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Abstract

This study assessed the turnover in the flora due
to climate change in French Mediterranean
forests. This turnover was first simulated with a
bioclimatic model and then controlled in the field
with a flora census in 2008, in permanent plots
previously surveyed in 1996-98. The simulation
quantified the potential flora turnover for various
climate change scenarios. The simulated turnover
in the last 30, 20 and 10 years was respectively
11%, 14% and 25%. A rapid turnover was
observed in the permanent plots between the two
censuses, corresponding to 14% of the initial
plant composition, the last decade being
exceptionally hot and dry in the study area.
Despite resilience on the landscape scale and

1. Introduction

The Mediterranean basin will be particularly
affected by climate change. Most of the Global
Circulation Models forecast faster trends there in
the future than in most other regions
(Hesselbjerg-Christiansen and Hewitson, 2007):
whatever the scenario, warming is likely to be
larger in summer, and precipitation is likely to
decrease, particularly in spring and summer. As
drought is already the main limiting factor for
vegetation in the Mediterranean area (Le
Houerou, 2005), critical water stress thresholds
should be frequently crossed during the growth
season, as experienced during 2003 heat and
drought (Breda et al., 2006; Ciais et al., 2005).

With increasing temperatures, many species
already shifted their ranges to more suitable
habitats, moving upwards in elevation or towards
the poles (Hughes, 2000; Lenoir et al., 2008),
particularly in mountains and at high elevation
(Walther et al., 2005). However, certain plants
may be unable to adapt to such a rapid change in
their environment, nor to follow the shift of the
trailing edge in their distribution area. Mean plant
spreading distance is short (Clark et al., 1999) in
spite of rare events of long distance dispersal, by
seed (Clark, 1998; Higgins and Richardson,

various resistance strategies, plant composition
adaptation to the ongoing climate change seems
to take only 20 years on a local scale.
Management issues are discussed, particularly
biodiversity conservation in current reserve
networks, which may be inadequate to ensure
long-term species persistence with the rapid shift
in plant composition. Most of the areas with the
highest plant species richness of the study area
potentially disappear when their niche envelopes
are mapped using the bioclimatic model with the
climate forecasted for year 2050.

Keywords:
Climate change; flora turnover; resurvey;

bioclimatic model; ecological niche; reserves

1999) or by hybridization with heterospecific
pollen (Petit et al., 2004). The expected limit shift
in the 21* century (Thuiller, 2004) is faster than
tree species spread recorded at the end of the last
ice age (Delacourt and Delacourt, 1987) and than
the sprawling of most invasive plants monitored
today (Richardson and Rejmanek, 2004). Species
shift should also be checked by biotic interactions
(Preston et al., 2008) and competition: symbiotic
species and parasites (Moorcroft et al., 2006)
should not move at the same rate, endangering
the established biological balance. Climate
change alters the main stages of plant phenology
(Menzel and Fabian, 1999) and sexual
reproduction (Hedhly et al., 2009), making them
more vulnerable to meteorological extreme
events (Morin et al., 2007) and altering plant-—
pollinator interaction.

In Mediterranean low altitude mountains,
ecologically fragmented by combined gradients
of elevation and orientation, some relicts of
Alpine or medio-European vegetation remain in
small isolated areas on steep northern slopes near
the top (figure 1). They are biologically very rich,
mixing species from different biomes (Médail
and Quézel, 1999), with a high level of
endemism, and genetically original populations.
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Although most of them are protected in reserves,
some species may locally disappear because their
niche lower limit passes over the local highest
elevation (Trivedi et al., 2008b). Moreover,
current reserve networks, in the absence of
functional corridors, might be inadequate on any
scale to ensure long-term persistence of rare and
endangered species (Araujo et al., 2004), .

Many models were used to evaluate the shift in
plant composition and biodiversity changes,
working on potential distribution areas,
bioclimatic limits or niches (Botkin et al., 2007;
Hansen et al., 2001), for individual species
(Gaucherel et al., 2008; Heikkinen et al., 2006) or
species groups. Most of these models have a low
spatial resolution: the main results were obtained
on the scale of countries (Badeau et al., 2004;
Chuine and Beaubien, 2001) continents or biomes
(Bakkenes et al., 2002; Malcolm et al., 2006)
rarely on a more local scale (Trivediet al.,
2008b). Uncertainties for each model are high
and many discrepancies exist between models
(Hampe, 2004; Thuiller, 2003; 2004), due to
various parameterization choices, and to the lack
of precision of some parameters (Morin and
Chuine, 2005).

This is why we developed a new bioclimatic
model  for  mediterranean  environments
(Vennetier et al., 2008) filling a gap in existing
models (Botkinet al., 2007) bridging scales from
the region to forest sites (1/4 ha) and taking into
account both local and global variables (Table 1).
This model is based on a flora census (see M&M
section). Floristic composition and structure are
usually good indicators of site conditions,
including climate parameters and their variability
and extremes on the middle term (Berges et al.,
2006). As the decade 1998-2008 was particularly
hot and dry in the study area, including 2003 heat

2. Material and method

2.1.  Study area and sampling

The study area, about 7000 km? (long 4°5' - 6°2'
E, lat 43°4', 43°5' N), is situated in the limestone-
based Provence, Southeastern France (figure 1).
The climate is typically Mediterranean, with a
severe summer drought (2-4 months) and mild
humid winters. The mean annual temperature and
rainfall range respectively from 15.3°C / 500 mm
on the Southwestern coast to 9.5°C / 1000 mm on
the highest ridges (around 1100 m), with an
average of 13.2°C / 720 mm. Forests are
dominated by mixed stands of Pinus halepensis

and a persistent drought from 2003 to 2007, one
may ask whether these exceptional conditions are
reflected in the floristic composition, what the
magnitude and rate of change would be, and if so,
whether this turnover is significantly biased
towards heat and drought tolerant plants.

The aims of this study were (i) to quantify the
potential turnover in the plant composition
simulated according to various climate change
scenarios with our bioclimatic model, (ii) to
validate these simulations, comparing the plant
census performed in 1996-98 to compute the
model and a resurvey in 2008, (iii) to map the
potential changes in flora on various landscape
scales, as a tool for decision makers and forest
managers.

Salon de Provence
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Figure 1: study area. Alpine and medio-
European relict flora remains on steep north
slopes near the top of the highest ridges.

Mill., Quercus ilex L. and Quercus pubescens
Will.

A total of 325 circular plots (400m2 each) were
surveyed in years 1996-98, representative of the
main ecological gradients and factors including
elevation, orientation, distance to the sea, climate
type, soil type, topography (Table 1). For each
class of the main factors, plots where scattered
throughout the study area. In order to minimize
the role of disturbances in vegetation response,
we selected only: (i) Sites without any wildfire
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since the establishment of the dominant trees, (ii)
old (relatively to this ecosystem) and generally
uneven-aged forests with dominant trees
established more than 70 years ago, (iii) sites
with no registered disturbing activity such as
logging, grazing, clearing, trampling or
prescribed fire over at least the last 30 years. We
chose stands with enough openings in the canopy
to allow the flora to express itself. A thorough
description and measure of site conditions was
performed, along with a flora census using a
shifted Braun-Blangquet abundance-dominance
scale considered as a quantitative one (the "+ ; 1
to 5" scale was shifted to "1 to 6").

2.2. Model bases

The model is precisely described in Vennetier et
al. (2008). It has been currently used since 2001
to assess and map the forest potential productivity
in French Mediterranean regions. In this section,
only the bases of the model which are useful for
this study are explained. Statistical procedures are
described in annex 1. The model computes a
bioclimatic index split into two components: a
global component based on variables which can
be mapped by GIS up to the regional scale,
including climatic variables, and a local
component based on local variables observed on

site scale.

The model was designed in two steps. In the first
step, we computed a correspondence analysis
(CA) on plant abundance-dominance of the 325
plots, keeping 192 species present in at least 3
plots. It showed that water availability was the
main factor driving plant composition in
interaction with temperature (figure 2.a):
displayed as supplementary variables in the CA
plane, all variables related to water balance were
significantly correlated with the first axis, which
was by far dominant (eigenvalues of the three
main axis are respectively 0.086, 0.043, 0.041).
Considering its dominance, this first axis was
retained alone for modelling and considered as a
synthetic bioclimatic gradient. Plants species can
be displayed in this plane (figure 2.b). Their
coordinate on axis 1 sort them along the water
availability and temperature gradient: on the left,
the drought and heat tolerant plants (called xero-
thermophilous) and on the right, plants requiring
more water and a cooler climate (called
mesophilous), this relative classification being
related to the study area. According to this
coordinate, we split plant species into five groups
of equal number: super xero-thermophilous
(sXT), xero-thermophilous (XT), intermediate
(Int), slightly  mesophilous (Meso) and
mesophilous (Meso+).
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* fig 2a: synthetic representation of four main ecological gradients related to water balance in the study
area, interpreted from the distribution of all variables (see table 1) in CA plane: (1) climate and
continentality, (2) orientation, (3) soil texture (water holding capacity), (4) topography and soil quality.
These gradients were calculated with a linear regression on the coordinates of the classes of concerned
variables in the plane. Axis 1 appeared as the synthesis of these 4 gradients, related to water availability

and temperature, integrating local and global scales.

* fig 2b: flora distribution in CA plane. Plant species were split into 5 groups (same number of species in

each) according to their coordinate on axis 1.
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Plots were displayed in the main CA map. We
considered their coordinate on axis 1 as their
Flora index (Fi). This index allowed sorting plots
along the synthetic bioclimatic gradient.

In the second step, we designed a bioclimatic
model based on a PLS regression, computing the
estimate of Fi with abiotic variables describing
site conditions. Fi predicted value was chosen as
plot bioclimatic index (Bi). The model explained
81% of Fi variance using height global variables
describing climate, geography and aspect plus six
local variables describing topography and soil
(Table 1). Among used variables, rainfall and the

annual mean temperature played a key role. For
rainfall, we considered two variables: summer
rainfall and, with exactly the same results,
whether annual rainfall excluding summer or
spring rainfall. In fact, interannual variations of
“annual rainfall excluding summer” proved to be
mainly due to the variations of spring rainfall
1961-1996 climate values were used for
modelling.

The good correlation between the flora index (Fi)
and its estimate by the model (Bi) allowed using
the model for the assessment of the impact of
climate change on plant composition.

Table 1: variables describing site conditions and used for the model

Coef * | Transfor- | Variable description Gradient
mation in fig 2a
.0.183 n2 Bec_ker light-climate index (relative received solar energy in % of an 2
' horizontal reference plane)
-0.153 Mean annual temperature (°C) 1
o [0.131 sigmoid | Altitude (m) 1
5 [0.115 log Summer rainfall : June to August cumulated rainfall (mm) 1
‘= 1.0.082 Annual rainfall excluding summer rainfall (mm) or spring rainfall 1
= 10.169 polynom | Maximum altitude between a site and the coastline in two directions: the 1
-§ 0.146 closest coast line and 247° (m)
© | 0.106 sigmoid | Distance to the sea (km) 1
., | -0.136 General topography on landscape and slope scale (5 classes scale) 4
< | -0.107 Topography on local scale (plot size) (5 classes scale) 4
& | -0.083 Percentage of parent rock outcrops on the plot 4
g |0.100 Water holding capacity of earth (mm/cm) based on soil texture 3
‘s | -0.091 Percentage of coarse fragments in the soil 4
9 [0.119 log Total soil depth (cm) 4

* Coef. = Partial regression coefficient in the PLS regression model. All theses coefficients are highly significant

(P<0.001).

2.3.  Simulation of climate change
impact on plant turnover

The simulation used the two steps of the model:
First, we considered that an increasing mean
annual temperature or decreasing spring or
summer rainfall would favour sXT and XT
groups, and stress the Meso and Meso+ ones. We
simulated this impact, changing at plant
distribution margins of each plot (1) the
composition or (2) the abundance-dominance:

- (1) elimination of one to three plant species of
the observed flora of the plot, those with the
highest coordinates on CA first axis, and addition
of one to three plant species, not previously
observed in the plot, those with the closest
coordinates to the actual minimum of this plot.
This simulation led to a plant composition
turnover which was calculated as a percentage of
the actual listed flora.

(2) respectively decrease / increase of the Braun-
Blanquet coefficients of one to three of the plants
species with respectively the highest / smallest
coordinates of each plot.

Using these modified plots as supplementary
observations in the initial CA, we computed the
new coordinates of each plot on axis 1, which
means new and smaller Fi indices (modified plots
shifted to the left in the CA plane).

In the second step, climatic variables were
changed according to various climate change
scenarios: we simulated (i) rainfall decrease alone
(spring or summer or both), (ii) temperature
increase alone (1 to 2°C) and (iii) various
combined rainfall and temperature, including the
mean climate observed over respectively the last
10, 20 and 30 years (1978-2007). New and
smaller Bi indices for each plot were computed.
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The good correlation between initial Fi and Bi
indices enabled linking the respective shift, and
therefore assessing the plant composition
turnover expected for each climate scenario. In
this study, we considered the flora as a whole and
did not focus on individual species.

2.4, Validation with a new flora
census

Fifty plots of the initial census, chosen to cover
3. Results

3.1.  Simulation of plant composition
turnover

The average number of plants in our plots was 25
(8-57, SD=8), unchanged in the last 10 years.

A 20% reduction of spring or summer rainfall
would correspond to a 4 to 5% turnover, that is to
say only 1 plant species, rarely 2, that would
change among 25 (figure 3). An increase of 1°C
would be more disturbing (7% turnover), and
combined with a 10% loss of spring or summer
rainfall could change 10% of plant composition.

the whole span of the four main ecological
gradients (figure 2.a) and scattered throughout
the study area were chosen for a new flora census
in 2008. This census was performed by the same
team using exactly the same protocols. Flora
variations between the two sampling dates were
analysed highlighting the differences between the
five plant groups.

The average climate of respectively the last 30,
20 and 10 years led to a potential 11.5%, 14%
and 25% plant species turnover.

For a given plot, an increase / decrease of 2
points of the Braun-Blanquet coefficient for a
plant which coordinate on CA first axis is close to
respectively the minimum or the maximum
within this plot was equivalent to a 5%
occurrence turnover (+/- one plant species).

Spring 10% Figure 2: Simulated flora turnover
rainfall 209 |"10% ;23”’ ;g‘c’f’ (percentage of the original flora) fitted
Summer -10% . with simulated climate changes. The last
- and -10% -32% .
rainfall -20% and and | Pox on the right corresponds to the mean
Temp.l( C) aolly e e B climate of the last 10 years.
annua [l [l [l I | ] I |
S T 2 ' ' '
0 5 10 15 20 25
1L 1 1 1 1 I»
Flora turnover %

3.2.  Comparison with the observed shift
in plant composition
The observed shift did not occur at random but
was biased towards axis 1 bioclimatic gradient
(figure 4).

Figure 3: Variation between 1996-98 and 2008 of
the occurrence of plants according to their water
stress and heat tolerance, as a percentage of the
number plants per group. Winners / loosers means
plant species respectively present in more / less
plots in 2008 than in 1996-98.

In the Meso+ group, 50% of plant species lost
ground, disappearing from plots (loosers), far
more than in the sXT group (only 20%). On the
opposite, only 10% of the Meso+ plants were
found in new plots compared with 40% of the

Balance of individual plant occurrence per group

Bwinners Estable DHloosers

100% == — —— —

80% = -2 iyl iy it R

60% iy ]

40% +— —

0%
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sXT plants. In the Meso group, loosers are 20%
more numerous than winners.
Changes in XT and intermediate groups were
balanced, species of the same group appearing or
disappearing at the same rate.
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The differences between the two extreme groups
were also clear from the sum of species occurrence
per group and were even more considerable when
considering the sum of Braun-Blanquet coefficients
(figure 5).

Figure 4: variations between 1996-98 and 2008 of
the sums of occurrences and Braun-Blanquet
coefficients per group in the 50 plots revisited in
2008. One occurrence = one species in one plot.

The sXT and XT groups together won 70
occurrences, corresponding to 1.5 plants per plot.
But their sum of Braun-Blanquet coefficients
won 120 points, nearly 2.5 points per plot. It
means that not only new xero-thermophilous
plants appeared in plots but also that some plants
of these groups, already present in 1996-98,
increased in dominance and cover. Meso+ and
Meso plants lost together 70 occurrences and just
a bit more in the sum of Braun-Blanquet
coefficients, which means that, for these two
groups, losses in cover were mainly due to losses
in occurrence. Globally the occurrence turnover,
biased towards xero-thermophyllous plants,
reached 3 plants, equivalent to 12 % in 10 years.
Variations in the sum of Braun-Blanquet
coefficients which are not explained by
occurrence variations must be taken into account.
When their equivalent in occurrences was added
(one occurrence for 2 points of coefficients), the
total observed turnover was close to 14 %.

4. Discussion

4.1, Validating and quantifying
vegetation turnover

A 5 to 10% change in plant composition between
two following censuses in the same plot is
common without any environmental change
(Archaux et al., 2006). But in such a case this
change is not related to a specific gradient, as
plants within a given group replace each other, all
groups being concerned at the same level. In this
study, the observed plant turnover patterns were
very close to those we used to simulate climate
change impact with our model: the most
mesophilous and xero-thermophilous plants (SXT
and Meso+ groups) were far more concerned than
intermediate ones, respectively loosing or gaining
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3.3. Mapping Bi index on various
scales

Bi index computed with global variables was
mapped with a GIS software after being split into
nine classes (figure 6.a). Each class included 1/9
of Bi total variation interval after exclusion of the
5% extreme values (2.5% at each end). These
extreme values were merged with the first and
last classes respectively. Range limits of various
species match some of these classes. For example
the darkest green (class 9) corresponds to the
observed niche of Scots pine and related alpine
and meso-European relict species, and excludes
Pinus halepensis because of deep frost in winter.
On average soil conditions and with a neutral
topography, class 2 (pink) is the lowest limit of
Quercus pubescens. In the same conditions,
classes 1 to 4 (red to yellow) allow only a poor
growth of Pinus halepensis, while this growth is
good in classes 6 to 8 (blue to medium green)
(Vennetier, 2007).

several species per plot which validates our
simulation method.

This trend can be related to a global shift of
vegetation composition towards heat and drought
resistant plants. It is not linked to the evolution of
aging forest structures. Indeed, in Southern
Europe the Mediterranean ecosystems were
transformed by several thousands years of
disturbances and development (Blondel and
Aronson, 1999). Although we selected relatively
old (for the local context) and unmanaged stands,
most of them were probably partly cultivated or
at least impacted by grazing, logging and
controlled fires up to the beginning of the 19"
century. Their natural evolution, as it was
observed up to the end of the 20" century,
(Tatoni and Roche, 1994) should be mainly a
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maturation process leading to an increasing
dominance of mesophilous and shade tolerant
plants and the reduction of light demanding,
generally xero-thermophilous species, inherited
from past land uses. The opposition between this
natural trend and the one we measured in this
study strengthens the probability of a strong
relation between the recent species turnover and
climate change.

Probably, the adverse climate conditions in the
last decade also contributed indirectly to a hotter
and drier microclimate in the undergrowth,
limiting canopy density though tree mortality
(Allen et al., 2009), low branching rates and
reduced leaf area (Thabeet et al., 2009). In the
study area, the difference between the average
climate of the last 10 years and the previous 30
years (+1.4°C, -18% in spring rainfall and -32%
in summer rainfall, see figure 3) is surprisingly

equivalent to the evolution forecasted for the next
30 to 40 years by IPCC medium scenarios
(I.P.C.C., 2007). This exceptional period will
probably not last far longer, and the 2004-2007
repeated severe droughts were restricted to
Provence region. This unique unexpected result
was interesting as it allowed assessing what may
happen in other regions and in the study area in
the future. The 25% turnover we forecasted on
plot scale if the climate of the last decade
remained stable can be compared to results of
previous studies on larger scales: Bakkenes et al
(2002) showed that 32% of the European plant
species that are present in a grid cell of a few
square kilometres in 1990 should disappear from
that cell before 2050. High rates of potential
extinction among endemic species (average 11%,
up to 43%) were forecasted by Malcolm et al.
(2006) for the whole Mediterranean basin and
other biodiversity hotspots in the world by 2100.

Colour
Biclass |1 |2 |3 | 4

Figure 5: Bioclimatic index (Bi) computed with global variables and mapped on regional scale with
ArcGis O software in 9 classes of equal Bi index span. The darkest green (class 9) corresponds to the
potential niche of Scots pine and related alpine and meso-European relict species. The three shades of
green together draw the area of the supra-Mediterranean bioclimate, the blue to pink intermediate colors
the meso-Mediterranean and the red the thermo-Mediterranean bioclimate (Emberger, 1930).

6a: Map with 1961-96 mean climate.

6b: Map with 2050 climate (IPCC, B2 Scenario). Relict vegetation has no potential niche left in the study
area. Q. pubescens should move away far from the coast, and the growth of P. halepensis been slower in

most of the study area.

4.2.  Flora resistance on landscape
and local scales

The turnover in the flora observed in the last
decade was half of the one predicted by the
model for the same period, and equal to the one
predicted with the climate of the last 20 years.

Thus, plant composition showed a partial
resistance to climate variations, as ten years were
not enough to achieve the potential changes.
Adapting to new climatic conditions may take
about 20 years, including some extreme events
(scorching heat, repeated droughts).
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Part of this resistance may be due to the
landscape structure. When mapped on any scale
with a GIS, the Bi index computed with global
variables showed that the study area is a
patchwork of fragmented bioclimatic classes
(figure 6.a). On the scale of a small hill (1x1km)
with steep slopes, when considering global and
local variables, six among the nine classes
represented on regional scales can be found.
Thanks to that fine grain mosaic, xero-
thermophilous plants are already scattered in
areas with a rather wet climate and at high
elevation, taking advantage of steep south-facing
slopes, shallow and rocky soils, or simply
remaining from former land uses and fires. They
can easily spread from these advanced bases
when  mesophilous species become less
competitive because of climate change.

On the contrary, mesophilous species may
survive in the most favourable sites like valleys,
north-facing slopes and on deep soils, and come
back by seed dispersal in favourable vyears.
Moreover, the Mediterranean flora is particularly
adapted to frequent and severe stresses. It is
dominated by woody species, and includes many
plants selected by fire and therefore possessing
large amounts of wunderground reserves to
resprout. Several unfavourable years are required
to deplete these reserves. Plants have other
survival strategies, including long lifespan, soil
seed-banks (Zobel et al., 2007) and partial
mortality limiting their leaf area. Their
elimination from large areas requires time.
However, the extensive dieback of some
dominant tree species like Scots pine (Pinus
silvestris L.) in the French Mediterranean area
(Vennetier et al., 2009) suggests that the most
mesophilous species are really at risk in these
regions.

4.3. Management issues

Located at the very limit of their distribution
range, many remnants of Alpine or medio-
European flora, protected in Mediterranean
mountain reserves, should be the first to
disappear as it was suggested in our study and
shown in figure 6.b. It confirms what was found
by Trivedi et al. (2008a) in low mountain ranges

similar to our study area, where 70 to 80% of
plant species should lose most of their suitable
climate space in the next 100 years. These
authors showed that larger scale approaches may
underestimate the potential  climate-based
disappearance by far. Moreover, a low spatial
cohesion of the habitat, below the critical level of
metapopulation persistence, should increase the
probability of extreme weather events to cause
larger gaps in already scattered populations
(Opdam and Wascher, 2004).

In view of the rapid turnover observed in our
study area, an adaptation policy is required in the
next 20 years. For the smallest isolated areas of
relict forest vegetation, which should be soon
kicked out by the top, ex-situ conservation of
endemic and rare species should be urgently
implemented. For example, more than 50% of
very low elevation scattered Scots pine stands, far
more resistant to heat and drought than most
other origins of this species, were killed by 2003
heat which passed a critical threshold, and their
remnants are in poor conditions. This specific
genetic resource may soon be lost.

Other protected areas are generally included in
developed lands. Although the majority of
recommendations in the published literature lack
sufficient specificity to operationalize them,
Heller and Zavaleta (2009) highlighted the
potential role of public and private multi-use
lands in conservation practices. Foresters should
work with other land managers to establish
corridors, and to look for the parts of these
human-dominated landscapes that should be
suitable for forest species. Bioclimatic maps like
figure 6, if regularly updated, could help
designing such strategies.

Some other key management issues concern
dominant tree species and forest productivity.
According to the model, Quercus pubescens limit
should move away from the coast. Thus high
rates of die-back are expected in low altitude
matorals, leading to an increased fire risk due to
dead fuel accumulation. As shown in figure6.b,
bioclimatic classes limiting Pinus halepensis
productivity should become dominant in the
study area, which may hamper the already weak
wood-based economy.
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5. Conclusion

In this study, we verified the hypothesis that a
rapid turnover in the flora was under way on site
scale in Mediterranean forests. The adaptation
time of plant composition to the current climate
change seems to be close to 20 years in the study
area, according to the comparison of simulated
data and field validation. Conservation policies
for rare and endangered species and more
generally conservation policies based on fixed
reserve networks should soon be reconsidered,
particularly in Mediterranean mountains. It is all
the more necessary since climate change may
accelerate in the future.

For hilly or mountainous areas with highly
fragmented niches and bioclimatic envelopes, the
assessment of climate change impact on national
or continental scales seems unrealistic. The right
scale for an operational assessment of the shift in
plant composition is close to landscape structure
and linked to mean seed dissemination distance.
Models should include detailed topographic and
soil variables. Soil maps are rarely available in
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forest areas, but they can be simulated from soil
types distribution models on landscape scale
(Scull et al., 2003) and local validation and
calibration tests (Lagacherie et al., 1995).
Therefore, such assessments on an operational
scale should be multiplied in the main ecosystems
and regions, so that large scale approaches could
be corrected and better interpreted. Small scales
approaches, tailored to specific needs, also
enhance local knowledge and encourage
dissemination and decision making at operational
forest management level. Ecological as well as
economical issues are at stake.

In our study, the climate-driven turnover in the
flora was assessed statistically in permanent
plots. Many parameters including the real species
migration capacity, population dynamics, biotic
interactions and community ecology should be
taken into account (Brooker et al., 2007; Guisan
and Thuiller, 2005) to improve the spatial
assessment of plant migration and turnover on a
landscape scale.
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Annex 1: statistical procedures

We used a classical unweighted CA analysis with
Braun-Blanquet coefficients to obtain the Flora
index as the coordinates of plots on the first CA
axis. We checked the robustness of the CA axes
towards potential inaccuracies of floristic
censuses due to time or spatial strategies or the
observer (Archaux et al., 2007; Archauxet al.,
2006) and towards analyses options. This
verification was performed with a Multiple
Factorial Analysis (MFA) (Escofier and Pages,
1994) testing the stability of CA axes and plots
coordinates: on one hand by increasing the
number of plots where a plant must be present to
be taken into account from 3 to 30, on the other
hand comparing presence/absence and Braun-
Blanguet coefficients in the analysis.

CA axes 1 to 3 and plots coordinates proved to be
particularly stable (r2 of plot rank on axis 1 >
98%) whatever the code used (BB coefficients or
presence/absence) and up to a limit of 25
occurrences for plant selection.

Some variables seemed to have non-linear
relationship with the Flora index (Fi). To
optimize the PLS model, we first checked the
relation pattern of all relevant variables with Fi
using neural networks and transformed some of
them (log, sigmoidal or polynomial). Neural
networks where used combining variables 6 by 6.
Each neural network was optimized with a 200
replications bootstrap, each replication including
1074 calibration steps. After the optimization of
the neural network, the response of each variable
was plotted on its whole variation interval, the
other variables being maintained at their mean
value if they were not correlated with the tested
one, or maintained successively to their first,
second and third quartile for those which were
correlated.

In the last case, the 3 responses where combined
in a sliding weighted mean to obtain the global
response. We only transformed a variable
according to non-linear relation showed by neural
networks when this relation was stable
throughout these many tests and enhanced as well
(i) the weight of the variable in the neural
network optimization and (ii) its partial
correlation coefficient or the total explained
variance in the PLS regression.

For the choice of relevant variables in the model,
we used an ascending and descending stepwise
PLS regression validated at each step by a
permutation test on PLS components and a cross-
validation for concerned variables. All variables
in the final version of the model were highly
significant on the first two PLS components (p <
0.001). The number of significant components for
PLS regression was chosen with a 10,000
replications permutation test on observations
(Good, 1994), keeping components which
percentage of explained variance was not passed
by more than 5 % of the permutations. With
significant components, variables were sorted
through a 1,000 resampling cross-validation test
(Amato and Vinzi, 2003) ; only variables which
confidence interval (95%) for the partial
correlation coefficient excluded 0 were used.

We used ADE4 software (Thioulouse et al.,
1997) for CA and related operations (introducing
supplementary observations and variables), for
MFA and PLS permutation tests, Statgraphics®
software for stepwise PLS regression, R software
(R_Development_Core_Team, 2004) for the
cross-validation of PLS variables, and PPPhalos
software (Guiot, 1991) for neural networks.
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