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Protected areas are fundamental in conservation, but their intactness is increasingly
threatened by the effects of climate and land cover changes. Here, a
methodological procedure is proposed able to determine the representative climatic
conditions of a protected area in central Spain (Guadarrama National Park)
pinpointing the natural areas that will host future analogous conditions, but also
assessing the effects of land cover changes on the connectivity of these areas.
Future conditions provided by two 2050 IPCC climatic change scenarios and land
cover change simulations were jointly used for this purpose. According to the
results obtained, climate change will produce notable effects, displacing its
representative climatic conditions as well as modifying the land cover in the
neighbor localities. Three areas appear as fundamental for the future maintenance
of this reserve: two within the Iberian Central System (Gredos Mountains and
Ayll�on Mountains) and one in the Iberian System (Urbi�on Mountains). The
proposed approach can be implemented in any protected area to examine its
capacity to represent in the future the environmental conditions for which it
was created.

Keywords: climatic representativeness; future analogous conditions; land-use
simulations; connectivity; Iberian Peninsula

1. Introduction

The establishment and management of protected areas (PAs) is a cornerstone of bio-
diversity conservation, with the aim of safeguarding characteristic environmental con-
ditions, species, and ecological communities. To date, PAs have mitigated the threats
associated with human activity (Rodrigues et al. 2004) and have slowed down the loss
of biological diversity (Dudley and Parish 2006) and habitat alteration within their lim-
its (Bruner et al. 2001). However, changes in land use and land cover in adjacent areas
can influence the effectiveness of PAs as a conservation tool (Radeloff et al. 2010;
Hamilton et al. 2013). In addition, there is increasing concern over whether PAs with
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fixed spatial boundaries can maintain populations of species in the face of climate
change and other anthropogenic pressures (Ara�ujo et al. 2004; Parmesan 2006; Chen
et al. 2011; Monz�on, Moyer-Horner, and Palamar 2011; Trivi~no et al. 2013).

If changes in the climate due to greenhouse gas emissions continue (IPCC 2007,
2014), the alteration of climatic conditions could interact with direct land-use change
(Dale 1997) to diminish the protective role played by PAs. Specifically, PAs could be
rendered ineffective for their designated roles if they represent environmental condi-
tions that are increasingly distinct from when they were established (Lobo 2011).
Under these circumstances, protected areas could become “emitter” areas of character-
istic flora and fauna toward other “recipient” areas that, in the future, would represent
the environmental conditions currently hosted by a given PA (Thomas and Gillingham
2015). Hence, it is important to anticipate changes in the climatic conditions repre-
sented by each PA, to estimate the location of these recipient areas (Mingarro and
Lobo 2018), and to simulate possible land-cover changes in them (Sleeter et al. 2012;
Sohl et al. 2016). To perform these tasks is crucial to designing conservation adapta-
tion strategies that, on the one hand, help facilitate the colonization of these recipient
areas by threatened fauna and flora and, on the other, anticipate the environmental
conditions in existing PAs.

In this study, the areas of future climatic and land-cover representativeness are
identified for a recently established Spanish National Park, the Guadarrama National
Park (GNP), which is subject to intense anthropogenic pressure due to its proximity to
a highly populated city (Madrid) (Hewitt and Escobar 2011; D�ıaz-Pacheco and Garc�ıa-
Palomares 2014; Lopez-Gay 2014). Climatic and land-cover scenarios are used to esti-
mate the capacity of surrounding natural areas to represent the current biodiversity and
environmental characteristics that motivated the protection of the GNP reserve and to
delimit the most important zones hindering or promoting connectivity between these
representative areas. Our applied aim is to establish a framework to assist environmen-
tal managers in the design of conservation strategies to mitigate future adverse effects
of environmental change on the fauna and flora of protected areas, using the
Guadarrama National Park as a case study.

2. Material and methods

2.1. Study area

GNP is located in the eastern part of the Iberian Central System (Figure 1), one of the
main mountain systems of the Iberian Peninsula running in an ENE-WSW direction
and splitting the inner Iberian plateau latitudinally into two parts. GNP is located in
the Guadarrama Mountains at the northern boundary (around 35 km) of the highly
populated metropolitan area, Madrid, with the Castilla and Le�on Autonomous
Community, and it is the most highly protected area in the Iberian Central Mountain
System. The GNP was created in 2013 and covers 33,960 hectares, representing high
mountain Mediterranean environments including scrub, alpine pastures, pine forests,
and bogs, as well as glacial topography and unique geological elements (see L�opez
and Pardo 2018 for a synthesis of the environmental, historical and conservation char-
acteristics of this region). The human pressure on GNP is very high; 26 municipalities
are included within the reserve, and the surrounding villages harbor an approximate
total resident human population of 150,000. Furthermore, GNP receives around
3,000,000 visitors per year (Rodr�ıguez-Rodr�ıguez et al. 2017), and the metropolitan
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area of Madrid is one of the most populated areas in Europe (around 6,300,000 peo-
ple), having experienced a substantial increase in population and urban land cover
since the mid Twentieth Century (Hewitt and Escobar 2011; D�ıaz-Pacheco and Garc�ıa-
Palomares 2014).

2.2. Climatic data

Current climatic data are based on interpolations using data from a total of 2,173 rain-
fall stations and 973 thermometric stations. These data represent the monthly average
of maximum daily temperatures, monthly average of minimum temperatures, and both
daily and total accumulated rainfall during each month; from 1950 to 2007 for the
Iberian Peninsula (see methodology in Felic�ısimo et al. 2011). Using these data, digital
cartography was carried out to represent monthly averages of each of these three varia-
bles for the whole set of years considered at a 1 km2 resolution (Felic�ısimo et al.
2011). These data and the equations provided by Valencia-Barrera, Comtois, and
Fern�andez-Gonz�alez (2002), L�opez Fern�andez and L�opez (2008), and Hijmans et al.
(2005) allowed us to build 23 bioclimatic variables for each 1 km square over the
1950–2007 period (see Mingarro and Lobo 2018). These climatic predictors were sub-
mitted to a selection procedure in order to choose the minimum number of variables
able to best represent overall climatic variability in the Iberian Peninsula. Briefly, all
variables were submitted to a principal components analysis (PCA) generating three
non–correlated factors with eigenvalues higher than 1, which represent 93.5% of the
climatic variability of the Iberian Peninsula. For each one of these three factors the ori-
ginal variable with the highest factor loading was selected and also those variables
poorly represented by the selected PCA factors (see Mingarro and Lobo 2018 for a
complete description of the procedure). This process enabled the selection of five cli-
matic variables: precipitation of the wettest month, annual average temperature, ther-
mal contrast, isothermality, and average monthly maximum temperature.

Iberian future climatic data (year 2050) are derived from the WorldClim database
with a 0.86 km2 resolution at the equator. Data reflecting the average of six different
global climate models (GCMs) were chosen: BCC-CSM1-1 (Xin, Wu, and Zhang
2013), CCSM4 (Gent et al. 2011), GISS-E2-R (Nazarenko et al. 2015), HadGEM2-ES
(Jones et al. 2011), IPSL-CM5A-LR (Dufresne et al. 2013), and MRI-CGCM3
(Yukimoto et al. 2012). All these future climatic simulations were generated in the
IPCC fifth evaluation report (AR5) according to two scenarios of representative con-
centration routes which differ markedly from each other, representing moderate (RCP
4.5) and high (RCP 8.5) rates of warming (Van Vuuren et al. 2011). Average values
for the three primarily considered climatic variables (maximum temperature, minimum
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Figure 1. (a) Guadarrama National Park (GNP; black polygon) and current climate
representative areas throughout the Iberian Peninsula (yellow) and throughout the river basins
contiguous to the GNP (in brown). (b) detailed map representing the area composed by the river
basins (white polygons) in which there are areas with present climatic conditions similar to
those of the GNP (in brown): (HE) Henares, (TA) Taju~na, (JA) Jarama, (GU) Guadarrama, (AL)
Alberche, and (TI) Ti�etar, (DU) Alto Duero, (RI) Riaza and Durat�on, (CE) Cega, Eresma and
Adaja and (TO) Tormes. Gredos Mountains are represented by the letter G, Ayll�on Mountains
by A (both belonging to the Iberian Central System), and Urbi�on Mountains representing by
letter U (which belong to the Iberian System). All maps have been made with ETRS 89 UTM
Zone 30N reference system.
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temperature, and annual average precipitation) were calculated in order to use them to
derive the same five climatic variables selected using current climatic data.

2.3. Land cover data

Corine Land Cover (CLC) cartography was used to develop land-use and land-cover
change simulations at a 100m raster spatial resolution. Thus, each 100m cell belongs
to only a single land cover type (see https://land.copernicus.eu/pan-european/corine-
land-cover). CLC data offers information from 1990 to 2012 (1990, 2000, 2006, and
2012) and was used considering the five main first-level land-cover categories: artifi-
cial areas, agricultural areas, forest and natural vegetation areas, wetlands and water
bodies. The hydrographic basins of level 5 obtained from the WaterBase project
(http://www.waterbase.org/) were used to delimit the study area.

2.4. Deriving climatic representativeness

The selection of areas with a climate similar to the one existing in GNP (climatic rep-
resentativeness) was carried out following a previously published methodology
(Mingarro and Lobo 2018). Briefly, the values of the five previously selected climatic
variables were used to estimate the current Mahalanobis distance (MD) between the
conditions in the 1 km2 cells of the GNP and all the cells of the Iberian Peninsula. The
95th percentile of the MD values in GNP was chosen as the decision threshold to
delimit the areas with a climate similar to that in the national park. The areas climatic-
ally representative of GNP were subsequently delimited to those existing in a sur-
rounding area of 5,003,693 hectares covered by the 10 watersheds or sub-basins with
areas within the target national park (called study area from now on; see Figure 1).

2.5. Land cover scenarios

The change in land cover was also simulated according to the same two scenarios
from AR5 of the Intergovernmental Panel on Climate Change (IPCC 2014). In terms
of land cover, RCP 4.5 represents a scenario of stable or decreased future greenhouse
gas emissions associated with increased carbon stocks in forests and a decrease in agri-
cultural land (Hurtt et al. 2011). On the contrary, the scenario RCP 8.5 is one with
constant emissions and both population and anthropic land-cover increases (Van
Vuuren et al. 2011; Hurtt et al. 2011).

To determine the area of each one of the five land cover categories that will
change in the future scenarios, CLC data was first used to calculate real, observed
changes. Thus, a 5� 3 cross-tabulation table was built for each basin of the studied
territory representing the changes that occurred in each land cover category over three
consecutive periods (1990 vs 2000, 2000 vs 2006, and 2006 vs 2012; see
Supplementary Appendix A1). The RCP 4.5 scenario indicates population stabilization
and a reduction in the growth of artificial areas (Van Vuuren et al. 2011). The 10th
percentile value of all the observed rates of the artificial land-cover growth was used
to transform agricultural areas into artificial ones (0.0067% per year obtained for the
Ti�etar Basin during the 1990-2000 period; see Supplementary Appendix A1). This
scenario also indicates a high natural and forest vegetation growth. Hence, the highest
growth rate of forest and natural vegetation areas experienced in any basin and period
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is also used to simulate the land-cover changes according to this scenario (0.3242%
per year obtained in the Riaza and Durat�on basin during the 2000–2006 period; see
Supplementary Appendix A1).

The growth in population and artificial areas expected under the RCP 8.5 scenario
(Van Vuuren et al. 2011) was represented by using the 90th percentile value for
growth of artificial areas (0.3528% per year in the Guadarrama basin during the
1990–2000 period; see Supplementary Appendix A1) to transform forest areas into
artificial ones and, to a lesser extent, agricultural areas into artificial ones. The median
growth rate observed in agricultural areas (0.1898% per year in the Ti�etar basin during
the 1990–2000 period) was used to transform agricultural areas into forest and semina-
tural areas. The thresholds for the growth of artificial and agricultural areas were
selected, contemplating that urban areas will grow at a faster rate than agricultural
land, and also considering that the demand for increased agricultural production will
be partly compensated by technological advances.

In all cases, the wetlands and water areas were considered stable because i) they represent
less than 1% of the total area in the studied region, and ii) the temporal change in these land
uses is not a concern in mountain areas due to the lack of overexploitation of the aquifers.

A multicriteria evaluation (MCE) was then carried out to weight seven location
factors well known as drivers for land-use cover change in future scenario simulations
(Vaz et al. 2012; Rozas-V�asquez et al. 2014) (Table 1). Previously, a sigmoidal mem-
bership function with a monotonically decreasing curve has been used to transform all
these location factors to the same range (0-1 values) as implemented in the IDRISI
Terrset software. The standard commonly used, Saaty’s analytical hierarchy process,
(AHP; Saaty 1977, 1980) was used for quantifying the weights on MCE according to
experts’ experiences, for the purpose of assigning a relative importance to each factor
in determining the suitability of the stated objective (Eastman et al. 1995). AHP has
been tested theoretically and empirically for a variety of decision-making situations,
including spatial decision-making, and has been incorporated into a decision-making
procedure based on GIS (Malczewski 1999). Finally, the weighted linear sum method
was used as a straightforward method for the integration of standardized variables.
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Table 1. Criteria used to assess the suitability of the different land cover categories and weights
used obtained through an analytical hierarchy process (Saaty 1977) and following multicriteria
evaluation techniques (Vaz et al. 2012). Constraint indicates criteria that were used to mask
some of the areas out of the evaluation. A sigmoidal membership function with a monotonically
decreasing curve was used to transform all criteria to the same range. ART¼Artificial;
AGR¼Agricultural; FNV¼ Forest and Natural Vegetation.

Land use Criteria Weight

ART Closeness to urban area 0.3306
Closeness to road network 0.1443
Slopes less than 10% 0.2206
Closeness to Madrid municipality 0.3045
Occurrence of a protected area Constraint

AGR Closeness to agricultural area 0.1406
Closeness to forest and natural vegetation area 0.3056
Closeness to road network 0.1855
Slopes less than 15% 0.3683
Occurrence of a protected area Constraint

FNV Closeness to forest and natural vegetation area 1
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2.6. Simulating future changes

To locate where the climatic conditions that the GNP currently represents will appear
in the future, the same five previously selected climatic variables were used to calcu-
late the Mahalanobis distance between the current conditions in the 1 km2 cells of the
GNP and all the cells of the Iberian Peninsula according to the RCP 4.5 and RCP 8.5
future climate scenarios. This process allowed us to estimate the Iberian localities
which, in the future, will provide the climatic conditions currently represented by the
GNP (“recipient areas” sensu Mingarro and Lobo 2018).

In the land cover simulations, one of the most common approaches followed in the
literature was used (Vaz et al. 2012; Rozas-V�asquez et al. 2014; Terra, dos Santos,
and Costa 2014): the Cellular Automata-Markov module available in the IDRISI
Terrset software (Eastman 2009). This task is based on simulation procedures which,
although simple, have a great capacity to project trends in land-cover and land-use
changes (L�opez-L�opez et al. 2009). The procedure is a spatially explicit stochastic
model that simulates land-cover changes based on previous states (Luijten 2003), but it
is not able to consider the variables that explain the local changes in some specific pla-
ces. For this reason, the combination of Markov chains with MCE (specifically
weighted linear summation) allows weighting and incorporation of location factors that
adjust the results to the real characteristics of the territory (Vaz et al. 2012). In add-
ition, the Cellular Automata-Markov module includes a Cellular Automata algorithm
to simulate changes in dynamic systems in a regular and discrete space according to
transition rules (Tobler 1979). This algorithm allows the incorporation of spatial neigh-
borhood relations and dependence in the assignment of the probabilities of change for
different covers (White and Engelen 1993; Li et al. 2017; Liang et al. 2018). In short,
the Cellular Automata-Markov module works through iterations, each iteration corre-
sponding to one year in this case. For each one-year-iteration, it uses as input the
land-cover map on which the changes should be projected (starting from 2012 in this
case), together with the Markov chain matrix and the images for each one of the
classes obtained through the MCE, to simulate land-cover changes.

The final result of this iterative procedure is a land-cover map showing the land
cover for the selected year in the future. Following the aforementioned approach, the
simulation of land-cover changes in the study area was carried out in the two proposed
future scenarios taking 2012 as the base year according to the available land-cover
map (Figure 2). The areas that in the future will harbor similar climatic conditions to
those currently existing in the GNP, along with those representing future changes in
land cover, were used to delimit the climatically similar areas with forest and natural
vegetation. All the other land-cover types were discarded as representative of the habi-
tat conditions in the GNP. The possible anthropic barriers hindering the connectivity
of the GNP with the so obtained recipient areas were identified.

3. Results

3.1. Climatic representativeness of GNP

The areas that currently harbor the climate of GNP represent approximately 3.7% of
the complete Iberian area (Figure 1) and 17.4% of the 50,037 km2 study area (Figure
3a). These areas are distributed throughout the Iberian Central System, including in
mountain regions elsewhere on the central Iberian plateau (e.g. the Iberian System and
the Gredos Mountains).
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For 2050 under the RCP 4.5 scenario (Figure 3b), the overall area of climatic rep-
resentativeness is reduced by 76%, so that it only represents 4.3% of the study area.
Under this scenario, the area of the GNP itself does not contain any climatically repre-
sentative areas, with only some small, and fragmented, area located in the Ayll�on
Mountains and in Gredos Mountains (see Figure 1). In the case of the RCP 8.5 scen-
ario (Figure 3c), the climatic representative area was reduced from current conditions
by 60%, so that it constituted around 7% of the study area, and the GNP retained 31%
of climatically representative area (10,754.9 hectares).

3.2. Land cover simulations

The transition matrix elaborated for each one of the scenarios (Supplementary
Appendix A2) was included in the model together with the location factors, thus gen-
erating two maps of possible future land-cover changes (Figure 4). In the RCP 4.5
scenario (Figure 4 and Table 2), the artificial coverage increases slightly (0.25%) in
areas close to those already consolidated. The most striking variations are observed in
agricultural land cover which loses 12.57% of its area, and in the increase of forest
and natural vegetation areas (12.32%), mainly due to an increase of this land cover
throughout the whole Iberian Central System. This increase in forest and natural vege-
tation facilitates connection of the GNP with the Gredos Mountains and the Urbi�on
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Figure 2. Selected study area with their corresponding land cover categories of level 1
according to the Corine Land Cover of 2012: artificial cover (red), agricultural areas (yellow),
forest/natural vegetation (green), and water bodies (blue). River basins are represented by
white polygons.
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Figure 3. Current representative area with the climatic conditions prevailing in the Guadarrama
National Park (in brown) for the present (a), the 2050 RCP 4.5 scenario (b), and the 2050 RCP
8.5 scenario (c). River basins are represented by white polygons.
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Figure 4. Distribution of land cover categories in the study region for the three periods:
present (a), simulations for the year 2050 under the scenarios RCP 4.5 (b), and RCP 8.5 (c):
artificial cover (red), agricultural areas (yellow), forest/natural vegetation (green), and water
bodies (blue).

10 M. Mingarro et al.



Mountains where climatically representative conditions are expected to persist (see
Figure 1).

In contrast, in the RCP 8.5 or population development scenario (Figure 4 and Table
2), the differences from the present are much more marked. In this case, a high increase
in coverage of artificial areas is observed; 176,176 hectares (3.52% of total study area) are
artificial in 2012 while in 2050 this area increases to cover 846,991 hectares (16.92%).
This growth becomes more noticeable for the artificial areas near to the Madrid metropol-
itan area. There is also an increase in the agricultural land cover (7.10%) and a large loss
of forest and natural vegetation land cover (20.50%) practically throughout all the study
area. This leads to a reduction in the natural connection of the GNP with the Gredos
Mountains, the Urbi�on Mountains, and other parts of the Iberian Central System.

3.3. Possible futures for the guadarrama national park

Figure 5 shows, for each one of the two future scenarios, the areas with similar climatic
characteristics and natural land-cover conditions as those currently present in the GNP.
No areas appear within the GNP harboring these conditions for the RCP 4.5 scenario; the
nearest suitable areas are located in the Gredos Mountains, the Iberian System and, to a
lesser degree, in the westernmost part of the Iberian Central System. In total, 208,851
hectares can be considered representative under this scenario; approximately 10% less
than the current area. For the RCP 8.5 scenario, the reduction of the area is slightly lower
than under the RCP 4.5 scenario; 318,114 hectares were identified as suitable, around 9%
less than those currently represented by GNP. Unlike the RCP 4.5 scenario, similar con-
ditions to those of the GNP keep appearing in some localities of the GNP.

The barriers composed of artificial land cover that could prevent the spatial con-
nectivity between the GNP and the suitable climatic and land-cover areas established
for the RCP 4.5 scenario are highly isolated from each other (Figure 5). However, the
remarkable increase in these anthropic areas in the RCP 8.5 scenario would seriously
prevent connectivity between the GNP and the suitable areas located in the Gredos
Mountains, but less with those of the Ayll�on Mountains.

4. Discussion

In this paper, we have tried to offer a different perspective to promote the sustainabil-
ity and conservation of protected areas. Rather than trying to anticipate the probable
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Table 2. Land cover area for each one of the five land cover categories in the study area (in
hectares and in % of total) for the present (2012) and according to the results of the two
considered 2050 simulations (RCP 4.5 and RCP 8.5 scenarios). ART¼Artificial;
AGR¼Agricultural; FNV¼ Forest and Natural Vegetation; W¼Wetlands; WB¼Water Bodies.

ART AGR FNV W WB Total area

2012 176,176 2,221,184 2,578,304 24 28,005 5,003,693
3.5 % 44.4% 51.5 % 0.0 % 0.6 %

2050 RCP45 188,915 1,592,010 3,194,739 24 28,005 5,003,693
3.8 % 31.8 % 63.8 % 0.0 % 0.6 %

2050 RCP85 846,991 2,576,271 1,552,402 24 28,005 5,003,693
16.9 % 51.5 % 31.0 % 0.0 % 0.6 %
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Figure 5. Climatically and land use suitable areas according to the present conditions of the
Guadarrama National Park (in green) and physical barriers (in red) composed by artificial land
cover for the present (a) and for the two simulated future scenarios: RCP 4.5 (b) and RCP 8.5
(c). River basins are represented by white polygons.

12 M. Mingarro et al.



future distribution of species in response to climatic and land-cover changes, our pro-
posal aims to estimate the degree of variation in the distinctive conditions of a pro-
tected area, searching for those close territories able to represent these conditions in
the near future. In our specific case, a recently created protected area with a high
anthropic pressure was studied, showing that the provided climatic and land-cover sim-
ulations allow us to discern where it is convenient to focus conservation efforts
directed to guarantee the environmental representativeness of this national park.

4.1. Policy implications

Several studies prioritize and select possible reserve networks considering diverse cli-
mate change scenarios through the development of species distribution models capable
of anticipating the geographical response of each species to climate changes (Trivi~no
et al. 2013; Jones et al. 2016; Reside, Butt, and Adams 2018). However, these simula-
tions can be misleading about the effects of climatic change because of our lack of
information about the real complex factors able to explain the abundance and distribu-
tion of the species (Lobo 2016). As a consequence, we consider that approximations
based on foreseeing the climatic changes of “spaces” and not “species” should be
favored (Loarie et al. 2009; Scriven et al. 2015; Littlefield et al. 2017). Furthermore,
multiple studies indicate that, together with climate change (Dale 1997; Michalak
et al. 2018), the change in land cover is one of the primary factors influencing the
extinction of populations and species (Vitousek et al. 1997; Fischer 2007; Laliberte
et al. 2010). This happens mainly as a consequence of the drastic increase and exten-
sion of agricultural land and human settlements (Maxwell et al. 2016). Although pro-
tecting species from land-cover and land-use changes may be unnecessary inside
protected areas (Radeloff et al. 2010), their preservation and resilience are intimately
dependent on the changes occurring in their surroundings (Franklin and Lindenmayer
2009). Thus, identifying territories in conservation without considering future and pos-
sible changes in land cover may result in the selection of inefficient areas (Faleiro,
Machado, and Loyola 2013; Jones et al. 2016). Therefore, it is necessary to combine
climate with spatial land-cover change simulations to generate more reliable estima-
tions about the regions that may most likely act as recipient areas for the conditions of
each protected area in the future, irrespective of the species responses.

In our case, these recipient areas have been recently delimited for the Spanish
national park, which presumably has a higher probability of being influenced by the
anthropic activity of a densely populated city such as Madrid (Rodr�ıguez-Rodr�ıguez
et al. 2017). Considering these simulations, it is possible to suggest locations in which
conservation efforts should be focused to maintain the future natural integrity of this
reserve and of the species inhabiting it. Of course, the persistence of species will be
conditioned by their dispersal capacity (frequently reduced in high mountains) and
phenotypic plasticity, as well as by the connectivity between suitable areas across the
considered territory. Apart from these natural limitations, our results suggest that,
under the two future scenarios considered, there will be a strong reduction in the area
that will represent the current climatic conditions of GNP, especially within the limits
of this reserve. This implies that GNP will undergo a drastic change in its environmen-
tal conditions and that in the foreseeable future this would suppose the appearance of
remarkably different environmental conditions from those that were considered in its
creation as a national park. This could be a risk for the persistence of this reserve and
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the biodiversity that inhabits it. The GNP is one of the protected areas in which the
high Mediterranean mountain is represented, one of the most sensitive Iberian ecosys-
tems to climate change (Sanz-Elorza et al. 2003), and a site where natural values are
concentrated and dispersion capacities are limited. Some studies have focused their
efforts on this national park, showing different aspects about the evolution of land uses
(Hewitt, Pera, and Escobar 2016; Gallardo and Martinez-Vega 2018), tourist pressure
(Rodr�ıguez-Rodr�ıguez et al. 2017), or how vegetation is affected by pollutants arriving
from the city of Madrid (Elvira et al. 2016). All these studies raise alarm over the
risks and negative impacts that may appear in this national park. Our study attempts to
help find alternative and close areas able to receive the environmental conditions and
the organisms that could suffer the consequences of a climate and land-cover change.

In the two simulated future scenarios, our results indicate that the areas with simi-
lar climatic and land-cover conditions to those currently existing in the GNP would be
similarly located in the same regions but with a different extension. These sites appear
basically at both ends of the Iberian Central System, one in the western part of this
massif, at the Gredos Mountains, and another in the eastern sector, at the Ayll�on
mountain range. This indicates that the Iberian Central System as a whole should con-
stitute a key element to guarantee the conservation of the GNP. Establishing a dynamic
network of corridors could facilitate the displacement of species under these changing
scenarios (Haddad et al. 2015). In parallel, it is necessary to highlight the significant
role that the Urbi�on Mountains may exercise in safeguarding the entire Iberian Central
System biodiversity. The Urbi�on Mountains can be considered an inter-mountain cli-
matic transition area that would be of interest to protect and connect to the other parts
of the Iberian Central System. There are important differences between the considered
scenarios in relation to the barriers of artificial cover that likely prevent the connection
between all these areas with the GNP. Although under the RCP 4.5 scenarios these
areas would cover a more limited area, our results indicate that they could be barely
affected by the presence of barriers. The RCP 8.5 scenario would suppose the exist-
ence of more extensive areas with similar climatic conditions, but with an increase in
the occurrence of artificial areas. Be that as it may, the spatial connection between the
Gredos Mountains and the GNP always appears to be broken, thus splitting the Iberian
Central System into two isolated areas that would limit the future persistence of the
species populations characterizing this protected area. However, the connection
between the GNP and the Ayll�on Mountains is feasible in the two scenarios consid-
ered, as well as the connection with the Iberian System. The existence of barriers able
to prevent the connectivity of natural areas with similar environmental characteristics
needs to be considered as a serious risk with significant negative consequences.
Planning actions are necessary to limit the increase of those artificial areas that pro-
mote the occurrence of these barriers.

4.2. Limitations of the study and future prospects

Although the main conclusions provided by this study can remain unchanged, there are
some methodological considerations capable of altering the provided results. The inter-
polated climatic variables used in the analyses can influence the results obtained.
Thus, the climate baseline period employed to estimate the climatic distance can alter
the location and extent of recipient areas. In our case, the temporal interval selected as
the baseline (1950–2007) encompasses a large part of the recent period of temperature
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increase, thus partially representing the dynamic nature of climate. The final selected
variables can also influence the results. For example, the climate representativeness
within the GNP disappears in the RCP 4.5 scenario, despite being a scenario that sup-
posedly represents a lower climate change than in the more drastic RCP 8.5 scenario.
This paradoxical result is due to the fact that the estimated changes in the values for
precipitation during the wettest month and thermal contrast are higher in the RCP 4.5
scenario than in the RCP 8.5 scenario. Thus, although the location of climatically suit-
able localities can be partially modified by the climatic uncertainties associated with
the interpolated character of the data (Kundzewicz et al. 2018), we consider that the
general pattern can safely be drawn from our procedure.

The results are also conditioned by the amount of change in land cover, the loca-
tion factors used (Vaz et al. 2012), and the occurrence of natural disturbance factors
such as fires or the increase of linear features such as roads. Hence, a more exhaustive
study using additional location factors and weights, more robustly agreed on by means
of a participatory process including different experts, or even considering other differ-
ent MCE methods would be useful for examining the consistency of our results before
their use in conservation planning.

It is important to emphasize that the proposed procedure is intended to estimate the
localities with similar climatic and habitat conditions to those existing in a protected
area, assuming that the conservation and biodiversity values of this territory are linked
to their environmental conditions. However, the search for these locations does not
guarantee the conservation of biodiversity because other biotic, contingent, environ-
mental or dispersal factors can be relevant. We only propose a procedure to delimit
possible future regions for the organisms inhabiting a protected area, assuming that the
environmental factors currently present in this area are probably fundamental for the
persistence of the species that inhabit it. As a required next step, it would be necessary
to analyze the spatial connectivity between recipient areas and the possible need of
translocation initiatives. Also important is the identification of wildlife corridors cap-
able of connecting the study area with other intact landscapes (Saura et al. 2018). A
previous study identified priority ecological corridors for the Iberian forest habitats
included within the Natura 2000 protected areas network (WWF, 2018). Interestingly,
one of the twelve main detected ecological corridors (the Iberian Central System corri-
dor) covers both the GNP and the recipient areas estimated in this study.

5. Conclusions

This study aims to develop a scientific and repeatable methodology for the discrimin-
ation of those areas able to increase the resilience of a reserve to climate and land-
cover change. This methodological proposal suggests that climate change will produce
notable effects in the upcoming decades on the Guadarrama National Park, displacing
its specific representative climatic conditions to other places, as well as modifying the
land cover in their neighbor localities. Basically, three areas appear as most important
for the future maintenance of the environmental conditions of this reserve: two located
within the Iberian Central System (Gredos Mountains and Ayll�on Mountains) and one
placed in the Iberian System (Urbi�on Mountains). In order to avoid the consequences
of these anticipated changes, it is important to address artificial barriers that may limit
the connectivity of these areas in the future.
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The proposed methodology should serve to facilitate the design of preventive
measures able to improve the capacity of representing in the future the environmental
conditions for which protected areas were created. The accomplishment of this
procedure in a network of protected areas, with different climatic conditions and
spatial-temporal land-use dynamics, may allow testing its robustness against future
alterations.
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