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1.  INTRODUCTION

Climate change resulting from fossil fuel emissions
may significantly alter the terrestrial carbon cycle
(in particular the capacity of soils and vegetation to
store/release carbon), as well as the vegetation dynam-
ics (e.g. Notaro et al. 2007, Sitch et al. 2008).

Some studies suggest that during the past several
decades the boreal forests in northeastern Europe
have experienced greening and an increase in photo-
synthetic activity (Tucker et al. 2001, Devi et al. 2008,
Qian et al. 2010) resulting from increased surface tem-
perature (Nakicenovic et al. 2000). The increase in
photosynthetic activity may lead to a higher amount of
carbon stored in vegetation and soil biomass.

On the other hand, the terrestrial ecosystems lose
carbon primarily through respiration (autotrophic and
heterotrophic; Valentini et al. 2000). Owing to rising

temperatures, the metabolism of soil microbes is en -
hanced, and the decomposition of soil organic matter
(SOM) is accelerated. This leads to an increase of
soil organic carbon (SOC) release to the atmosphere
(Davidson & Janssens 2006).

In the future, the balance of carbon uptake by vege-
tation and carbon release from the soil due to climate
warming will determine whether a given area will
become a source or sink of carbon.

Process-based models, forced by general circulation
models (GCMs), have been widely used to study the
role of the terrestrial biosphere in the global carbon
cycle and to assess changes in biogeochemical cycles
associated with a changing climate (Cramer et al. 2001,
Schaphoff et al. 2006, Morales et al. 2007, Notaro et al.
2007, Sitch et al. 2008). However, process-based mod-
els are highly sensitive to fine-scale climate variations,
especially in regions of complex topography and sur-
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face cover, and in areas with strong maritime influ-
ence. Therefore, if there is a need to assess the carbon
cycle and the vegetation dynamics at a regional scale,
then the coarse resolution of GCMs (typically 100 to
200 km in latitude) is a serious limitation to further
analysis (O’Brien et al. 2004, Morales et al. 2007).
Regional climate models (RCMs) provide an increase
in resolution and can capture physical processes and
feedbacks occurring at the regional scale (Giorgi &
Mearns 1991). Consequently, process-based models,
when forced by RCMs, can also capture physical and
ecological processes at finer resolution, such as those
associated to the local to regional scale carbon cycle,
including changes in vegetation patterns and in car-
bon fluxes and storage (Morales et al. 2007).

Vegetation cover has changed markedly over the
last few centuries, particularly over Europe, mainly
due to agricultural activities (Reale & Shukla 2000).
Analysis of an ensemble of models has shown that the
Mediterranean is one of the most responsive regions to
climate change (Giorgi 2006) because of pronounced
warming and a large decline in precipitation during
the spring and summer seasons (Giorgi & Bi 2005).
More changes can therefore be expected over this cen-
tury as a consequence of human activities and a warm-
ing climate. For example, Sheffield & Wood (2008) pro-
jected an increase in the occurrence of drought over
the 21st century, which will affect vegetation. Gao &
Giorgi (2008) found that by the end of this century,
the southern Mediterranean region will experience a
 substantial increase and north ward extension of arid
regime lands, especially in areas such as the Iberian,
Italian, Hellenic and Turkish peninsulas and areas of
southeastern Europe (e.g. Romania and Bulgaria).
Aridity will also increase in the northern African and
Middle East coastal regions as well as in the major
islands of the Mediterranean (Corsica, Sardinia and
Sicily, Gao & Giorgi 2008).

Drought occurrence and increasing aridity could
have positive feedbacks on climate warming from
 natural deforestation (Cox et al. 2000, Gullison et al.
2007). Regional vegetation changes may in turn have a
 considerable influence on regional climate (Reale &
Shukla 2000, Heck et al. 2001, Sanchez et al. 2007) and
include changes in the radiation budget via modifica-
tions in surface albedo, and changes in the hydrologi-
cal cycle mainly in terms of evapotranspiration, precip-
itation and runoff (Findell et al. 2007). Dumenil-Gates
& Ließ (2001) found a slight cooling at the surface (1 K)
related to the increased surface albedo that in turn
reduces the input from net solar radiation at the sur-
face, and reduced precipitation during the summer as
a result of decreased evapotranspiration of plants in
a deforestation experiment. Land cover changes also
have had a high impact on the frequency of heat

waves. Anav et al. (2010a) found for the Mediter-
ranean region that deforestation decreases the number
of summer hot days, while the afforestation increases
the number of summer hot days.

There also exist previous attempts to study and
quantify the effects of climate change on the terrestrial
carbon cycle and vegetation dynamics for Europe.
However, the coarse resolution of the input climatic
data used in some of these experiments limited the
ability of the models to capture local phenomena
occurring in regions with complex topography. For
example, Zaehle et al. (2007) forced the LPJ dynamic
vegetation model (Sitch et al. 2003) with the output
provided by 4 GCMs. In contrast, Morales et al. (2007)
forced the LPJ-GUESS model with the output of RCM
downscaling experiments conducted within the EU
project PRUDENCE (Christensen & Christensen 2007).
Zaehle et al. (2007) and Morales et al. (2007) found that
European terrestrial ecosystem NPP will markedly
increase under  climate change. Morales et al. (2007)
also found contrasting ecosystem impacts between
southern and northern areas of Europe. In southern
Europe, ecosystem impacts were dominated by the
effects of increasing growing season water deficits,
whereas impacts in northern Europe were dominated
by changes in the duration of the growing season and
the efficiency of carbon assimilation.

In this study, we focus specifically on how natural
vegetation cover in the Euro-Mediterranean region
may change as a result of future climate change, and
discuss key underlying mechanisms. Unlike previous
regional experiments for Europe (e.g. Morales et al.
2007, Zaehle et al. 2007), we employ simulation
 outputs from a high-resolution fully coupled ocean–
atmosphere RCM model to force the LPJ dynamic veg-
etation model and analyze future changes in re gional
carbon cycle and patterns of dominant  vegetation in
relation to past mean conditions.

We mainly focus on the processes that may  intervene
as regional climate changes in the Euro-Mediter-
ranean area, while sensitivity of the results to model
resolution or emission scenarios is beyond the scope of
this study. 

2.  MODELS AND EXPERIMENTS

2.1.  PROTHEUS system

The climate simulations used to force the LPJ
 vegetation model are from the PROTHEUS system, a
regional coupled model for climate studies over the
Mediterranean region (Artale et al. 2009). In this
 system the RegCM3 atmospheric regional model (Pal
et al. 2007 and references therein), and the MITgcm
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oceanic model (Marshall et al. 1997a,b) are coupled
through the OASIS3 coupler. A detailed description of
the features and performance of PROTHEUS can be
found in Artale et al. (2009).

RegCM3 is a limited-area model initially developed
by Giorgi et al. (1990, 1993a,b), and modified by Giorgi
& Mearns (1999) and Pal et al. (2000, 2007). The model
is compressible, based on primitive equations, and
employs a terrain-following σ-vertical coordinate. The
physical exchanges between the land surface and the
boundary layer are simulated in RegCM3 by the
hydrological process model Biosphere–Atmosphere
Transfer Scheme (BATS) (Dickinson et al. 1993). Vege-
tation dynamics are not explicitly modeled in this
RegCM version (or configuration).

The model domain in the PROTHEUS system is
 centered on Italy at 41° N and 15°W, and is projected
on a Lambert conformal grid covering Europe (except
northern Scandinavia and Iceland) and North Africa
(Fig. 1); the domain covers 160 × 150 grid points in the
longitudinal and latitudinal directions, respectively,
with an horizontal resolution of 30 km.

Lateral boundary conditions, required to run the
model, are supplied by interpolating the horizontal
velocity, temperature, specific humidity and surface
pressure onto the model grid and by relaxing the prog-
nostic model variables for a 12-grid-point-wide lateral
buffer zone with an exponentially decreasing coeffi-
cient (Giorgi et al. 1993b). In its standard configura-
tion, at the air–sea interface, RegCM3 reads the sea
surface temperature (SST) from boundary condition
input files. This procedure is maintained in the coupled
configuration. However, in the present study the
 MITgcm oceanic model (the ocean component of the
PROTHEUS system, developed by Marshall et al.
1997a,b) supplies the SST field to RegCM3, as
described in Artale et al. (2009).

In the present study the MITgcm is used in its hydro-
static, implicit free-surface, partial step topography
formulation (Adcroft et al. 1997). The model is forced at
the surface through the specification of wind stress and
heat fluxes taken from the RegCM3 (Artale et al. 2009).
The model domain covers the whole Mediterranean
basin and extends out of the Strait of Gibraltar; the
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Fig. 1. PROTHEUS domain with the corresponding dominant vegetation simulated by LPJ in the period 1961–1990, and bathymetry
from the MIT general circulation model (MITgcm; units are in meters). Black boxes: sub-domains where model diagnostics have been
computed — NA: North Africa (10° W–35°E, 28°N–37°N); MD: Mediterranean (9° W–29°E, 37° N–44° N); CE: Central Europe
(16°E–45°E, 44°N–56°N). Inside each sub-domain, smaller focus regions are also identified (NA–S, MD–S, and CE–S, according to
the respective region). LPJ simulated plant functional types — TrBE: tropical broad-leaved evergreen; TrBR: tropical broad-leaved
raingreen; TeNE: temperate needle-leaved evergreen; TeBE: temperate broad-leaved evergreen; TeBS: temperate broad-leaved
 summergreen; BNE: boreal needle-leaved evergreen; BBS: boreal broad-leaved summergreen; C3, C4: grasses (C3, C4 pathways)
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MITgcm domain and bathymetry are shown in Fig. 1
overlapped to the RegCM3 domain. Coupling fields
are exchanged every 6 h, which is the same frequency
at which lateral boundary conditions are read in the
atmospheric model. In the PROTHEUS simulations, the
MITgcm transfers SST to the atmospheric model, while
RegCM3 transfers to the ocean model wind stress, sen-
sible heat flux, latent heat flux, long and short wave
incident radiation at the surface (Artale et al. 2009).

2.2.  LPJ Dynamic Global Vegetation Model

The LPJ-DGVM (Sitch et al. 2003) is a process-based
model representing key ecosystem processes govern-
ing terrestrial biogeochemistry and biogeography. LPJ
simulates the water and carbon exchanges between
biosphere and atmosphere by means of a given set of
parameters and climatic input variables. For each grid
cell, vegetation is described in terms of the fractional
percentage coverage (FPC) of 9 different plant func-
tional types (PFTs) that are able to compete for space
and resources (Sitch et al. 2003). Seven PTFs are
woody—3 temperate, 2 tropical and 2 boreal—and
two are herbaceous; the PFTs have different photosyn-
thetic (C3, C4), phenological (deciduous, evergreen),
and physiognomic (tree, grass) attributes (Sitch et al.
2003). The PFTs may in principle co-exist at any loca-
tion, depending on plant competition and a set of envi-
ronmental constraints. Their relative proportion is de -
termined by competition among types with typical eco -
logical strategies for dealing with temperature, water
and light stress, and disturbances as well. Dispersal
processes are not explicitly modeled, and an individual
PFT can invade new regions if its bioclimatic limits and
competition with other PFTs allow establishment.

Fire is the most important natural disturbance at a
global scale, and is the only form of disturbance ex -
plicitly represented in LPJ (Sitch et al. 2003). A full
description of the fire module is given by Thonicke et
al. (2008), while a detailed evaluation of fire predic-
tions against observations is described in Thonicke et
al. (2010). In LPJ, fire occurrence is taken to be depen-
dent upon fuel load (i.e. the amount of dry combustible
material) and litter moisture, hence this formulation
combines both the influence of climate and vegetation.

To start a fire, the fuel has to reach a minimum tem-
perature at which it ignites. Combustion will start if
there is sufficient fuel present at the grid cell. If mois-
ture is above a certain level, then all available energy
in the preheating process is consumed to vaporize
water, thus ignition temperature is not reached, and
ignition, either spontaneously or due to fire spread,
fails. The resulting fire effects on vegetation in the
fractional area burnt are calculated for each PFT. The

fraction of vegetation killed depends upon the pre-
scribed PFT fire resistance, which represents the PFT
survivorship during a fire (Sitch et al. 2003, Thonicke
et al. 2008).

LPJ is extensively used and has been validated for
terrestrial carbon (Sitch et al. 2003), water exchanges
(Gerten et al. 2007), vegetation distribution and dy -
namics (Bonan et al. 2003, Sitch et al. 2003), and it has
also been used for scenario simulations (Lucht et al.
2006, Schaphoff et al. 2006, Morales et al. 2007, Zaehle
et al. 2007) forced by a coarse resolution input data.

In the original model version, the LPJ simulations are
driven by monthly fields of mean temperature, precip-
itation and cloud cover provided from the climate
research unit (CRU) monthly climate dataset on a 0.5°
× 0.5° global grid (New et al. 2000). The monthly fields
are linearly interpolated to obtain pseudo-daily values,
directly used at daily time steps to simulate short term
processes, such as photosynthesis, respiration and
evapotranspiration.

In the present study a modified version of LPJ has
been used in order to read the higher resolution
(30 km) temperature, precipitation and cloud cover
data supplied by the PROTHEUS system.

2.3.  Model simulations and methodology

Two different climate simulations were performed
with the PROTHEUS system for the 100 yr period 1951–
2050, using simulation results from the ECHAM5/ MPI-
OM1 (Roeckner et al. 2003) coupled general circulation
model (CGCM) as lateral boundary conditions. In the
control simulation (CTL), the outputs of the ECHAM5/
MPI-OM1 20C3M experiment (Nakicenovic et al. 2000)
are used to represent climate for the period 1951–2000.
In a second experiment, we used global climate projec-
tions from the ECHAM5/ MPI-OM1 CGCM, based on
the A1B scenario from the Intergovernmental Panel on
Climate Change Special Report on Emissions Scenario
(IPCC SRES; IPCC 2001), to represent changes under
a climate change scenario for the period 2001–2050.

The A1B scenario describes a future world of very
rapid economic growth and global population that
peaks in mid-century and then declines thereafter fol-
lowing a slowing of growth that occurs with the rapid
introduction of new and more efficient technologies
(Nakicenovic et al. 2000).

Results from the PROTHEUS/ECHAM5 system were
then used to force the LPJ dynamic global vegetation
model.

A typical simulation with LPJ starts from bare
ground (no plant biomass present for each grid cell)
and spins up for 1000 yr until equilibrium is reached
with respect to carbon pools and vegetation cover.
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Usually, during the spin up phase, the model is driven
with an approximately constant climate. However,
since fires in many regions occur only in drier years,
repeating a single year’s climate or even using a long-
term climate average, can lead to anomalous results
(Sitch et al. 2003). The spin up therefore requires the
use of an interannually varying climate, with annual-
average temperatures, precipitation and cloudiness
fluctuation about constant long-term means (Sitch et
al. 2003).

In the simulations presented here, during the spin up
phase, 30 yr of varying climate from the period
1951–1981, as simulated by PROTHEUS, were re -
peated continuously with pre-industrial atmospheric
CO2 concentrations. Starting from the equilibrium
(year 1901), the model was driven until 1951 using
observed atmospheric CO2 content. From 1951, two
different simulations were performed forcing LPJ with
PROTHEUS CTL and SRES results.

Climate change impacts on carbon and vegetation
patterns are investigated by comparing key character-
istics of the ecosystems during the reference period
1961–1990 with those of the future scenario over the
period 2021–2050. The focus is on the chain of events
that may intervene to modify regional vegetation as
climate changes, and not on exploring the sensitivity of
the results to scenario and model uncertainty, as we
only consider one among the various IPCC emission
scenarios, and only one particular CGCM/RCM model
set-up. However, it is arguable that to some extent our
approach considers these factors indirectly, since we
compare projections using the PROTHEUS system
with those from a larger ensemble of 15 models among
those that participated in the Coupled Model Inter-
comparison Project Phase 3 (CMIP3, Meehl et al. 2007;
more details on the ensemble of models used can be
found in Mariotti et al. 2008).

We discuss our model results in the context of this
larger ensemble as an indirect way to explore model
uncertainties. The A1B emission scenario is intermedi-
ate among the different IPCC scenarios, so we also
expect results to be intermediate. The inter-compari-
son between the PROTHEUS simulations and CMIP3
results is performed over 3 large sub-regions (namely
North Africa, the Mediterranean and central-eastern
Europe—NA, MD and CE respectively; see Fig. 1),
which correspond to the areas where the main
changes in terms of dominant vegetation types are
found. In each of these 3 sub-regions, we also consider
a smaller domain (see Fig. 1) in order to highlight the
factors driving regional vegetation dynamics.

In most of the Euro-Mediterranean region, land use
is anthropic, with land cover distribution including
both crops and farms. Hence vegetation change does
not only depend on climate, but is also subject to eco-

nomic and political changes. LPJ assumes that  vege -
tation is natural everywhere and the change in land
cover depends only on climate and disturbances (e.g.
fires, competition among PFTs). This limits the realism
of our study, since we do not refer to changes in the
present observed vegetation, but rather in ‘natural’
vegetation cover (e.g. the state of vegetation cover in
the absence of anthropic land-use).

Compared to other reconstructions of potential
 natural vegetation for the present climate, our land
cover (Fig. 1) matches well the results found in
Zampieri & Lionello (2010), who ob served that poten-
tial natural vegetation over most of central Europe con-
sists of deciduous broadleaf trees, with large patches of
mixed wood-savanna vegetation appearing towards
the north-east. Evergreen conifers dominate over east-
ern-Europe and Scandinavia. Shrubs and barren soil
are located along the southern coasts of the Mediter-
ranean. Grasslands occupy the interior of Anatolia,
part of Iberia, and the northern coast of the Black Sea.
Unlike Zampieri & Lionello (2010), in western Europe
the land cover in the present study is  characterized by
tem perate needle-leaved evergreen (TeNE) forests,
with temperate broad-leaved evergreen (TeBE) and
crops in the Iberian Peninsula, while the eastern side of
the domain is dominated by boreal needle-leaved
evergreen (BNE) (Fig. 1). A similar land cover is found
in Sitch et al. (2003), where they forced LPJ with CRU
data. They found the same pattern of our TeBE cover in
Iberian Peninsula, and the same area of Spain is cov-
ered by natural C3 grass, while central Europe is dom-
inated by TeNE. Several local to re gional differences in
land cover with respect to Sitch et al. (2003) occur how-
ever in central-east Europe and along the Black sea
coasts, where their land cover is dominated by temper-
ate broad leaved summergreen forests. Finally on the
coasts of northern Africa our land cover matches
closely results from Sitch et al. (2003).

In order to see the differences in terms of vegetation
cover due to different climate forcing provided during
the spin up phase, and to better compare the PRO -
THEUS-based LPJ mean vegetation cover with CRU
land cover, we also performed a simulation forcing LPJ
with CRU data. In Fig. 2 we show the dominant vege-
tation cover at the beginning of the simulation (1961)
using both PROTHEUS and CRU climatic forcing.
Results show that both simulations give C3 grass as
the dominant vegetation type in North Africa; central
western Europe is dominated by temperate trees,
while in central north Europe boreal trees are domi-
nant. However, some differences exist, especially at
the margins of areas of dominant vegetation types.
Vegetation cover using CRU gives generally results
closer to those of Sitch et al. 2003, namely along the
Black Sea coasts where temperate deciduous forest are

281



Clim Res 46: 277–292, 2011282

Fig. 2. Dominant vegetation cover at the beginning of the simulation (year 1961) as simulated by LPJ forced by PROTHEUS 
(upper panel) and Climate Research Unit (CRU) (lower panel). Abbreviations as in Fig. 1
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the dominant vegetation. However, the CRU-based
LPJ vegetation cover is not exactly the same as that
used by Sitch et al. (2003), since the temporal period
during which the vegetation cover has been computed
to be different between the 2 experiments.

The PROTHEUS climatological results agree reason-
ably well with CRU data at least for surface air temper-
ature (discussed later). Since in LPJ temperature is the
main variable that affects potential vegetation cover,
a reasonable agreement between the PROTHEUS-
based LPJ mean vegetation cover and that found by
Sitch et al. (2003) using CRU data is to be expected.
Along the Black sea coasts, however PROTHEUS has a
strong positive bias in precipitation (discussed later),
which can at least partially explain the discrepancies
in terms of land cover found between PROTHEUS and
CRU simulations. In contrast, more substantial differ-
ences in term of carbon cycle in the simulations using
CRU and PROTHEUS climatic forcing are to be ex -
pected, as PROTHEUS systematically overestimates
precipitation leading to more favorable conditions for
plant growth (i.e. vegetation does not suffer severe
water stress during summer).

Since the changes in carbon cycle and dominant
 vegetation are strictly related to the changes in
 temperature and precipitation, we limit our  inter-
comparison to these climatic quantities and also ana-
lyze the Palmer drought severity index (PDSI; Palmer
1965) to synthesize their combined effect on soil mois-
ture. Among various indices for drought detection, the
PDSI is one of the most widely used. It is a meteorolog-
ical drought index, and it responds to weather condi-
tions that have been abnormally dry or abnormally
wet. The PDSI is computed based on precipitation and
temperature data. Negative PDSI values indicate dry
conditions, while positive values indicate wet periods;
values around zero denote near-average water bal-
ance. Extreme conditions take place when the PDSI is
greater/less ±6.

3.  RESULTS

3.1.  Changes in surface climate

Quantitative estimates of the model temperature and
precipitation biases are shown in Fig. 3 and Fig. 4,
respectively. In these figures, the seasonal means and
standard deviations of the latter variables simulated by
PROTHEUS are compared to the observed CRU data,
the mean of an ensemble of CMIP3 models, and the
ECHAM5 boundary condition used to force PRO -
THEUS.

The seasonal averages and standard deviations have
been computed over the control period 1961–1990 for

the 3 sub-domains of Fig. 1. In this regard, we can eval-
uate the capability of the PROTHEUS system to repro-
duce the thermal structure in the near surface atmo -
spheric levels and precipitation.

In general, temperatures averaged over the selected
sub-regions for the present climate simulation are in
good agreement with the CRU temperatures (Fig. 3).
Specifically, in MAM and SON the results from
PROTHEUS, ECHAM5 and CMIP3 do not show any
significant differences compared to CRU. Larger dif-
ferences occur in DJF (mainly in MD sub-region) and
in JJA (in NA and CE), with CMIP3 being generally
closer to observations, as expected by an ensemble
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mean. Finally, during all seasons and in all sub
domains PROTHEUS is close to its boundary condi-
tions, and both PROTHEUS and ECHAM5 show the
same bias with respect to CRU. This suggests that the
downscaling does not significantly improve model sim-
ulation of mean surface temperature, at least on these
sub domains (the impact on other aspects of simulated
climate, such as extremes, has not been explored
here).

PROTHEUS systematically overestimates precipita-
tion in all the sub-regions, except in NA where gener-
ally it is dry year-round (precipitation <1 mm d–1; see
Fig. 4). The overestimation of precipitation occurs both
in the stand-alone and in the coupled version of the
RCM (described in Giorgi et al. 2004 and Artale et al.
2009, respectively). The effects of this strong bias on

vegetation are described in Anav et al. (2010b). The
most severe PROTHEUS bias occurs in the CE sub-
region, where precipitation is higher during all sea-
sons, while ECHAM5 and CMIP3 generally match the
observations (the latter is closest to CRU, as to be
expected from an ensemble mean).

It is noteworthy that only ECHAM5 temperature is
used as lateral boundary condition to force RegCM3,
while precipitation is diagnostically computed by PRO -
THEUS.

The temporal evolution over the period 1961–2050 of
surface air-temperature, precipitation and PDSI anom-
alies, as depicted by PROTHEUS, ECHAM5 and the
CMIP3 ensemble, is shown in Fig. 5. PROTHEUS gen-
erally shows a positive trend in surface temperature
in all sub-regions. A marked increase occurs in NA
(0.22°C decade–1) while in CE and MD regions the
warming is slightly less pronounced (0.18°C decade–1

and 0.20°C decade–1, respectively). Overall, the PRO -
THEUS-simulated warming is similar to that of the 15
models from the CMIP3 ensemble. However, in all
sub-regions the warming projected by PROTHEUS is
less than that of the CMIP3 ensemble mean (0.27, 0.26,
and 0.30°C decade–1 over NA, MD and CE, respec-
tively). The PROTHEUS simulated warming is consis-
tent with that of ECHAM5 in NA (0.24°C decade–1) and
MD (0.23°C decade–1), while the latter model shows
a more pronounced trend in CE (0.31°C decade–1).

Considering precipitation, PROTHEUS results are
generally similar to those from the CMIP3 ensemble,
 although PROTHEUS shows a larger interannual
 variability (PROTHEUS values fall outside the ±1 SD
interval derived from the CMIP3 ensemble). Over the
long term, PROTHEUS shows a decrease in precipita-
tion over the NA and MD sub-regions (–0.056 and
–0.018 mm d–1 per decade, respectively), consistent
with previous  studies (Mariotti et al. 2008). In contrast,
over CE, PROTHEUS simulates an increase in precipi-
tation in the scenario experiment (0.019 mm d–1 per
decade). In MD, the PROTHEUS precipitation trend is
generally similar to ECHAM5 (–0.023 mm d–1 per de -
cade) and CMIP3 trends (–0.019 mm d–1 per decade).
Over NA, the decrease in precipitation is lower in
ECHAM5 (–0.011 mm d–1 per decade) and CMIP3
(–0.015 mm d–1 per decade) than in PROTHEUS. Finally,
in CE the ECHAM5 (0.007 mm d–1 per decade) and
CMIP3 trends (0.006 mm d–1 per decade) are lower
than those projected by PROTHEUS. The difference in
precipitation trends over CE between PROTHEUS and
ECHAM5-CMIP3 is likely related to the systematic
overestimation of precipitation by RegCM3 in this
region (Fig. 4).

The PDSI projections, reflecting the combined effects
of precipitation and surface temperature changes on
soil moisture content, show significant changes over
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the Euro-Mediterranean region. These include a dry-
ing of the land surface simulated by PROTHEUS over
the NA and MD regions (–0.15 and –0.12 units de -
cade–1, respectively), consistent with a decrease in pre-
cipitation and an increase in air temperature over
these regions, and a wetting over CE (0.14 units de -
cade–1) mainly owing to the increased precipitation.
The drying found in the Mediterranean region based
on PROTHEUS is consistent with previous analyses of
global climate change projections over this region
(Mariotti et al. 2008, Sheffield & Wood 2008). It is note-
worthy that PDSI drying trends over NA and MD are
larger in ECHAM5 (–0.6 and –0.4 units decade–1,
respectively) and CMIP3 (–0.4 and –0.2 units decade–1,
respectively), than PROTHEUS. Instead, over CE, the
PDSI trends from both ECHAM5 (0.13 units decade–1)
and CMIP3 ensemble mean (0.1 units decade–1) are
close to the PROTHEUS’ value.

Next, we consider changes in the mean and the vari-
ability of key climatic quantities spatially-averaged
over the 3 reference sub-regions by analyzing proba-
bility density functions (PDF) of the PROTHEUS con-
trol for 1961–1990 and the scenario experiment for
2021–2050 (Fig. 6). Consistently with the anomalies
shown in Fig. 5, changes in temperature PDFs indicate
a significant warming in all sub-regions. The greatest
warming occurs in NA, where by 2021–2050 mean

temperature is increased by about 2°C
from the period 1961–1990. In the
remaining sub-regions, the warming
is slightly less than 2°C. Unlike NA,
in other regions the variance of the
 temperature PDF does not change
between the control and the scenario
simulations. On the other hand, the
precipitation PDFs do not show any
relevant changes in the mean values.
However, a slight drying is observed
in NA and MD as a shift toward lower
values in the PDF tails, while in CE
an increase of precipitation occurs.

3.2.  Change in vegetation dynamics
and carbon cycle

Climate change and increasing atmo -
 spheric CO2 concentration generally
lead to a rise in NPP in all sub-regions
(Fig. 7). As already highlighted by
Schaphoff et al. (2006) for dry regions,
the modest NPP increases found in
NA and MD are due to the projected
high temperatures and associated
increase in water stress (as suggested

by Fig. 5). This implies that the NPP is limited under
 drying soils in these 2 sub-regions, owing to higher
temperature and slightly less precipitation.

The NPP PDF projections for CE show a significant
increase of about 200 gC m2 y–1 in the mean value,
and a large  increase of variance related to the in -
terannual variability. The increase of the mean value
is primarily the result of the physiological and pheno-
logical  effects of higher temperatures and precipita-
tion, and fertilization effects of  increased CO2 levels
(Gerber et al. 2004, Ainsworth & Long 2005). Specifi-
cally, the increase in temperature leads to longer
growing seasons, and enhanced precipitation does
not induce any water-stress condition on vegetation
so that more CO2 can diffuse into stomata, hence
more carbon is stored in vegetation. Conversely, the
increase in variance is related to the summer heat
waves, and hence the drought effect on vegetation
oc curring during some years, as shown in Fig. 5 (neg-
ative peaks in PDSI).

The increased temperature and enhanced soil mois-
ture stress provide favourable conditions for an in -
crease in fire events. Fig. 7 also shows the amount of
burned carbon in the reference regions as a measure of
the occurrence of these fire events. The largest
increase in carbon loss for fires are found in MD, while
in NA and CE the increase is slightly lower.
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An important finding is that in the
PROTHEUS-LPJ simulations, increased
temperature is also associated with a
shift in dominant vegetation patterns
(Fig. 8), since new vegetations types
are better suited to the changing cli-
matic environment. Significant changes
in terms of PFT are found in eastern
Europe where BNE and grass PFT (C3)
are substituted with temperate broad-
leaved summergreen vegetation (TeBS).
The increase of temperate broad-leaved
tree cover mainly depends on the in -
creased temperature that favours the
establishment of temperate species,
since the new mean temperature falls
into their bioclimatic range of survival.
In fact, in LPJ each PFT is assigned bio-
climatic limits which determine whether
it can survive and/or regenerate under
the climatic conditions prevailing in a
particular grid cell at a particular time
in the simulation (Sitch et al. 2003).

Significant shifts in vegetation cover
are also found in parts of northern
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Africa. As shown in Fig. 5, temper-
ature increase and precipitation
decrease lead to severe water-
stress on vegetation. This new con-
dition is unfavourable for any PFT,
so instead of a transition from C3
toward C4 grass, we find desertifi-
cation. The desertification in north -
ern Africa is also favoured by an
increase in fire frequency (Fig. 7)
resulting from lower values in soil
moisture related to the decreased
pre cipitation.

Despite the reduction in precipi-
tation and the increase in tempera-
ture in the coastal areas of NA and
in Spain, temperate trees become
the dominant PFT (Fig. 8). The
substitution of grass with temper-
ate trees leads to increasing water
use efficiency, which im proves the
conditions for establishment of
plants in this dry environment,
despite the severe summer water
stress. A consequence of this ex -
treme water stress in the Spanish forests during the dry
season is that these forests are maintained with mini-
mum activity from early spring to late autumn, when
solar radiative flux is abundant and soil moisture is
low, while the productive period is limited exclusively
to the rainy season and a short period following the
rain.

In order to understand how desert expansion takes
place in NA, we focus on a smaller area inside the NA
sub-domain (namely NA-S, see Fig. 1). The temporal
series of dominant vegetation coverage, the available
carbon for burning (vegetation + litter carbon), and the
amount of burned carbon for NA-S are shown in Fig. 9.
This figure demonstrates that all main vegetation
changes result from severe fires. In this water-limited
ecosystem, fire events are mainly due to a sequence of
years with lower annual precipitation that lead to se-
vere drought. In the model, when a fire event occurs,
grid space is freed by reducing the fraction of the grid
cell covered by C3 crops and increasing the amount
of bare ground. Then, re-vegetation in NA is not
favoured by the severe climatic conditions, explaining
the progressive desertification that has taken place in
this area. Fig. 9 also highlights how, during every fire
event shown in the shaded bands, the available bio-
mass is burned with a relevant reduction in terms of
vegetation and soil carbon content.

Similarly, inside the MD sub-domain we select
smaller MD-S domain (see Fig. 1) to explore the transi-
tion between grass and temperate evergreen trees.

Fig. 10 shows how this transition is favoured by a
severe fire that takes place in the simulation (see
shaded band) in the late 1980s. During this event, a
 relevant amount of available carbon is burned. After
this fire, available carbon constantly increases accord-
ing to the enhanced NPP (Fig. 7)

Finally, in the CE-S focus sub-domain (see Fig. 1),
the transition between different PFT may be strongly
related to rising temperatures, as suggested by the
negative trend in BNE cover and by the positive trend
in TeBS cover (Fig. 11). Likewise, BBS shows a nega-
tive trend, while temperate evergreen vegetation in -
creases slowly until reaching 20% fractional coverage
by 2050. As in MD-S, an abrupt change in TeBS cover-
age for the CE-S focus sub-domain can also be related
to a simulated severe fire event as shown by the
shaded band in the 2030s; available carbon follows the
expansion/decrease of TeBS. However, the main factor
regulating vegetation transition in this area is temper-
ature change.

4.  DISCUSSION AND CONCLUSIONS

In our study we have explored potential changes in
terrestrial carbon cycle and natural vegetation patterns
over the Euro-Mediterranean region out to 2050 under
the SRES A1B scenario using output from a high reso-
lution fully coupled regional ocean-atmosphere model
to force the LPJ dynamic vegetation model. Our results

Clim Res 46: 277–292, 2011288
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indicate that a future warmer climate will not only
affect regional terrestrial carbon cycle, but can also
significantly impact natural vegetation dynamics. Over -
all, European NPP may increase considerably under
climate change (+12%), as may also the car bon storage
as vegetation biomass (+20%), and the carbon losses
from heterotrophic respiration (+13%), while a weak
increase in litter carbon (+4%) may occur. The effects
of climate warming are found to lead to an increase in

fire occurrence over the whole
domain. The amount of the car-
bon burned is about 24% more
in the scenario than in the con -
trol simulation. The greater fire
occurrence is found to be an
important factor in regional vege-
tation dynamics.

A major finding of this study is
that while major NPP increases
are projected to occur mainly
over parts of northern and central
Europe, vegetation patterns in
parts of southern Europe (Medi -
terranean and eastern Europe)
and northern Africa could be
most affected by changes in
future climatic conditions. Specif-
ically, in North Africa the severe
drought projected for this area
could make conditions too pro-
hibitive for any PFTs, so instead
of a replacement of C3 grass with
C4 grass, there could be a transi-
tion to bare ground conditions
(similar results were also found
by Zeng & Yoon 2009). In coastal
North Africa and in Spain, tem-
perate trees could become the
dominant vegetation replacing
grass. Finally, in eastern Europe,
boreal vegetation and grass could
be replaced by temperate de -
ciduous trees as a consequence
of higher temperatures and in -
creased precipitation.

In each region, it is the com -
bination of drought—resulting
from increased temperature (in
all sub-regions), reduced precipi-
tation (in MD, NA) and increased
fire occurrence—that is crucial
in determining simulated vegeta-
tion dynamics and changes in
patterns of dominant PFTs pro-
jected in our study.

Looking at the Mediterranean basin, our results
agree with those from Gao & Giorgi (2008). Specifi-
cally, they analyzed 3 different aridity indices finding
that the southern areas of the Mediterranean, includ-
ing most of the Iberian peninsulas, central and south-
ern Italy, the Hellenic and Turkish peninsulas, the
Middle East and northern Africa, are especially at risk
of increased water stress on agriculture and natural
ecosystems, and possibly desertification.
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Although our study does not directly explore sce-
nario and model uncertainties, a number of considera-
tions can be made to discuss the results above in light
of model and scenario uncertainties. Temperature in -
crease over the reference regions during the 1961–
2050 period is generally less in the ECHAM/
PROTHEUS SRES projection than in most of the ana-
lyzed CMIP3 model projections. In addition, the PDSI
decrease in the Mediterranean and North Africa
regions is less than in the CMIP3 ensemble. Hence,
it seems reasonable to conclude that the changes
 indicated by the LPJ projection driven by ECHAM/
PROTHEUS over these regions are not particularly
extreme compared to what could have been obtained
by using other CMIP3 simulations as lateral boundary
forcing. On the other hand, PROTHEUS seems to
exaggerate future precipitation increase over central
Europe compared to the CMIP3 ensemble, so it is
likely that related carbon cycle/vegetation changes
simulated by PROTHEUS over this region will also
be exaggerated. Additionally, as our experiments are
based on the SRES A1B emission scenario (with inter-
mediate emissions in relation to the other available
scenarios) results are likely to be intermediate. Despite
these considerations, it is clear that in view of the
exploratory nature of our results, a full investigation of
projected vegetation changes considering the full
range of uncertainties is necessary. For instance, future
investigations should consider uncertainties associated
with the choice of the dynamic vegetation model
and the downscaling technique, as well as changes
in ‘actual’ vegetation cover versus those in ‘natural’
vegetation cover.

The natural vegetation changes highlighted in our
study could have socio-economic effects, by impeding
ecosystem services that benefit agriculture, forestry
and other human activities, and, in turn, affecting the
livelihood of people who depend on them. The deserti-
fication projected over parts of North Africa and asso-
ciated land degradation will affect agriculture dramat-
ically, by changing the geographical distribution of
areas suited to different crops and animal rearing (see
e.g. Desanker & Justice 2001). This could also result in
decreased crop yields and could raise poverty levels in
affected countries (see e.g. Batterbury & Warren 2001).

The land surface changes projected in this study
could also have important feedbacks on climate which
are currently not represented in CMIP3 and PRO -
THEUS model projections. In fact, both GCMs and
RCMs generally make use of prescribed vegetation at
the beginning of simulations rather than to grow the
canopy and compute the leaf area index and vegeta-
tion dynamics as a function carbon allocation. This
could be a serious limitation for transient climate simu-
lations, since the vegetation may not be in equilibrium

with the new climate (as we show, see Figs. 8–11).
Specifically, via modifications of surface albedo,
roughness length, leaf area index and rooting depth,
land cover changes may affect climate by changing the
partitioning of available energy between sensible and
latent heat, and the partitioning of precipitation
between evapotranspiration and runoff (Zhao et al.
2001). The strength of such effects on the modelled cli-
mate, however, depends on the general architecture
and sensitivity of the atmo spheric model that is used
(Dumenil-Gates & Ließ 2001).

In addition to vegetation cover changes, wild fires
also have a direct impact on atmospheric chemistry
and climate, with the emission of large quantities of
aerosols (smoke) and trace gases, including large
amounts of ozone precursors (Langmann et al. 2009).

Vegetation dynamics and carbon cycle changes,
along with their climate feedbacks, should be investi-
gated using Earth system models (fully coupled ocean-
atmosphere-land surface models, such as those which
are being used in preparation for the next IPCC
Assessment; Taylor et al. 2011) since they are better
suited to account for shifts in vegetation and deforesta-
tion/desertification processes.
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