely in the Andalusian

region; Fig. 1) and exhibits the greatest extremes of rainfall and temperature in Spain. Sub-

desert zones contrast with the wettest mountainous areas of the study area (De Castro et al.

2005). The region includes two mountain ranges, the Sierra Morena, a belt running across

the north, originated by Hercynian folding, with summits reaching around 1300 m a.s.l.,

and essentially characterized by acid soils. The second is the Baetic range, a more recent

limestone formation resulting from Alpine relief, which is located in the east. It is char-

acterised by an extreme relief, with only 35 km from the coastline to the highest summit

(3479 m a.s.l.). Thus, mild and harsh conditions prevail in very close proximity.

Between these two ranges, the Guadalquivir depression spans a triangular-shaped area

running from the southwest to the northeast. Landscape consists in highly fragmented

agricultural land with vestigial patches of original vegetation. The basin has loamy soils,

low elevations and smooth terrains.

Target species

Stone pine is distributed across southern Europe and western Asia (López González 2007). Its

natural area is difficult to define because the Romans contributed to spreading the trees (Costa

Tenorio et al. 2005; Muñoz Álvarez 2010). Stone pine is well distributed in the west part of the
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study area. The largest pure stands are located in coastal areas of western Andalusia, but pines

also occur in the eastern part of the SierraMorena,mainly interspersedwith holmoak (Quercus

ilex L.) and cork oak (Quercus suber L.) stands. Stone pine prefers siliceous soils but can grow

well on limestone. It is a thermophilous species, not exceeding elevations above 1000 m a.s.l.

(Costa Tenorio et al. 2005). The other two species are more typical of the eastern end of the

study area, with cluster pine usually growing at higher elevations than Aleppo pine.

Aleppo pine is a thermophilous species which adapts easily to diverse environments

(particularly in the eastern xeric areas). The species mainly lives on limestone soils up to

1600 m a.s.l. in Andalusia (López González 2007). It is the most widespread pine species in

the Mediterranean basin, where it grows under different climatic conditions (Barbéro et al.

1998; Richardson and Rundel 1998), and so holds significant interest as a forestry species.

Main stands are found in North Africa and the Iberian Peninsula (Costa Tenorio et al. 2005).

Cluster pine is restricted to the western Mediterranean basin (López González 2007). Its

main stands are in the Iberian Peninsula, where it has been widely planted. In the study area, it

usually grows in altitudinal belts below stands of black pine (P. nigra Arnold) and scots pine

(P. sylvestris L.) in the Baetic range; however, it can also be found along the Sierra Morena. It

thrives on siliceous soils but can also grow on sandy limestone soils (López González 2007).

Dataset origin

The dataset used was developed from environmental data of REDIAM (Red de Información

Ambiental de Andalucı́a) and AMAYA (Agencia de Medio Ambiente y Agua), both under the

umbrella of the Andalusian Regional Government (Consejerı́a de Medio Ambiente y Orde-

nación del Territorio, Junta de Andalucı́a).The studywas carriedout at 200 mresolution across

four time periods: the reference period (1961–2000), early twenty-first century (2011–2040),

Fig. 1 Location of the study area. An elevation gradient is shown
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middle twenty-first century (2041–2070) and late twenty-first century (2071–2100). The first

period was used as a reference to predict potential areas and the others for future projections in

the context of climate change. Each period was examined in three different scenarios (B1, A1b

and A2). B1 describes a convergent world, undergoing rapid changes in economic structures

toward a service and information economy, with a global population that peaks inmid-century.

A1b retains the same global population as B1, but experiences less rapid changes in economic

structures. It also assumes the rapid introduction of new and more efficient technologies and a

balance across all resources. A2 depicts a very heterogeneous world, with high population

growth, slow economic development and slow technological change. Based on the recom-

mendations in the 4th Assessment Report of the Intergovernmental Panel on Climate Change

(IPCC 2007), data were processed with CNCM3GCM.Unfortunately, the 5th AR of the IPCC

at 200 m resolution is still under construction for the study area.

Many approaches to the final model were carried out. With the aim of trying to avoid

correlation and arrive at the best performance, a total of 11 explanatory variables were finally

used. Temperature and rainfall are the key factors in global climate change. Temperature

variables (MAT,MCT andMWT), as well as annual rainfall (AR), played an important role in

demarking the suitability area (for abbreviations see the footnote of Table 1). Other additional

variables had to be chosen according to the species or the study area. CI was calculated by

subtracting the mean temperatures of the warmest (July) and coldest months (January). This

parameter becomes higher the farther inland one travels, and can thus distort the balance of

oceanic and continental environments.Moreover, variables such asMCT,MWT,CI,OMBand

AAIwere chosenwith extreme conditions inmind, since the target specieswereknown toeasily

adapt to diverse climatic conditions (Del Campo et al. 2014). OMB and AAI measure the

humidity and aridity in the study area. The latter is especially important for the most arid zone

located in the southeast of the study area. WB and PPA were also included because they are

usually the subjects of silvicultural management. Water availability to plants is commonly

evaluated fromWB,which has previously been found to be a performing variable inmodelling

distribution of tree species (Zhang et al. 2002; Piedallu et al. 2013). Primary production

availability is an important variable for species of economic significance, such as pines and

other conifers (Acker et al. 2002; Baishya andBarik 2011; Campoe et al. 2013). It estimates the

photosynthetic period from the photoperiod, temperature (over 7.5 �C) and positive water

balance. The remaining variables (ETo and SR) were included in the ENMs because of their

highdegreeof significance to the distributionof the targetpine species. ETomeasures the rateof

evapotranspiration from a hypothetical crop of green grass of uniformheight, actively growing,

well-watered and completely shading the ground. Finally, SR measures the amount of solar

energy from the sun.

Compilation of the dataset

The dataset was compiled using the software ArcGIS v. 10 (ESRI, 2010). Unsuitable areas

for hosting woody tree species (marshes and rice crops, mainly) were excluded.

Explanatory variables were recorded in raster files of 200 m resolution and pine occur-

rences as vector polygons (1:10,000 scale). Additional information was retrieved from

three different projects: VEGE10 (detailed digital vegetation maps at the 1:10,000 scale),

MUCVA (Map of Uses and Plant Covers of Andalusia at the 1:25,000 scale) and IFN3 (3rd

National Forest Inventory). Natural and non-natural stands of the species were considered

for this study. The occurrence data for stone pine, Aleppo pine and cluster pine was 42,128,

42,026 and 24,070 polygons respectively. After the conversion the result was 93,849,
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101,899 and 47,131 points. The number of used absence points was 129,998. In total, the

whole area comprised a grid of about 2 million points.

Development of the model

The database was processed by using the statistical software SPSS v.20 (IBM, 2011). Data

for the three pine species were subjected to MLR analysis, using the main effects method,

which is insensitive to small changes and provides accurate predictions (Augustin et al.

2001). The default options (PIN = 0.05, POUT = 0.1) were used. All explanatory vari-

ables were assumed to be continuous and hence used as ‘‘covariates’’. The output of the

model was the b value of each explanatory variable. The sign of b indicates whether a

given variable supports (?) or avoids (-) the presence of the species concerned, and its

absolute value is a measure of importance (the closer to 0, the less important the variable).

Using b values in the multinomial logistic formula gave the probability for each point on

the grid, which ranged from 0 (no probability of presence) to 1 (maximum probability of

presence). Finally, probability values were used to construct a raster file by using GIS in

order to develop a suitability distribution map at 200 m resolution.

Calibration and validation of the model

Nagelkerke’s R2 (Nagelkerke 1991) was the selected method to assess the calibration of the

model. For validation Akaike Information Criterion (AIC; Akaike 1973) and the Bayesian

Information Criterion (BIC; Schwarz 1978) were used.

Results

Table 1 shows the mean and standard deviation, and the minimum and maximum values, for

each individual species in the study area over the reference period. Based on temperature-

related variables (MAT, MCT and MWT), stone pine was the most thermophilous species,

followed byAleppo pine and cluster pine. The values for stone pine were higher than the mean

for the study area, while those for Aleppo pine and stone pine were lower. AR exhibited large

differences between minimum and maximum values. Cluster pine was the species with the

greatest mean, whereas Aleppo pine had the smallest mean and minimum values. CI mean

valueswere quite similar across the three species, but somewhat lower for stone pine. TheOMB

values for stone pine and Aleppo pine were very similar to the mean for the study area. The

highest OMB mean value was for cluster pine and the lowest for Aleppo pine. Obviously, the

highest mean value of AAI was for Aleppo pine. More interestingly, its maximum value was

much greater than those for stone pine and cluster pine. Aleppo pine was the species able to

grow in the harshest conditions, thus exhibiting the smallest PPA.On the other hand, stone pine

and cluster pine clearly exceeded themean for the study area.WB in cluster pinewas twice that

of the other two species.Bycontrast,ETo andSRwere similar for the three species and the study

area, with stone pine slightly above and the other two species below the mean of the area.

Table 2 compares various future scenarios and periods. An increase in temperature-

related variables and a decrease in annual rainfall, the two main factors influencing climate

change predictions, can be anticipated.

The statistical results of the model are shown in Table 3. Overall, b was very close to 0,

OMB excepted. Four out of the eleven explanatory variables had the same sign in b;
specifically, MCT and OMB were both negative, whereas PPA and ETo were positive.
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Electronic Supplementary Material shows the predicted probability of occurrence as a

percentage, estimated by using a threshold of 0.5. The results reveal some trends for each

species in different scenarios and periods of the twenty-first century. Stone pine extends its

potential distribution until the late twenty-first century. In contrast, Aleppo pine and cluster

pine suffer a significant reduction.

Nagelkerke’s R2 score was 0.8. AIC and BIC had lower values for the full model,

483,737.631 and 484,127.475 respectively (‘‘final’’ in the model fitting information table of

output data) than for the null model, 992,108.052 and 992,140.539 respectively (‘‘intercept

only’’).

Figure 2 shows the current presence data and potential distribution of each species in

the reference period. The potential distribution of suitable areas was wider for Aleppo pine

and, especially, stone pine. Cluster pine exhibited less salient predictions relative to its

current distribution. Based on these, the most suitable areas for stone pine are mainly in the

Guadalquivir depression, running west to northeast. This species is not expected to reach

higher elevations in the eastern part or in the northernmost sites in the Sierra Morena. In

contrast, Aleppo pine prevails on the eastern end of the study area, matching the Baetic

range, and is found largely at low elevations. Interestingly, there is a suitable patch in the

centre of the Sierra Morena for which no current occurrence data are available. Cluster

pine also has potential areas in the eastern part of the study area, but has a very important

stand in the south-central part.

In response to climate change, the potential distribution area for stone pine is predicted

to increase over the course of the future periods studied (Fig. 3). The maps for scenarios

B1 and A2 in the early twenty-first century are very similar, with A1b having the largest

potential area. This trend is echoed by the predictions for the middle twenty-first century.

On the other hand, A2 is predicted to be the best scenario for stone pine in the late twenty-

first century. A2 and A1b exhibit a new potential patch in the east of the study area (viz.

450 m a.s.l. in the valley of Almanzora river). In contrast, suitable areas for Aleppo pine

and cluster pine are predicted to contract (Figs. 4, 5). An upward migration in both pine

species is expected at a similar rate in the three scenarios of the early twenty-first century.

In this period, A2 is better for Aleppo pine, whereas all scenarios are similarly favourable

for cluster pine. In the middle twenty-first century, the treeline is expected to rise again in

both pine species. In this period, B1 is predicted to lead to lesser migration and a higher

potential. The least suitable areas are those for cluster pine in A2, A1b and A2 being

equally favourable for Aleppo pine. Finally, the upward migration will continue in the late

twenty-first century (especially in B1 and, less markedly, in A2). The most drastic

reduction in potential area for both species will occur in A2.

Fig. 2 Current presence data (orange) and potential distribution in the reference period (green) of a stone
pine, b Aleppo pine and c cluster pine. A suitability gradient from poor (light green) to the most
suitable areas (dark green) is shown. White denotes the absence of suitability. (Color figure online)
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Fig. 3 Potential distribution of stone pine in three different scenarios during the twenty-first century. For
details, see caption to Fig. 2

Fig. 4 Potential distribution of Aleppo pine in three different scenarios during the twenty-first century. For
details, see caption to Fig. 2
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Discussion

The low resolution of ENMs has often reduced the accuracy of their predictions (Ruiz-

Labourdette et al. 2012). Studies at very high resolutions have been conducted in recent

years on some forest species (Hidalgo et al. 2008; López-Tirado and Hidalgo 2014). This

research was carried out at a resolution of 200 m, which led to accurate species distribution

and explanatory variables to be identified. MLR involves zoning among the target species.

Thus, the analysis of forest trees by ENMs is particularly useful when biotic factors are

considered (Coudun et al. 2006; González-Salazar et al. 2013; Vessella et al. 2015).

Predicting suitable areas for growth allows afforestation/reforestation programs to be

highly reliably designed. The goodness of the model developed here is supported by its

Nagelkerke’s R2 value (viz. 0.4, indicating good calibration; Bässler et al. 2010). Also, the

AIC and BIC values are indicative of a high goodness of fit (Burnham and Anderson 2004).

The mean, minimum and maximum values of the temperature-related variables (MAT,

MCT and MWT) can be discussed jointly. Stone pine grows in coastal areas and low

altitudinal ranges such as the Sierra Morena. Its values (the highest) correlated inversely

with elevation by effect of its lapse rate (Jacobson 2005; Ahrens 2006). The b values for

MAT and MWT confirm its tendency to seek increased temperatures. In contrast, the b
values for MAT in cluster pine and Aleppo pine were both negative. Both species occur

mainly in the Baetic range at higher altitudes than the sites occupied by stone pine, cluster

pine generally occurring at higher altitudes than Aleppo pine. The negative b value of

MCT for all species indicates avoidance of the lowest temperatures. The extreme values

obtained for AR can be accounted for by the complex relief and rainfall patterns which are

responsible for producing within close proximity sub-desert areas and the wettest area in

Fig. 5 Potential distribution of cluster pine in three different scenarios during the twenty-first century. For
details, see caption to Fig. 2
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the Iberian Peninsula (De Castro et al. 2005). Aleppo pine exhibited the smallest minimum

value of AR, which confirms its importance in semi-arid zones (Néeman and Trabaud

2000; Derak and Cortina 2014). In contrast, cluster pine receives higher AR due to Föhn’s

effect (Strahler and Strahler 1989), while stone pine remains at an intermediate level.

Interestingly, it had the lowest standard deviation values, indicating a more regular regime

of rainfall from the western Atlantic fronts. At the same time, the b value for AR was

negative, which suggests that stone pine could grow in areas with lower AR. Meanwhile,

Aleppo pine had a positive b value, indicating preference for areas with increased AR—

this species had the lowest mean AR. The decreasing trend in annual rainfall in recent

decades has led to a decline in P. halepensis subsp. brutia (Ten.) Holmboe in the eastern

Mediterranean basin (Sarris et al. 2007, 2011). Cluster pine was theoretically insensitive to

AR. CI suggests that the oceanic environment is suitable for stone pine, a finding which is

consistent with the location of the majority of the pure stands on the west coast and the

negative b value. CI was slightly greater for Aleppo pine and cluster pine, due to the

prevalence of inland stands—hence the positive sign in b. The b value for OMB was

farther from 0 than that of the other variables, and thus enjoys slightly greater weight in the

model. Its negative sign indicates avoidance of wetter ombrotypes even though cluster pine

had the value closest to zero (i.e. it is the species less markedly avoiding wet areas). In fact,

this species had the greatest mean value in CI for the same reason as AR (i.e. its growing at

higher elevations and in mountainous areas). In contrast, the AAI score for Aleppo pine

confirms the harsh conditions where it usually grows—and led to a positive b value for this

variable. This trait suggests that populations of this species should be less attractive for

economic purposes. Aleppo pine had the lowest PPA and WB values, in fact, these were

the closest to zero of all. Only WB for Aleppo pine was negative, the explanation of which

is similar to that for AAI. Stone pine and cluster pine had negative AAI values because

they grow in wetter areas than Aleppo pine. ETo values exhibited no substantial differ-

ences among the species, all three having a positive b value. b was also positive for SR in

stone pine. Flat and low altitude sites are generally typical of the distribution of this species

in the western area. Stone pine is a shade intolerant species (López González 2007), which

resulted in the highest SR mean value, and hence in the highest ETo value. On the other

hand, Aleppo pine and cluster pine had a negative b value in SR because the main stands

are located on mountainous areas in the Baetic range.

MAT, MCT and MWT were predicted to increase over the twenty-first century (see

Table 2). CI, AAI, ETo and SR exhibited a similar trend, whereas AR, OMB, PPA and WB

changed in the opposite direction. With respect to the three scenarios, B1 exhibited the

most extreme values in the early period. On the other hand, A1b had the highest tem-

peratures in the middle period, although OMB, PPA, WB and AAI were highest in A2. In

fact, A2 was the harshest scenario in the late twenty-first century, while B1 was the

mildest. Overall, the model predicted a mean increase of 3.08 �C and a decrease of

97.84 mm in AR, with the other variables changing accordingly. Worthy of special note

here is the drastic decrease predicted in PPA (591.99) and WB (495.87), i.e. about 31 and

57 %, respectively.

The results show that the largest area is occupied by stone pine, followed by Aleppo

pine and cluster pine. Specifically, stone pine is predicted to expand during the twenty-first

century, whereas Aleppo pine and cluster pine might exhibit the opposite trend. In the

harshest scenario (viz. A2 in the late twenty-first century), there would be no suitable areas

exceeding the 0.5 probability threshold for the latter species. A comparison of extreme

scenarios suggests that Aleppo pine might undergo a steady reduction in potentiality over a
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quarter of the area it presently occupies. Conversely, stone pine might increase by about

17 % (see Electronic Supplementary Material).

The thermophilous nature of Aleppo pine will probably hinder migration to higher

altitude sites (López González 2007). The centre of the Sierra Morena, which we predicted

to be a suitable region for Aleppo pine, would be lost in the worst case scenario for the last

period (A2). Stone pine can be reliably expected to occupy suitable sites in this scenario—

the best for this species according to Fig. 3. This prediction is consistent with Bede-

Fazekas et al. (2014) which stated that most of the Spanish distribution of stone pine will

remain viable in the middle twenty-first century. According to these authors, cluster pine

populations at the lowest altitude sites could be lost due to migration to higher elevations in

the south of the Iberian Peninsula over the period 2011–2040. Our high resolution model

enables the identification of a trend in cluster pine towards higher elevations until the end

of the twenty-first century. Similar poleward and upward migration trends have also been

projected by other authors (Bertrand et al. 2012; Lenoir et al. 2008; Parmesan and Yohen

2003; Rabasa et al. 2013).

Spanish territory is dominated by a small number of species, including pines (Garcı́a del

Barrio et al. 2013). Overall, stone pine would be the most suitable pine species in the

western and northeastern zones of the study area. Based on the goodness of fit provided by

the model, stone pine could be a key species for afforesting the Guadalquivir depression in

restoration programs. These theoretical populations could shelter afforested specimens of

holm oak, which is the main natural species (Rivas-Martı́nez 1987; Valle 2004). Conse-

quently, the formation of natural patches and corridors might reduce fragmentation in this

large deforested territory.

On the other hand, Aleppo pine would be the most suitable species in the eastern end.

Unfortunately, this is one of the most desertification-prone zones (Fons-Esteve and Páramo

2003). Because stone pine has a good recruitment capacity and adapts well to stressful

environments (Manso et al. 2014), it should be considered in future reforestation programs

in some of these areas. Cluster pine is predicted to undergo a very marked decrease in

suitability. Climate/growth models have predicted a strong decline in basal area increment

during the twenty-first century in the northwest of the Iberian Peninsula (González-Muñoz

et al. 2014). Higher temperatures in spring and summer could increase water stress and

have an adverse impact on cluster pine (Nabais et al. 2014), which might migrate to the

highest elevations in response.

In conclusion, the ENM method provides very good fit in predicting and forecasting the

evolution of the target Mediterranean pines species. The model is highly accurate and the

ensuing maps provide a powerful tool for designing reforestation programs in the context

of global climate change and afforestation (Gastón et al. 2014). These results can be

considered especially relevant to anthropogenic areas with massive landscape fragmen-

tation. Further studies could be carried out with multiple algorithms addressing the whole

distribution so as to achieve a deeper understanding of global changes affecting the species.
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Alba-Sánchez F, López-Sáez JA, Benito-de Pando B, Linares JC, Nieto-Lugilde D, López-Merino L (2010)
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Martı́nez F, Montero G, Ruiz-Peinado R, Cañellas I, Candela JA (2004) Geobotánica e historia de los
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