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Abstract Recent climate change is already affecting both

ecosystems and the organisms that inhabit them, with

mountains and their associated biota being particularly

vulnerable. Due to the high conservation value of mountain

ecosystems, reliable science-based information is needed to

implement additional conservation efforts in order to

ensure their future. This paper examines how climate

change might impact on the distribution of the main alpine

and subalpine vegetation in terms of losses of suitable area

in the Oriental Pyrenees. The algorithm of maximum

entropy (Maxent) was used to relate current environmental

conditions (climate, topography, geological properties) to

present data for the studied vegetation units, and time and

space projections were subsequently carried out consider-

ing climate change predictions for the years 2020, 2050

and 2080. All models predicted rising altitude trends for all

studied vegetation units. Moreover, the analysis of future

trends under different climate scenarios for 2080 suggests

an average loss in potential ranges of 92.3–99.9 % for

alpine grasslands, 76.8–98.4 % for subalpine (and alpine)

scrublands and 68.8–96.1 % for subalpine forest. The

drastic reduction in the potential distribution areas for

alpine grasslands, subalpine scrublands and Pinus uncinata

forests highlights the potential severity of the effects of

climate change on vegetation in the highest regions of the

Pyrenees. Thus, alpine grasslands can be expected to

become relegated to refuge areas (summit areas), with their

current range being taken over by subalpine scrublands.

Furthermore, subalpine forest units will probably become

displaced and will occupy areas that currently present

subalpine scrub vegetation.

Keywords Alpine grasslands � Climate change �Maxent �
Pinus uncinata forest � Pyrenees � Subalpine shrubs

Introduction

Recent climate change is already affecting both ecosystems

and the organisms that inhabit them (Walther et al. 2002;

Parmesan 2006; Rosenzweig et al. 2008), with mountains

and their associated biota being particularly vulnerable to

climate change (Beniston et al. 1996; Theurillat and Guisan

2001). In fact, it has been noted that plants of alpine and

subalpine areas appear to be especially sensitive to global

warming (Shaw et al. 2000; Erschbamer 2001; Pauli et al.

2001). Moreover, it is likely that such effects are more

intense in mountain systems under extreme and climatically

marginal conditions (Beniston 2000), such as in many alpine

areas with a Mediterranean climate influence, in which most

of the orophilous species are relicts from glacial periods and

are considered at the limit of their climatic tolerance range

(Sanz-Elorza et al. 2003). Furthermore, impacts on flora

from regions projected to undergo increased warming

accompanied by decreased precipitation, such as the Pyre-

nees, will likely be greater than those on flora in regions
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where the increase in temperature is less pronounced and

rainfall increases concomitantly (Engler et al. 2011).

In the last two decades, species- and community-based

models have been increasingly used in conservation plan-

ning, and more recently, they have become important tools

to evaluate the potential impacts of climate change on

biodiversity (Guisan and Zimmermann 2000; Thomas et al.

2004; Guisan and Thuiller 2005; Ferrier and Guisan 2006).

Concerning the former, species distribution models (SDMs)

generate species’ potential distributions in landscapes based

on the relationship between species observations (presence/

absence or abundance) and environmental variables.

Regarding community-based models, two major approa-

ches currently prevail (Guisan and Rahbek 2011). The first

approach focuses directly on realized properties of species

assemblages and uses macroecological modelling. The

second approach focuses on aggregate properties of indi-

vidual constituent species, used to reveal the properties of

assemblage, and applies SDMs to a spatial stack of species

(S-SDMs). Many studies have modelled the potential areas

of species in the future under climate change scenarios of

the intergovernmental panel on climate change (IPCC), but

the work carried out by Thomas et al. (2004) was one of the

first studies to apply SDMs to the problematic of climate

change impact on organism geographic distribution for a

large number of species. In Europe, the greatest modelling

effort was carried out by Engler et al. (2011), who assessed

the possible effects of climate change on the potential dis-

tributions of 2,632 plant species by the end of the twenty-

first century in all major European mountain ranges at a fine

spatial resolution (100 m; 1 km for the Spanish Pyrenees).

However, most studies in Europe have focused on model-

ling species presence at the continental scale at a resolution

of 50 9 50 km (Bakkenes et al. 2002; Thuiller et al. 2005)

using input data taken from the Atlas Florae Europaeae

(Jalas and Suominen 1972–1996). Other regional approa-

ches have been applied for the Swiss Alps (Bolliger et al.

2000; Dirnböck et al. 2003; Walther et al. 2005; Pauli et al.

2007) and for 20 tree species on the Iberian Peninsula

(Benito Garzón et al. 2008). Effects of ongoing climate

warming on alpine plant species distribution have already

been detected in several Iberian mountain ranges (Peñuelas

and Boada 2003; Sanz-Elorza et al. 2003; Benito et al.

2011). Specially, Benito et al. (2011) pointed out that the

suitable areas for species inhabiting the summits of Sierra

Nevada (SE Iberian Peninsula) may disappear before the

middle of the century. Thus, according to these studies, the

alpine and subalpine vegetation in the Pyrenees can be

expected to suffer similar trends as a consequence of the

projected climate change. Hence, we expected that the

vegetation belts in the Pyrenees will suffer an upwards shift,

being, thus, the alpine belts the most affected by the climate

change (see Benito et al. 2011; Engler et al. 2011).

In this study, we chose to model the potential distribu-

tion of entire vegetation units (as defined in CORINE; Vigo

et al. 2006) rather than individual species for the following

reasons: first, although vegetation units are not as sharply

and objectively defined biological entities as species, for all

of the vegetation units studied in this work, the mapping at

our disposal, which is based on detailed orthophoto maps

and intense field work, provides continuous layers of cur-

rent distributions with a planimetric accuracy much greater

than what is achieved in the case of species. Furthermore,

the studied vegetation units are mainly defined by the

presence of the dominant or key species. The behavior of

the key species will determine the survival of many

accompanying species, given that the former act as a nurse

plant for the latter, creating appropriate micro-niches

(Castro et al. 2004). Thus, investigation of the distribution

of these vegetation units is consistent with investigation of

the distribution of their dominant or key species. What is

more, the reduction in the area that is climatically suitable

for a particular vegetation unit determines the magnitude of

the extinction risk for species belonging to it (Thomas et al.

2004). Moreover, to our knowledge, no detailed study has

been conducted that assesses the future of the alpine and

subalpine vegetation in the Pyrenees with such planimetric

accuracy (resolution of approximately 0.6 km2) under

future climatic conditions. Finally, it is important to note

that the studied units have a high conservation value

because seven of them are habitats of community interest

and two are habitats of priority interest under the ‘Habitats’

Directive 97/62/UE (Council Directive 97/62/UE of

October 27, 1997, adapting Directive 92/43/EEC to tech-

nical and scientific progress on the conservation of natural

habitats and wild fauna and flora).

In this study, we assess the impacts of climate change on

the potential distribution of six alpine grasslands, two

subalpine (and alpine) scrublands and four subalpine for-

ests of Pinus uncinata in the Oriental Pyrenees by the end

of the twenty-first century using 700 9 900 m habitat

samples and data expressing two IPCC-based climate

change scenarios for the years 2020, 2050 and 2080.

Methodology

Study area

The study area covers a total area of 9,894 km2, including

the subalpine and alpine belts in the eastern half of the

Spanish Pyrenees and Andorra (Fig. 1). Detailed vegeta-

tion mapping (Carreras et al. 2003; Vigo et al. 2006) and

field surveys carried out mainly by Spanish botanists have

provided excellent knowledge regarding the vegetation and

flora in this area. In the Pyrenees, there is essentially one
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tree species that inhabits the upper subalpine area: moun-

tain pine (P. uncinata). At the tree line ecotone, open

woods give way to a patchy area with small areas of dwarf

scrub, grassland, tree islands and isolated trees. The veg-

etation above the forest limit, in the alpine zone, forms a

small-scale mosaic of structurally and floristically distinct

plant communities, including short grasslands clearly

dominated by Festuca eskia, Festuca airoides or Carex

curvula (on acidic substrata) and grasslands of Kobresia

myosuroides or Festuca gautieri (in carbonated soils),

dwarf scrub (formed by, e.g., Rhododendron ferrugineum,

Genista balansae, Vaccinium uliginosum ssp. microphyl-

lum), and sparse vegetation on rocky substrata and scree

(Braun-Blanquet 1948; Carrillo and Ninot 1992). Rhodo-

dendron and Genista balansae dwarf scrub are placed on

north- and south-facing slopes, respectively, and both can

be either primary or secondary vegetation communities in

alpine and subalpine areas severally. Traditional logging

and bush burning for pasture are the main causes that

explain their presence in subalpine areas as secondary

vegetation communities.

Distribution data

In the Oriental Pyrenees, 57 CORINE vegetation units

(legend units of the interpretation manual; Vigo et al. 2006)

appear covering the surface of the alpine and subalpine

belts (see Vigo et al. 2006 for further details). According to

criteria such as occupation area, representativeness and

ecological importance, we selected 12 of these units

(Table 1) which comprise the Pyrenees’ main alpine and

subalpine landscapes: subalpine forest of P. uncinata and

subalpine (and alpine) scrublands, and grasslands distrib-

uted mainly in the alpine belt. The geo-referenced distri-

bution data for the 12 studied vegetation units were

obtained from both Catalonia habitats mapping (scale

1:50,000 with a minimum area of representation of

150 9 150 m, approximately 2.25 ha), a scientific project

conducted during the period 1998–2003 (Vigo et al. 2006),

and Andorra habitats mapping (scale 1:25,000 and 1.6 ha

resolution; Carreras et al. 2003).

However, due to the spatial accuracy of the climate

maps, the study was conducted at a resolution of approxi-

mately 0.6 km2, that is, the spatial accuracy of the climate

maps dictated the resolution at which spatial projection and

analyses were carried out for the study area. Hence, the

habitats mapping were rasterized to a 700 9 900 m grid

using ArcGis 9.3 analysis tools (ESRI 2009). Lastly, these

rasterized maps were converted into points which were

positioned at the centers of all cells that they represent

for modelling using ArcGis 9.3 conversion tools (ESRI

2009).

Environmental data

Environmental data included 36 climate layers, five layers

describing geological materials and 11 topographic layers.

We represented the current climate using monthly minimum

Fig. 1 Map showing the

location of the study area in the

Oriental Pyrenees (NE Spain

and Andorra)
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temperature (Tmin), monthly maximum temperature

(Tmax) and monthly precipitation (Ptotal) data layers pro-

vided by the WorldClim database. These data layers are

generated through the interpolation of mean monthly climate

data (averaging the period corresponding to 1950–2000)

from climate stations onto a 0.6 km2 resolution grid

(Hijmans et al. 2005).

The spatial biodiversity patterns in the Pyrenees are

strongly influenced by topography and geological proper-

ties (Pausas et al. 2003). Based on geological maps of

Catalonia (scale 1:250,000) from the Cartographic Institute

of Catalonia (ICC 1996), we carried out a simplification to

obtain five geological variables (carbonate materials, sili-

con materials, substrates with sulfate, quaternary deposits

and water bodies). Then, these geological data were

adapted to the reference grid, and we calculated the per-

centage of each cell containing each type of geological

material. Additionally, topographic data were obtained

from a digital elevation model of Catalonia (DEM; with a

resolution of 20 9 20 m) developed from the topographic

database of Catalonia at a 1:50,000 scale (ICC 2010). From

this map, we calculated the maximum, minimum and

average for both the altitude and the slope for each cell of

the study area. Moreover, we obtained the percentages of

each cell facing north, south, east, west and plane surfaces

from the DEM. Finally, these data were adapted to a res-

olution of 700 9 900 m, allowing them to be overlaid with

climate data.

To avoid multi-collinearity problems, which can result

in model over-fitting (Peterson et al. 2007), we reduced the

number of environmental predictors using a principal

component analysis (PCA) in the software Ginkgo (version

1.7, http://biodiver.bio.ub.es/vegana/). We selected the first

ten PCA axes as our environmental predictors (PCA01-10;

Table S1 in Online Resources) because each of these axes

separately explains more variance than would be expected

by chance (1.78 %), and they jointly explain 97 % of the

variance in the data.

Table 1 Studied CORINE vegetation units; test omission rates (OR) at the maximum sensitivity plus specificity threshold; AUC values; and

changes in the suitable area for the 12 studied vegetation units by the year 2080 under scenarios A2 and B2, and assuming universal dispersal

Vegetation unit OR AUC Current

potential

distribution

(km2)

A2 scenario B2 scenario

Maintained

(%)

Increased

(%)

Reduced

(%)

Maintained

(%)

Increased

(%)

Reduced

(%)

31 g Rhododendron ferrugineum

heathsa
0.048 0.935 1,377.23 0.31 0.48 98.90 8.34 6.94 74.84

31 u Subalpine and alpine

Genista balansae formationsa
0.051 0.950 1,102.29 0.59 3.43 95.38 9.23 19.28 55.62

36a Alpine acid snow-patch

communities

0.031 0.977 529.10 0.00 0.00 100.00 0.65 0.00 92.82

36 b Alpine calcareous snow-

patch communities dominated

by espalier Salix species

0.000 0.986 682.59 0.03 0.00 99.94 2.27 0.00 92.38

36 g Festuca eskia garland

grasslands

0.034 0.906 1,615.64 0.15 0.03 99.66 11.32 0.24 74.76

36 h Acidophile Carex curvula

grasslands

0.026 0.981 404.85 0.00 0.00 100.00 3.25 0.61 86.98

36 i Alpine Festuca airoides

grasslands

0.049 0.973 1,247.68 0.05 0.00 99.90 1.03 0.01 95.14

36 m Alpine calcicolous

Kobresia myosuroides swardsa
0.049 0.986 363.64 0.00 0.00 100.00 0.09 1.35 97.05

42 f Mesophile and acidophilus

P. uncinata forestsa
0.076 0.888 2,072.51 2.64 6.99 87.72 24.01 17.27 26.41

42 g Xerophile P. uncinata

forest of siliceous adretsa
0.062 0.907 1,862.03 0.56 6.24 92.65 18.76 18.16 52.28

42 h Xerophile P. uncinata

forest of calcareous adretsb
0.059 0.964 887.85 0.14 2.08 97.63 9.54 18.68 67.38

42 i Mesophile calcareous

P. uncinata forestsb
0.050 0.956 1,105.09 0.36 4.80 94.47 8.80 17.97 74.64

Areas maintained, lost and gained by 2080. All performance metrics are based on the data partition (80 % training, 20 % test) generated for each

vegetation unit
a Habitats of community interest under the habitats directive
b Habitats of priority interest under the habitats directive
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Climate change scenarios

To simulate the distribution of the investigated vegetation

units under possible future climate conditions, we used

global climate model data from the IPCC third assessment

report provided by the WorldClim database (http://www.

worldclim.org/futdown.htm).

We used two different climate projections for the

1990–2080 time period developed by the UK Hadley

Center for Climate Prediction and Research (Mitchell et al.

2004; Mitchell and Jones 2005). These were derived from a

global circulation model (HadCM3; Carson 1999) and are

based on two different socioeconomic scenarios proposed

by the IPCC (Nakicenovic and Swart 2000): A2FI and

B2FI (hereafter referred to as A2 and B2, respectively).

The A2 scenario storyline describes a very heterogeneous

world with a continuously increasing global population and

regionally oriented economic growth that is more frag-

mented and slower than in other scenarios. The B2 scenario

describes a world in which the emphasis is on local solu-

tions to economic, social and environmental sustainability,

with a continuously increasing population (lower than A2)

and intermediate economic development.

With projected average warming of ?4.99 �C over our

study area by 2080, the A2 projection represents the most

severe climate change scenario that we considered, while

B2 was the mildest (?3.58 �C). Greenhouse gas emissions

from the two scenarios will affect global climate change in

different ways, with A2 having a more drastic effect on

vegetation compared to B2. The future climatic condition

trends in the study area are shown in Fig. 2 as changes in

air temperature and precipitation.

Vegetation units distribution modelling

We used Maxent (Phillips et al. 2006) version 3.3.1 to

relate current environmental conditions to vegetation

occurrence data (i.e., points of vegetation units’ presences

derived from CORINE habitats mapping) and subsequently

carried out spatial and temporal projections for the two

possible future climate scenarios. Maxent estimates the

potential geographic distribution of studied vegetation

units by finding the probability distribution of maximum

entropy, or closest to uniform, subject to constraints

derived from occurrence data (Phillips et al. 2006). Maxent

has been found to represent a promising and robust

approach for modelling species distributions in both cur-

rent (Elith et al. 2006; Hernandez et al. 2006) and future

environments (Hijmans and Graham 2006).

Occurrence data often exhibit a spatial bias in survey

efforts, which will impact the quality of predictions

(Phillips et al. 2009). However, the coverage of the vege-

tation units across the Oriental Pyrenees is continuous,

consistent and has a good planimetric resolution, so one of

the advantages of modelling these types of data over their

associated species occurrences is that the sampling distri-

bution for these vegetation units in the study region is

exactly known (with much greater precision than the cli-

mate data). Before projecting the model, we applied a mask

representing rocky areas to avoid projections at locations

that are unsuitable, regardless of climate, topography and

geological properties.

We employed recommended default parameters for this

version of the model, including regularization multiplier = 1,

maximum iterations = 500, convergence threshold =

0.00001 and a maximum of 10,000 background points. To

evaluate the quality of the predictions under current climatic

conditions, we carried out a random partitioning of the

occurrence localities for each vegetation unit and divided the

databases into two subsets: calibration and evaluation. The

former subset, a random sample from 80 % of the total

database, was used to calibrate (train) the models, whereas

the latter subsample, comprising the remaining data, was

used to evaluate (test) the model’s predictions (Fielding and

Bell 1997).

The results provided by Maxent were evaluated from the

evaluation dataset (20 % of total data), employing the area

under the receiver operating curve (AUC, ROC) method

(Manel et al. 2001). The ROC curve characterizes the

model’s performance at all possible thresholds using a

single number that represents the area under the curve

(AUC). This procedure has been extensively used to

evaluate models (Hanley and McNeil 1982; Fielding and

Bell 1997). For models found to have a good predictive

performance (test AUC [80 %), we projected the model

from the present (1990) to each interval of 30 years until

the year 2080.

Before performing migration simulations (described

below), the model results were imported into ArcGis 9.3

(ESRI 2009) to produce maps of potentially suitable areas.

We reclassified the probabilistic projections of each Max-

ent model into binary values (presence–absence grids)

representing either suitable or unsuitable areas. This con-

version required the selection of a threshold above which a

pixel was reclassified as potentially suitable, whereas it was

unsuitable below the threshold. We tested the threshold that

maximizes sensitivity plus specificity under the current

climate (see Liu et al. 2005; Jiménez-Valverde and Lobo

2007; Fitzpatrick et al. 2008).

Dispersal scenarios

We used three simple dispersal scenarios, universal, zero

or limited dispersal, to estimate the percentage gain or

loss of the geographic range for each vegetation unit. The

universal dispersal scenario assumes that vegetation can

Drastic reduction in the potential habitats 1161
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track their shifting climate envelopes, and the future

distribution of vegetation will mirror the future spatial

extent and location of those environments that are suitable

for them. Therefore, we are assuming that all pixels

projected to become potentially suitable as a result of

climate change will be occupied by the vegetation units.

This assumption might be conservative (i.e., optimistic),

but it has been shown to provide good estimates of spe-

cies loss levels for mountain areas (Engler et al. 2009).

The zero dispersal scenario assumes that vegetation will

persist only in areas where the modelled current and

future geographic ranges overlap. In cases where there is

no overlap, vegetation units are assumed to become

extinct. However, historical constraints will cause realized

species ranges to fill only limited proportions of the

fundamental range, which is defined as the range that

would be achieved should all dispersal constraints be

overcome (Gaston 2003). Thus, using the limited dispersal

scenario, we quantify the extent to which vegetation units

fill their current modelled climatic potential range in the

study area (i.e., the capacity to occupy their full suitable

area). For this objective, we computed the current real-

ized/potential range size ratio (R/P) (Gaston 2003) across

the study area, where P is the number of climatically

suitable pixels defined by the Maxent model maps, and R

is the number of climatically suitable pixels within the

occupied distribution maps of the vegetation units. Thus,

we obtained an indicator of the amount of the suitable

area that was actually occupied (dispersal ability simula-

tor). We assumed that maintained areas remain constant,

and we applied this indicator to expansion areas after

assuming universal dispersal. This scenario represents an

intermediate dispersal scenario. We thus obtained the

percentage of area lost, but we do not know where that

loss occurs.

The spatial overlap between the modelled current and

future vegetation presence/absence grids was calculated

using ArcGis 9.3 tools (ESRI 2009) for each climate

Fig. 2 Changes in the mean annual air temperature and accumulated

annual mean precipitation according to the HadCM3 Global Circu-

lation Model projected under the IPCC SRES A2 and B2 scenarios in

the Spanish Pyrenees and Andorra. a Trend of maximum temperature

changes, b Trend of minimum temperature changes, c Trend of

Precipitation changes
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scenario and time period, producing cell counts of current

and future distributions.

Changes in vegetation units’ distribution

Using the predictions for each vegetation unit, the main-

tenance, expansion or reduction in their ranges with respect

to their current potential distribution was quantified for

each scenario. The maintained distribution area was pre-

dicted from the area occupied at the present time that was

also expected to be occupied in the future (year 2080).

Expansion was defined as the area not occupied at present

that was likely to be occupied by the vegetation unit in the

future. Reduction was calculated from the area occupied at

present that will most likely not be occupied in the future.

Finally, we calculated both the altitudinal shifts and the

potential area loss of the modelled vegetation units for the

year 2080 as follows:

Area2080 � 100ð Þ=Areacurrent½ � � 100:

A unit is expected to become extinct when it is predicted

to lose 100 % of its suitable area. However, because the

link between area losses and extinction formally requires a

population viability analysis in addition to predictions of

spatial distribution analysis (Botkin et al. 2007), we only

discuss our projections in terms of suitable area losses, that

is, the percentage change in the size of the area.

Results

Algorithm performance

The models developed using Maxent had good to excellent

predictive ability, as measured by the AUC values

(Table 1). The AUC ranged from 0.888 to 0.986. The

relatively high AUC values indicate that the distributions

of the vegetation units are well described by the climate,

topography and geological properties of the study area.

Additionally, for the chosen threshold, all models showed

low omission rates, indicating that only a small percentage

of test points fell outside the area predicted as suitable

(Table 1).

Projected distribution by 2080

Our models predict that climate change will have a sub-

stantial impact on the geographic ranges of the 12 studied

vegetation units (Table 1), with the climate change severity

scenario and dispersal scenario influencing the magnitude

of the modelled range change responses. An increase in

climate change severity (A2 scenario) increases the risk of

loss of potential areas for all modelled vegetation units.

Considering our results, the following trends are apparent

(Table S2, and Figures S1 and S2 in Online Resource).

Alpine grasslands (vegetation units 36 in Table 1)

By 2080, the size of the area occupied by alpine grasslands

was significantly reduced under the two climate scenarios,

losing 99.9 % (±0.1 standard deviation) of the area of

occupation on average under the conditions of the A2

scenario and 92.3 % (±7.5 standard deviation) under the

conditions of the B2 scenario. For the six studied alpine

grassland, assuming universal dispersal, the modelled

geographic ranges decline with increasing climate change

severity. When incorporating the current R/P range size

ratio, or if zero dispersal is assumed, the same trends in

direction occur, but declines in the modelled range size are

more severe. Therefore, these vegetation units were pre-

dicted to suffer an intense and rapid reduction in their

ranges (Table 1; Fig. 3a), with particularly strong effects

being seen for the snow-patch communities of acid soils

(36a; Figure S1c and Figure S2c in Online Resource), the

grasslands of Carex curvula (36 h; Fig. 4; Figure S1f and

Figure S2f in Online Resource) and the swards of Kobresia

myosuroides (36 m; Figure S1h and Figure S2h in Online

Resource); these are formations that appear at higher ele-

vations and seem to show a low capacity to maintain or

expand their ranges, which could lead to their extinction by

the year 2080.

Regarding changes in altitudinal trends, it is expected that

the studied group of alpine grasslands (group 36 in the

legend for CORINE habitat mapping of Catalonia and

Andorra) will rise between 310 and 415 m by the year 2080,

reaching a mean altitude of 2,733 m under the A2 scenario

and 2,627 m under the conditions of the B2 scenario.

Subalpine (and alpine) scrublands (vegetation units 31

in Table 1)

Our models predict a great reduction in the modelled

geographic ranges of the two high mountain scrub forma-

tions by 2080, with this potential area loss being greater

with increasing climate change severity and decreasing

dispersal rates. For the Rhododendron ferrugineum heaths

(31 g), the modelled geographic range declines by 98.9 %

under the more severe scenario (A2) assuming universal

dispersal and by 74.8 % under the B2 scenario with uni-

versal dispersal. When zero dispersal is assumed, the

modelled range size for this formation decreases more

dramatically, losing 99.7 % of its potential area under the

A2 scenario and 91.6 % under B2. Finally, when incor-

porating the R/P ratio, we observe an intermediate situa-

tion, in which the loss of suitable area is 99.2 % under the

conditions of the A2 scenario and 78.6 % under the less
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Fig. 3 Quantifying the change trends expressed as losses in the

potential range and as an increase in the mean altitude for the two

change scenarios assuming universal dispersal: a alpine grasslands

(units of group 36); b alpine acid snow-patch communities (unit 36a);

c Rhododendron ferrugineum heaths (unit 31g); d Genista balansae

scrublands (unit 31u); and e subalpine P. uncinata forests (units of

group 42)

Fig. 4 Potential distribution of acidophile Carex curvula grassland (unit 36 h) in the present and under the climate projections of scenario A2

(2020, 2050 and 2080) assuming universal dispersal
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severe scenario (B2). The Genista balansae formations

(31u) are predicted to suffer a slightly less drastic decline,

losing 95.4 % of their area by 2080 under the A2 scenario

and 55.6 % under the B2 scenario assuming universal

dispersal. When zero dispersal is assumed, this subalpine

scrubland shows a reduction in its potential area

of 99.4–90.8 % (scenarios A2 and B2, respectively).

Figure 3c, d show the general trends of reduction in the

ranges of these subalpine scrubs.

Regarding the changes in altitudinal trends, our results

show an altitudinal increase for these subalpine scrublands

of between 394 and 498 m by the year 2080, reaching an

average altitude of 2,603 m under the A2 scenario and

2,500 m under the B2 scenario.

Pinus uncinata subalpine forest (vegetation units 42

in Table 1)

In general terms, our results suggest that by the year 2080,

these vegetation units will present suitable occupation areas

at higher altitudes than today (Fig. 3e), reaching an average

altitude of 2,505 m under the A2 scenario and 2,327 m

under the B2 scenario, shifting scrublands and alpine

grasslands in part. These subalpine forests were generally

predicted to undergo a less drastic reduction in the area

occupied than any other vegetation unit analyzed in this

study (Table 1), losing 96.1 % (±3.8 standard deviation) of

their potential range on average by the year 2080 under the

A2 scenario and 68.8 % (±21.2 standard deviation) under

the B2 scenario. Specifically, when assuming universal

dispersal, their average area lost is 93.1 % under the con-

ditions of the A2 scenario and approximately 55 % under

the B2 scenario. When assuming zero dispersal, the mod-

elled range size decreases, losing 99 % of the suitable area

under the A2 scenario and 84.7 % under B2. When incor-

porating the current R/P range size ratio, the projected

potential area lost by the models varied between 96 and

66 % (scenarios A2 and B2, respectively).

This is the group of vegetation units for which we found

the greatest differences in potential area loss based on the

climate change scenario employed.

Vegetation unit extinction by 2080

Among the group of 12 vegetation units investigated, the

percentage of units going extinct in the study area (100 %

threshold) varied from 0 % (universal dispersal under B2)

to 25 % (under A2). The percentage of vegetation units

going quasi-extinct (i.e., units with over a 90 % decrease in

distribution) varied from 91.6 % (universal dispersal under

A2) to 100 % (zero dispersal under A2) and was never

below 33 % (universal dispersal under B2). Extinctions are

expected to occur between 2050 and 2080.

Discussion and conclusions

Credible scientific predictions of future impacts on biodi-

versity will be required to guide conservation planning and

adaptation. Engler et al. (2011) suggest that changes in

precipitation, in addition to warming, play an important

role in determining the potential impacts of climate change

on vegetation. Furthermore, in high mountains, the effects

of global warming with regard to the biota are amplified

(Benito et al. 2011). This is especially true in the Pyrenees,

which are strongly influenced by the Mediterranean cli-

mate, because Mediterranean climate regions are projected

to be among the most significantly affected by anthropo-

genic climate changes and show the highest levels of

confidence in projected changes in rainfall (IPCC 2007).

Models that forecast species distributions based on climatic

scenarios for the twenty-first century predict a dramatic

increase in these climatic trends, resulting in a massive

reduction in mountain plant diversity. This is a matter of

concern, as mountain ecosystems represent invaluable

resources, both in terms of biodiversity and the ecosystem

services they provide (Körner 2003; Viviroli and Wein-

gartner 2004). Here, we used fine mapping scale data to

assess climate change impacts on the potential distribution

of alpine and subalpine vegetation units in the Oriental

Pyrenees, and our results point to severe changes in the

occupation area. Our models projected that many of the

vegetation units analyzed in this study may be threatened

by climate change. For all of the analyzed vegetation units,

the projected impacts of climate change on the modelled

geographic ranges differed mainly in the magnitude rather

than the direction of the response across climate change

severity and dispersal scenarios, with all vegetation unit

ranges being projected to decline. Specifically, the trend

shown in our analysis was that higher elevation vegetation

is more vulnerable to area losses due to climate change

than vegetation at lower elevations. The altitudinal exten-

sion of the Pyrenees allows scrublands and forest with a

subalpine habitat suitability to move upward as the climate

becomes warmer and drier. However, the alpine vegetation

belt of the Pyrenees is restricted by altitude (there is no

more space available at higher altitudes), which would lead

to dramatic losses in appropriate areas for different vege-

tation units. With the rise in altitude, the area of available

habitat diminishes, the topography becomes more hostile

(higher slopes) and the soil loses the power to sustain shrub

and tree species (Benito et al. 2011). Therefore, as we

expected and as our results show, the impact of climate

change will mainly affect alpine vegetation units. More-

over, carbonated soils in the study area are limited to

altitudes approximately below 2,700 m (ICC 1996);

hence, calcareous vegetation units would also lack of

suitable surfaces with the projected rise in altitude. As a
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consequence, we should be mindful of the risks calcareous

alpine vegetation would face in the future.

This study confirmed a general trend found in studies

based on species data conducted for Europe (Engler et al.

2011) and on regional scales (Dirnböck et al. 2003; Benito

Garzón et al. 2008; Benito et al. 2011). As the climate

becomes warmer and drier for the Oriental Pyrenees, alpine

vegetation units can be expected to become relegated to

summits, with their current range being taken over mainly

by subalpine vegetation. Several works across the world

have reported a force response in the altitudinal migration

of plant species in New Zealand (Wardle and Coleman

1992) and in northern Europe (Kullman 2002), or in Alps,

where resampling of vegetation in some areas has shown a

significant increase in the number of shrub and herbaceous

species in alpine ecosystems (Grabherr et al. 1994). More

specifically, in the Mediterranean mountains, some studies

have suggested that changes in temperature and precipita-

tion would lead to a shift toward vegetation types currently

found under drier conditions in Mediterranean mountains

(Gritti et al. 2005). In a study performed in the Spanish

Central Range, Sanz-Elorza et al. (2003) reported a

replacement in high mountains grassland communities

dominated by Festuca aragonensis by shrub patches of

Juniperus communis and Genista balansae from lower

altitudes. Furthermore, this altitudinal shift means that

there will be increasingly restricted availability of poten-

tially suitable areas for the analyzed alpine grassland units

because, as mentioned above, the higher the altitude, the

less the available surface area, being calcareous alpine

grasslands more vulnerable due to the lack of carbonated

soils above 2,700 m in the study area. This trend for alpine

grasslands has also been observed in the Alps (Dirnböck

et al. 2003), where similarly to the Oriental Pyrenees,

alpine plant species show more limited availability of

potentially suitable areas above the timberline over the

years, so they will likely experience severe fragmentation

and loss of suitable areas as a result of climate change.

However, in alpine and subalpine environments, where the

timberline is often maintained artificially at low altitudes

by human activities, preservation of traditional land uses,

such as pasturing, can decrease area losses for open veg-

etation that would become excluded through upward shifts

of trees and reforestation of areas that are already suitable

for forests under current climatic conditions (Theurillat and

Guisan 2001; Dirnböck et al. 2003, 2011; Engler et al.

2011). Thus, a real challenge lies in the preservation of

biodiversity of the mountain summits, since the species

living there lack areas of expansion and will be subjected to

great pressure, both by the degradation of the conditions

appropriate to each species and by the arrival of new

competitive species from lower altitudes (Benito et al.

2011).

A relatively recent study on the distribution of Iberian

tree species is also noteworthy (Benito Garzón et al. 2008),

in which the investigators used the random forest algorithm

(RF) and projected losses in the size of the potential dis-

tribution area of P. uncinata on the Iberian Peninsula of

approximately 92 % by the year 2080 under the conditions

of the A2 scenario. This coincides with our results, which

forecast a very similar percentage of 95 % of area lost (lost

area based on the weighted average of each unit in group

42, P. uncinata forests) by 2080 under the same climate

scenario. However, despite the loss of current area, these

vegetation units are expected to be capable of altitudinal

displacement and will therefore survive if they can colo-

nize similar areas created by climate change. The extinc-

tion of some of the alpine and subalpine species would lead

to a reduction in genetic diversity on the Iberian Peninsula,

although it may be expected to survive in other European

areas (Benito Garzón et al. 2008). A study performed

regarding the future of the Alps also suggests that this

species will survive at high altitudes (Theurillat and Guisan

2001).

A fine spatial resolution study in Europe (Engler et al.

2011) projects that an average of *20 % of the plant

species of European mountains areas could lose their entire

suitable area by 2070–2100 under the A2 climate change

scenario. This coincides with our results, which forecast a

similar degree of threat to high mountain Pyrenees vege-

tation, with an average of 25 % of vegetation units pro-

jected to lose their entire suitable area by 2080 under this

climate change scenario. Specifically, Engler et al. (2011)

forecast that a maximum of 100 % of alpine species and

56 % of subalpine species will lose their entire suitable

area in the Spanish Pyrenees by 2070–2100 under the A2

scenario. In contrast, our results forecast a much lower

degree of threat to alpine and subalpine vegetation, with

maximum levels of 50 and 0 % of alpine and subalpine

units, respectively, projected to lose their entire suitable

area by 2080 under this climate change scenario. The dif-

ference between these results is likely due to the different

planimetric precision of the two studies, with the accuracy

of CORINE vegetation units usually being much higher

than that achieved in the case of species. Furthermore, we

should note that this value of 100 % of alpine species that

are projected to lose their entire suitable area by

2070–2100 in Engler et al. (2011) is based on only four

species, so the actual average for all alpine species in the

Pyrenees would be certainly lower, as found in this study.

Nevertheless, our results coincide with the direction of the

risks of predictions made by Engler et al. (2011) for the

Spanish Pyrenees.

Hence, we note that models that predict future changes

in the distribution of vegetation units can be as useful as

those used in previous studies for species with the aim of
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obtaining better tools for policy planning related to biodi-

versity conservation. This study emphasizes that the

investigated units could be potentially affected by climate

change, and if we consider their high conservation value

(as more than a half of the studied vegetation are of

community interest under the ‘Habitats’ Directive 97/62/

UE), we should consider implementing additional conser-

vation efforts to ensure the future of these vegetation units.

Moreover, these units shelter both endemic (e.g., Dianthus

vigoi, Festuca bordevei, Festuca yvesii, Armeria muelleri)

and threatened species (Oxytropis lapponica, Pedicularis

tuberose, Vaccinium vitis-idaea), for which conservation

either in situ or ex situ is essential.

Finally, we should note some intrinsic limitations of the

methodology used in this study that should be considered

when interpreting our results. The first of these limitations

derives from the assumption that the climate forecast per-

formed by the third IPCC working group for the next

70 years is correct. If the expected climatic patterns we

used in this study do not match the future patterns exactly,

such as a less pronounced increase in temperature occur-

ring, the trends of altitudinal and range size changes pre-

dicted in this study may differ substantially. Another

limitation to consider is related to the implementation of

the limited dispersal scenario. For this, we used a statistical

approach by applying a dispersal ability simulator of the

vegetation units in the study area to their modelled future

projections. However, the conditions that have led to the

current range filling of the vegetation units might not exist

in the future. Typically, the climate change scenario fore-

cast changes in climate that are much faster than what

happened in the past, and plants might not be able to

migrate fast enough to keep up with the change. This

means that the limited dispersal scenario used in this study

probably overestimate the dispersal capacity of the vege-

tation units. The latter limitation to consider is that our

models consider only the potential distribution of vegeta-

tion units as defined by bioclimatic envelopes (i.e., esti-

mate the potential future distribution of vegetation based

solely on environmental conditions) and therefore do not

consider either competition phenomena or the ability of

species to resist severe climatic conditions that are not

lethal for their survival. Therefore, in light of these meth-

odological limitations, the actual loss of area of occupancy

of the studied vegetation units by 2080 could be consid-

erably lower than predicted based on the results of this

work. Nevertheless, our predictions provide important

information about trends in the range sizes (occupation

areas) of the studied vegetation formations.
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Departament de Medi Ambient i Habitatge, Barcelona. Available

from: http://www.ub.edu/geoveg/en/semhaveg.php

Viviroli D, Weingartner R (2004) Hydrological significance of

mountains: from regional to global scale. Hydrological earth

systems. Science 8:1016–1029
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