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Climate Change in Mediterranean Mountains
during the 21st Century

Mediterranean mountain biomes are considered endan-
gered due to climate change that affects directly or
indirectly different key features (biodiversity, snow cover,
glaciers, run-off processes, and water availability). Here,
we provide an assessment of temperature, precipitation,
and spring precipitation changes in Mediterranean moun-
tains under different emission scenarios (Special Report
on Emission Scenarios) and Atmosphere-Ocean-Cou-
pled General Circulation Models for two periods: 2055
(2040—-2069 period) and 2085 (2070—2099). Finally, the
future climate trends projected for Mediterranean moun-
tains are compared with those trends projected for non-
Mediterranean European mountain ranges. The range of
projected warming varies between +1.4°C and 5.1°C for
2055 (+1.6°C and 48.3°C for 2085). Climate models also
project a reduction of precipitation, mainly during spring
(=17% under A1fi and —4.8% under B1 for 2085). On the
contrary, non-Mediterranean European mountains will not
experience a reduction of annual and spring precipitation.
Implications of predicted climate change for both human
and physical features are coupled in an integrated
framework to gain a broad perspective on future trends
and their consequences.

INTRODUCTION

Threats to Mediterranean mountains include the retreat of
glaciers, reductions of snow pack, changes in the hydrological
cycle, and the upward shift of species distributions and
vegetation belts (1-5). The impacts of climate change upon
mountains (6) and their influence goes beyond that of just their
geographical limits because they are repositories of ecosystem
services, such as water, which are also used by people inhabiting
lowlands. Future implications of climate change on Mediterra-
nean mountains may well change their role as a water repository
and affect electrical power supply or endemic species. The
mountains are also the location of tourism, having recreational,
sporting, and aesthetic value. Over centuries, Mediterranean
mountains have been greatly modified by human civilizations
(7), changing land use (agriculture, stockbreeding, or forestry)
and impacting ecosystems in different ways; therefore, anthro-
pogenic forces have played a key role in shaping their
environmental character. However, the growing speed and
magnitude of human pressure factors as climate change would
exceed the resilience of ecosystems. So, assessing the potential
impact of future climate change seems to be a keystone in
environmental research.

European mountain and Mediterranean ecosystems are more
prone to increases in the vulnerability of ecosystem supply due
to global change (8) than other European ecosystems (e.g.,
declines in soil fertility and water availability and increased risk
of forest fires). Thus, the Mediterranean mountains seem to
suffer the double jeopardy of being mountains and being
located near the Mediterranean basin. There are a number of
initiatives already in place to improve the description of
patterns and mechanisms characterizing space-time climate
variability in the Mediterranean and to identify the forces
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likely to be responsible for the observed changes (e.g.,
medCLIVAR http://clima.casaccia.enea.it/medclivar/). Also,
reducing the impacts of global warming in the Mediterranean
mountains in the 21st century will require additional efforts to
identify and implement the most effective adaptation and
mitigation strategies (9). Since the 1960s, Atmosphere-Ocean
General Circulation Models (AOGCMs) provided appropriate
simulations of the climate at a coarse scale and its response to
greenhouse gases (10, 11). More recently (12), new models to
fine tune the projections of climate change at regional scale have
been developed (Regional Climate Models, [RCMs]), but many
areas, such as several sectors of the Mediterranean arc, have not
yet had enough RCM projections to provide reliable estimates
of climate change impacts and their uncertainties. Thus, the
scientific community is committed to offer, as RCMs are being
developed, a broad picture of future trends of climate change to
social and economic agents, including the uncertainty that
emerges from climate change predictions.

Currently, projections of future climates may vary according
to two main choices: the choice of the climate model (there is a
plethora of AOGCMs and RCMs) and the choice of scenarios
of future greenhouse gas (13). Both AOGCMs and RCMs are
mathematical models that use equations to numerically simulate
changes in climate as a response to several forces (14), for
example, greenhouse gas emissions. The AOGCMs are the best
tool to estimate climate changes across large spatial scales, and
RCMs simulate better regional spatial patterns of climate
change because of the inclusion of fine-scale parameters such as
topographical complexity. The most commonly used emission
scenarios are those published by the Intergovernmental Panel
on Climate Change (IPCC) in their Special Report on Emission
Scenarios (SRES) (13). These scenarios are based on descrip-
tions of alternative worlds (narrative storylines) where changes
in population, energy, technology, economy, and land use are
allowed to vary quantitatively in concert with the assumptions
taken for storylines. However, the spatial patterns and the
magnitude of the predicted climate changes differ substantially
not only with the SRES but also with the AOGCMs (13). This
causes projections of future climates to be highly variable and
impacts stemming from climate change uncertain. Strategies
have been recommended to deal with this kind of variability,
namely using as large a combination of different AOGCMs or
RCMs and SRES as possible, to encompass a broad range of
possible predicted changes (15). Although AOGCMs are more
suited for providing global rather than regional assessments of
climate change impact, they do provide a relative assessment of
the magnitudes of temperature changes across different regions.
As such, they are useful tools for exploring broad-scale impacts
and help to target the needs for further research and adaptation.

Here, we use five high-resolution AOGCMs (HadCM3,
GCM2, NCAR-PCM, CSIRO2, and ECHAM4/OPYC3; 0.5
degrees resolution), and four future socio-economic scenarios
(SRES: Alfi, A2, Bl, B2) to assess the climate change and the
uncertainty in the predictions in mountain environments
located in the Mediterranean Basin for the 2055 (2040-2069)
and 2085 (2070-2099) periods with respect to the baseline
period 1961-1990. Three variables were analyzed: mean annual
temperature, annual precipitation, and spring precipitation. The
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Figure 1. Mountainous areas within the Mediterranean region are
shown in dark grey. Other European non-Mediterranean mountains
are plotted in mid-grey. The assessment of climate change for the
21st century comprises the mountainous areas of the Mediterranean
basin, and includes the Pyrenees (1), Apennines (2), Dinaryc Alps
(3), Pindhos (4), Taurus (5), or Atlas (6) and other small mountain
zones. Mountain areas have been delimitated following the UNEP-
WCMC Mountain delimitation.

same outputs of a set of six RCMs are compared to those
provided by AOGCMs for the Pyrenean range as a case study
to assess if the magnitude of the expected changes differ
noticeably. We ask whether the high-resolution AOGCMs used
herein are able to properly project the future mean climate for
each mountain range. We also compare the mean projected
climate change for the Mediterranean mountain systems with
the mean estimates for non-Mediterranean European moun-
tains. Finally the future implications of climate change upon
Mediterranean mountains are discussed.

DATA AND METHODS

Mountainous sectors were identified (Fig. 1) using the United
Nations Environmental Program World Conservation Moni-
toring Conference (UNEP-WCMC) delimitation of mountains
of the world (16). We considered the Pyrenees, Apennines,
Dinaryc Alps, Pindhos, Taurus, and Atlas and other small
ranges as mountains belonging to the Mediterranean basin. The
data were developed at 1-km pixel resolution using different
topographic features, including altitude, slope, and altitudinal
range (see http://www.unepwcmc.org/habitats/mountains/
region.html for more details).

A set of global, high-resolution (0.5 degrees), gridded
datasets (“grids”) of monthly climate information covering
land-masses based on climatological observations from tran-
sient coupled AOGCM simulations was used (17). The data
were created by the University of East Anglia’s Climate
Research Unit and is freely available from http://www.cru.
uea.ac.uk/~timm/grid/ TYN_SC_2_0.html. Five AOGCMs
were used: CSIRO2 (18), ECHAM4/OPYC3 (19), CGCM2
(20); HadCM3 (21), and the NCAR-PCM (22). Baseline mean
temperatures (1961-1990) were developed by Mitchell et al. (17).

Because of the lack of RCMs for the entire region, the
accuracy of the AOGCMs used here to project climate change
in mountains was assessed for a case study: the Pyrenees. Thus,
a set of six RCMs driven by the AOGCM HadAM3H at a
resolution of 0.44-0.5 degrees for the European continent was
used to calculate the mean changes and their spatial patterns on
precipitation and temperature for the A2 scenario for 2085. The
six RCMs were then compared with the outputs derived directly
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Figure 2. Typology for the SRES scenarios (10): A1fi scenario
belongs to the A1 family of scenarios and it specifically features
intensive use of fossil fuels. A1 family scenarios describe a future
world of very rapid economic growth, a global population that peaks
midcentury and declines thereafter, and the rapid introduction of
new and more efficient technologies. Major underlying themes are
convergence among regions, capacity building, and increased
cultural and social interactions, with a substantial reduction in
regional differences in per capita income. A2 storyline and scenario
family describes a very heterogeneous world. The underlying theme
is self-reliance and preservation of local identities. Human fertility
patterns across regions converge very slowly, which results in
continuously increasing population. Economic development is
primarily regionally oriented and per capita economic growth and
technological change more fragmented and slower than in other
storylines. B1 storyline and scenario family describes a convergent
world with the same global population, that peaks midcentury and
declines thereafter, as in the A1 storyline, but with rapid change in
economic structures toward a service and information economy,
with reductions in material intensity and the introduction of clean
and resource efficient technologies. The emphasis is on global
solutions to economic, social, and environmental sustainability,
including improved equity, but without additional climate initiatives.
B2 storyline and scenario family describes a world in which the
emphasis is on local solutions to economic, social, and environ-
mental sustainability. It is a world with continuously increasing
global population, at a rate lower than A2, intermediate levels of
economic development, and less rapid and more diverse techno-
logical change than in the A1 and B1 storylines. While the scenario
is also oriented toward environmental protection and social equity,
it focuses on local and regional levels.

from the AOGCM HadCM3 (the most similar to HadAM3H
used for RCMs). The RCMs were developed by different
institutions collaborating through the PRUDENCE project.
They are: HIRHAM (DMI), HIRHAM (METNO), HADCM3
(HC), RCAO (SMHI), REGCM (ICTP), and PROMES
(UCM) models. A detailed description of the used models can
be found in http://prudence.dmi.dk.

The SRES report provides a comprehensive set of 40 socio-
economic futures and provides an assessment of their conse-
quences in terms of anthropogenic emissions of greenhouse
gases and other pollutants. Following Mitchell et al. (20), we
used AIFI, A2, B1, and B2 (for descriptions see Fig. 2). The
combination of 5 AOGCM and 4 SRES produced 20 climate
change scenarios that are thought to account for a great part of
the variability in climate change projections (near 95%) (17).

Analyses to assess the changes in annual temperature, annual
precipitation, and spring precipitation during the 21st century
used the following protocol. First, each variable was calculated
for the periods 2040-2069 (2055) and 20702099 (2085) for each
combination of AOGCM and emission scenario. Then, climate
changes were measured for each of the 20 climate scenarios by
subtracting them from the values of the 1961-1990 baseline
period for Mediterranean mountains. To summarize, the
changes projected are averaged over the five AOGCM for that
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Figure 3. Degree of temperature change (degrees Celsius) for
different combinations of AOGCM and SRES. Colors represent
changes in temperature.
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particular SRES. Thus, temperature-averaged changes (AT in
°C) and precipitation and spring precipitation changes (4P and
APSPR, respectively, in terms of percentage) for each emission
scenario were calculated to obtain a measure of climate change
for 2055 and 2085. Analyses were done for whole areas
delimitated as mountain zones by UNEP-WCMC as a set and
then for specific Mediterranean mountain ranges (see Fig. 1).
Finally, we compared statistical differences using analysis of
variance tests between predicted climate changes for Mediter-
ranean mountains and for the mountains of the rest of Europe.

RESULTS

Mediterranean mountains are expected to warm in all climate
projections used, but there is an important level of variability
across AOGCM and emission scenarios (Fig. 3). For 2055, the
lowest warming was predicted by NCAR-PCM_BI1, +1.4°C,
whereas the largest warming was predicted by ECHAM4_A1fi,
+5.1°C. The same model simulations predicted the lowest and
highest warming for 2085, although the difference between the
two projections was greater for 2085 (+1.6°C and +8.6°C,
respectively). Predicted warming differed between the emissions
scenarios used. Averaging over the five AOGCMs (Table 1), the
ATlfi scenario produced the largest warming in Mediterranean
mountains (+3.1°C and +5.2°C for 2055 and 2085, respectively;
2055: 1.1 o; 2085: 2.0 o1) followed by A2 (42.5°C and +4°C;
2055, 0.49 o; 2085, 0.87 o), Bl (+2.3°C and +2.8°C; 2055, 0.8
o1; 2085, 1.1 a1) and B2 (+2.3°C and +3°C; 2055, 0.5 or.; 2085,
0.73 o7). Finally, similar warming is projected among Mediter-
ranean mountain ranges (Table 2).

Predicted changes of precipitation differed noticeably among
AOGCMs and emission scenarios. Practically all models
indicate a decline in precipitation. For 2055, the highest
reduction of annual precipitation was predicted by ECHA-
M4_Alfi, —12.5%, whereas CSIRO_BI1 projected an increase of
0.9%. A similar pattern was recorded for 2085, where the
highest and lowest reduction was predicted by ECHAM4_Alfi
and CSIRO_BI, respectively, although the difference between
the two projections was greater for 2085 (—23% and —1.4%,
respectively). Averaging over the five AOGCMs, the Alfi
scenario produced the largest reduction in Mediterranean
mountains (—6% and —13% for 2055 and 2085, respectively;
2055, 31 o1; 2085, 51 o) and the Bl the lowest one (Table 1).
Regional trends show similar reductions (Table 2). Averaging
again over the five AOGCMs (Table 2), the highest and lowest
reductions were predicted for the Taurus under Alfi for 2055
(—14.8%) and the Dynaric Alps (—8.8%), respectively.

For 2055, the highest reduction of spring precipitation was
predicted by ECHAM4_Alfi, —22.6%, whereas the lowest one
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Table 1. Projected average change of temperature (4T, °C), annual
precipitation (4P, % mm ') and spring precipitation (4P, % mm
spring ). Each value for all of the four emissions scenarios is the
average of the five AOGCMs for that particular SRES. Projected
changes are those from the period 1961-1990 to 2040-2069 (the
baseline period and the 2055 period) and from 1961-1990 to 2070—
2099 (2085).

AP AP (% mm

Year SRES AT (°C) (%mm ~7) spring™")

2055 A1 3.2 -5.9 -11.3
A2 25 -4.3 -10.6
B1 2.3 -25 -5.8
B2 2.3 -2.0 6.1

2085 Al 5.2 -13.0 -17.0
A2 4.0 -10.4 —-14.4
B1 2.8 -5.7 4.8
B2 3.0 -5.3 -5.5

was predicted by PCM_BI1, —3%. The same pattern was
recorded for 2085, where the highest and lowest reduction was
predicted by ECHAM4_Alfi and PCM_BI, respectively,
although the difference between the two projections was greater
for 2085 (—32% and —0.6%, respectively). Predicted reduction of
spring rainfall differed between the emission scenarios used.
Averaging over the five AOGCMs, the Alfi scenario produced
the largest reduction in Mediterranean mountains (—11.3% and
—17% for 2055 and 2085, respectively; 2055, 13 o.; 2085, 18 o)
and the Bl the lowest one (see Table 1). Regional trends,
averaging over the five AOGCMs, show that the highest and
lowest reductions were predicted for the Taurus under Alfi for
2055 (—8.8%) and the Dynaric Alps (—2.3%), respectively.

Both AOGCMs and RCMs project similar changes for the
three analyzed variables in the Pyrenees by 2085. Projected
warming using the AOGCM HadCM3 is +4.2°C and +3.2°C
under A2 and B2, respectively. The average warming projected
by the RCMs is +3.5°C and +2.5°C under A2 and B2,
respectively (driven by HadAM3H for the same SRES
scenarios). Similarly, the reduction of annual precipitation
projected by the AOGCM is —18.9% for A2 and —10% for B2,
and the average reduction projected by the RCMs is —13% and
—9%, respectively. Finally, for the spring precipitation, the
reduction projected by the AOGCM is —21% for A2 and —16%
for B2, and the average reduction projected by the RCMs is
—16% and —8%, respectively.

The warming across the 20 gridded climate change scenarios
was slightly larger for non-Mediterranean European mountains
than for Mediterranean ones (see Fig. 4). On the contrary, only
Mediterranean mountains will suffer the reduction of annual
and spring precipitation.

DISCUSSION

A general warming trend in the mountains of the Mediterra-
nean Basin should be expected in the 21st century based on the
climate change scenarios used here. The magnitude of this
warming varies in relation to the economical, political, and
technological future evolution of our societies. As shown in
Figure 4, a world with very rapid economic growth and
intensive fossil fuel use (A 1fi) yields the warmest climate change
scenario (43.1°C in 2055 and +5.2°C in 2085). Even when we use
the most optimistic scenario, the expected warming rates
(+2.2°C and +2.8°C under BI1 in 2055) will become markedly
more intense than the observed 0.75°C warming for the
Mediterranean basin reported by Giorgi (23, 24) for the 20th
century. Similarly, predictions for the 21st century are much
larger than the +0.9°C warming observed, for example, in the
Pyrenees during 20th century (25). Also, climate models project
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Table 2. Projected average change for each mountain range of temperature (AT, °C), annual precipitation (AP, % mm y ') and spring
precipitation (AP, % mm spring~") for each emission scenario over the five AOGCMs. Projected changes are those from the period 19611990
to 2040-2069 (the baseline period and the 2055 one) and from 1961-1990 to 2070—2099 (2085).
SRES Pyrenees Apennines Dinaric Alps Pinthos Taurus Atlas
2055
AT (°C) A1fi 3.3 3.1 3.4 3.1 3.2 3.1
A2 2.5 2.3 26 25 2.5 2.4
B1 2.4 2.2 2.4 2.3 2.3 2.2
B2 2.3 2.1 2.4 2.3 2.3 2.2
AP (% mm ~') Affi -5.3 6.2 =23 3.4 -8.8 -5.3
A2 2.8 4.4 -1.2 -2.7 -7.3 -3.6
B1 .7 -3.8 0.4 -0.1 —4.1 —2.5
B2 -1.4 2.7 1.0 0.5 -3.7 -2.3
AP (% mm spring~") Affi -13.5 -13.6 -8.8 -12.6 -14.8 -8.8
A2 -9.1 -6.3 -3.6 -5.6 -12.3 -7.3
B1 7.7 -9.0 -5.6 -3.9 —6.1 -5.2
B2 -8.4 -7.2 -4.5 -3.2 -7.2 -6.3
2085
AT (°C) Atfi 5.3 4.9 5.5 4.9 5.3 5.5
A2 4.0 3.7 4.1 3.9 4.1 4.2
B1 3.1 2.9 3.2 3.0 3.2 3.2
B2 3.0 2.8 3.1 2.9 3.2 3.1
AP (%mm ) Affi =105 =081 =619 -12.4 —22.4 -13.8
A2 -8.8 —7.4 -5.2 -10.9 -16.2 -11.3
B1 -4.0 —4.2 -1.8 -5.6 -9.4 —7.8
B2 -3.9 -3.0 -1.8 -5.0 -9.9 -8.1
AP (% mm spring ") Aftfi -13.6 —-14.9 -8.2 221 22 —12.4
A2 —12.7 -13.9 —7.2 —19.0 -21.2 -10.6
B1 -6.9 -5.5 -0.6 2.0 -5.9 -7.3
B2 4.2 -4.9 -1.2 —-6.4 -8.8 -6.1
reductions of annual and spring precipitation in the mountains
6 of the Mediterrranean Basin (e.g., —11.3% and —17% during
o e 2056 2088]  spring under Alfi for 2055 and 2085, respectively)., and this
g 5 trend is specific to Mediterranean mountains within European
Py . . . .
N mountain ranges (see Fig. 4). So, Mediterranecan mountain
g ecosystems (structure, functions, and services) will likely be
E 3 subjected to an intensive transformation in the coming decades,
5 even assuming the most conservative estimations.
] 27 Presently, the scientific community has reported that the
g . warming detected during the 20th century has affected different
£ features of ecosystems. An approximate +3°C future warming
9 would have multiple adverse impacts upon the sea level,
Hgj;‘;:’a’i':f;‘”_h"ﬂ”:;::‘jr‘:;d”mmm% 2055 2085 | agriculture, water resources, human health, energy, terrestrial
5 - ecosystems productivity, forestry, biodiversity, and marine
ecosystems productivity (see 24 for a review paper on climate
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Figure 4. Projected average change of temperature, annual precip-
itation, and spring precipitation (4P, % mm/spring) for each
emission scenario. Projected changes are those from the period
1961-1990 to 2040-2069 (the baseline period and the 2055 one) and
from 1961-1990 to 2070-2099 (2085). Black bars correspond to
mountains located in the Mediterranean while grey bars correspond
to European non-Mediterranean mountains.
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change impacts at a global scale). More specifically, in the
Mediterranean mountains, some studies have suggested that
changes in temperature and precipitation would lead to a shift
toward vegetation types currently found under drier and
warmer conditions in Mediterranean mountains (28). Transfor-
mation of vegetation belts, for example, has been reported in
the Spanish Central Range (29) where high-mountain grassland
communities dominated by Festuca aragonensis, typical of the
Cryoro-Mediterranean belt, are being replaced by shrub patches
of Juniperus communis ssp. alpina and Cytisus oromediterraneus
from lower altitudes. Altitudinal changes in the distributions of
butterflies species have also been reported within the same
mountain range (30). In the Apennines, bird species distribu-
tions have changed in the last 20 years (31), and both diversity
and composition of plant species have suffered significant
transformations (32). Climate warming may imply drastic
changes in the ranges of species, potentially leading species
inhabiting the upper belts to extinction. A recent study
modeling distributions of European plants in relation to climate
(33) also reported that mountain species, namely those located
near the Mediterranean basin, were disproportionably sensitive
to climate change (approximately 60% species potentially lost
by 2085), although the coarse resolution used requires that these
results are interpreted cautiously. Taking into account the
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warming predicted here, we would expect, for example, an
upward migration of temperatures and its associated vegetation
belts ranging from 380 m and 510 m (calculated using the two
most divergent scenarios: Bl and Alfi) if a temperature
reduction of 0.6°C (34) 100 m~' is assumed.

Climate change is also bound to impact deeply on the
criosphere realm at high altitudes. Many glaciers are known to
be disappearing (35), and there is also evidence that snow pack
in the Pyrenees and the Alps, for example, is decreasing (see 36).
The expected upward displacement of the isotherm 0°C will
enhance melting rates, whereas a decrease in precipitation will
impact on snow and ice: both processes will lead to a negative
energy and mass balance of snow, permafrost, and glaciers with
several hydrological consequences related to the amount and
timing of run-off and peak discharge in rivers. However, the
magnitude of the expected climate change on the criosphere will
show a large spatial heterogeneity since it will result from a
complex synergistic response to global warming and local
topographical conditions (37). Some of the described changes
will not only be a consequence of climatic change. Land use and
other factors, which have not been considered in this study, will
play a significant role in balancing or realizing the hydrological
and ecological consequences expected under greenhouse climat-
ic conditions.

Besides the consequences of warming on physical or
biological patterns and processes, the effects of climate change
on social and economic aspects should be taken into account.
Mountains provide different economical services to their
populations and those in neighboring lowlands: for example,
water, wood, power supply, food, and tourism. In European
Mediterranean mountains the synergy between agricultural land
abandonment, reforestation, reduction of livestock pressure,
and climate change could lead to a reduction of pastures due to
an extension of forest and scrub (38). Also, the reforestation
process implies a reduction of water availability due to plant
water consumption (39), explaining the loss of around 30% of
the average annual discharge. Other impacts of climate warming
on hydrological processes have significant social and economic
consequences, for example, the reduction of snow cover on river
regimes. Decreasing snow cover implies a change from snow-fed
to rain-fed regimes, increasing the intensity and variability of
winter discharges (40) and decreasing the runoff in spring. The
decrease in water availability during the latter will be
aggravated by the reduction of spring precipitation. This
reduction will necessitate modification of water management
and dam operation schemes, based on the catchments of a large
volume of water in winter and spring in order that there is a
supply during the irrigation season, which normally lasts from
the middle of spring to September (41). Snow pack decrease
would also have consequences for the economic viability of
many ski resources, although technology to provide artificial
snow may well reduce a part of this impact in the resorts located
at high altitude.

Mediterranean mountains in developing countries would
suffer other possible impacts due to their different social and
economic conditions. These mountain systems are highly
populated (around 300 hab km 2 in western Atlas) (42) because
of the diversity of resources created by elevation gradients. For
example, reductions in spring rainfall and melt water flows
would produce a soil moisture deficit, which could limit any
increase in crop yields resulting from temperature increase.
Crops such as maize (43), an important summer crop in the
Atlas valleys, may suffer as a result. Equally, fruit trees require
a specific chilling period that may not be met by higher
temperatures. Increases in xeric conditions due to global
warming may well degrade and reduce the extension of
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herbaceous pastures, which accompanied by growing of grazing
pressure, will favor higher erosion rates (44).

Adaptation and mitigation strategies for climate change are
required to reduce these possible impacts on the provision of
ecosystem services for society. However, to reach these
objectives there is a need to conduct coarse quantitative
estimates of the impacts, to assess the variability of the forecasts
,and, finally, to develop regional and local-scale models to fine
tune the predictions made at coarse scales. In this study we
conduct the first two steps, and in doing so we followed the
recommendations of the IPCC experts (13) that make the plea
for using a wider range of AOGCMs and emission scenarios as
possible to account for variability and uncertainty in model
projections. An improvement over working with narrative
storylines and a limited number of AOGCM runs is to use
large ensembles of model outputs constructed by varying model
parameters (45, 46). These ensembles produce a range of
regional changes wider than that obtained with the scenario
approach used here; it also allows the calculation of probabi-
listic density functions that express conditional probabilities of
particular outcomes given the initial assumptions and param-
eters entering the models.

A third step would be to develop downscaled AOGCM
projections: many impacts on mountains will only be meaning-
fully expressed at finer resolutions, because there are difficulties
in reproducing higher-order statistics and extreme values of
rainfall patterns in topographically complex zones using
AOGCMs. For example, the “White Paper on Mediterranean
Climate Variability and Predictability” (47) discusses that
regional climate models may well fill the gap between global
climate models and the growing demand for climate predictions
and scenarios at finer-resolution scales (48, 49, see also 50 for a
brief but clear discussion on the role of RCMs in mountains). In
any case, we have shown herein that the projections reported by
AOGCMs and RCMs do not differ greatly. It allows politicians,
planners, and researchers belonging to many areas of the
Mediterranean arc, without detailed projections based on
RCMs, to have broad but reliable estimations of climate
change magnitudes and their uncertainties for mountainous
areas.

To sum up, a significant climate change is expected for
Mediterranean mountains in the 21st century. This is likely to
prompt a considerable impact on the physical, biological, and
social realms as illustrated by the fact that projected warming is
significantly greater than that observed during the 20th century
(see 51 for a global assessment on climate change on
mountains). However, a degree of uncertainty still remains in
climate change projections and accounting for this variability is
important. Besides addressing the technical and scientific
components of this variability, there is an additional challenge
to communicate the significance of these uncertainties (52) to
political and social agents. As stated by Ladle et al. (53),
damaging simplifications of research findings “may expose
environmentalists to accusations of crying wolf, and play
directly into the hands of anti-environmentalists.”
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