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GENERAL BACKGROUND

The Mediterranean biome (which is present on famtioents) is rightly considered to
be a biodiversity hotspot: whilst it only covers 2%othe earth’s surface, it contains almost
20% of its total plant diversity The Mediterranean basin region provides a modiekife
study of global change (climate-induced and antbgepicf in that, from the bioclimatic
point of view, it is situated in a transitional Brthe complexity of which is heightened by its
topography and which makes it particularly sensitie changes. The northern part of the
basin is undergoing very different changes compuiigitithe southern patwith a spreading
of wooded areas caused by abandonment of landafon fuse. Forests are crucial for
preserving this biodiversity and providing essdrdg@system services such as soil protection,
preservation of water resources and climate reigafatClimate models predict significant
warming and lower rainfall in the ZXentury, which could trigger positive feedback on the
climate by reducing ecosystem carbon capture.

The salient feature of the Mediterranean climatéhes frequency and severity of extreme
events (heat waves, heavy rain) and these are texberincrease over the next few decides
The 2003 heat wave is a good example, which leal36% reduction in primary productivity
in Europe and thus wiped out the equivalent of fpemrs’ carbon captufelf this type of
extreme event becomes the norm, it is importantusrto understand how the French
Mediterranean region's dominant forest types, nanddéppo Pine and Holm Oak, will
respond to the changes predicted by climate mbddisom a more practical point of view,
gaining a better understanding of how these spedleshift in altitude in response to climate
change may help managers decide on how best togadinese forests in order to mitigate the
consequences of the anticipated changes to thetgdssible.
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It is in this climate change context between now 2000 that the REFORME project hopes
to make a contribution.

OVERALL AIMS OF THE PROJECT

The overall aims of the REFORME project are to exarhow climate change and
increased atmospheric G@Oevels are affecting and will affect the produittiv of
Mediterranean forest species and the structurarafscapes. We also look at the future of the
current stands in the face of alterations causedlipyate change to disturbances and the
effects on the landscapes and their diversity danetsire. The model species chosen were
Aleppo Pine and Holm Oak. The final aim is to pde/forest managers and decision-makers
with information about the future development ofefst stands at a regional level, especially
the evolution of landscapes, but also more accuoai@ information on the forests’ future
development, in accordance with their geographmedtions and the characteristics of the
environment in which they are growing (topograpduil, structure).
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To achieve this overall aim, a data analysis gjsateeeds to be devised, based on both
measuring stations and large spatial gradientsnandelling. In particular, our approach is
based on comparing different parameters assocwatbdthe carbon cycle (NEE, NPP, GPP)
either measured by flux towers or modelled on th&dof satellite data.

In order to fine-tune our models, a large body ietdf data was measured and/or
compiled. This allowed us to analyse the impaatliohate on the establishment, growth and
survival of the pines’ aerial parts (stems, needflesvers, fruit) and on the trees’ annual
growth (dendrochronological approach). This infotiova should provide a clearer picture of
the resource allocation processes (carbon, etmygm in the plant.

In terms of extreme events, we attempted to establvhat the consequences of
exceptional climate events are, such as extremevkather, drought and heavy snow, which
regularly have a significant and sometimes lastmgact on the stands’ productivity. These
events are likely to become more frequent in tharéuand it is important to take them into
account in vulnerability studies.



Finally, by using future climate scenarios (proel here by the ARPEGE model) and
an annual tree growth model, we aimed to test émsisvity of the two model species to
climate change only and to changes in atmosphe&dicl€els (fertilisation effect) in order to
reveal how long it may be before the potentialsstes start to have a lasting effect.

SOME ELEMENTS OF METHODOLOGY

Our approach was based on measurements madeiamstaguipped with sensors, field
measurements consisting essentially of dendroclogimal series and stem elongation
measurements, and on three very different models.

1. Data Gathering and Experiment Plans

The Puéchabon site (CEFE-Montpellier), in the hiated behind Montpellier, was set
up to investigate the Holm Oak’s behaviour. It l@en part of the European carbon flux
measurement network (Carboeurope) since 1988. #qigpped with a large number of
sensors taking micrometeorological and ecophysicébgeadings, a flux tower and a rain
exclusion device designed to investigate the impaét controlled water stress.
Dendrochronological analyses of oaks were carrigidwathin the framework of this project
(IMEP).

The Lamanon site (INRA-Avignon), near Salon-de-rwme, was set up to investigate
the behaviour of a mixed forest (pine, oak, box)isl equipped in a similar way to the
Puéchabon site (with the exception of the flux towad the rain exclusion device). Soll
analyses, water potential and hydraulic condugtiaite also carried out regularly, as well as
stem and leaf area monitoring (CEMAGREF).

The Font-Blanche site (INRA-Avignon, IMEP-Aix, CERIE-AIx), situated southeast
of Aubagne, should have been equipped at the begrof the project. For financial and
administrative reasons, it was only equipped inrgp2007. It is also a mixed forest site and
has a flux tower. Growth measurements of aerialspaere carried out in the context of this
project (CEMAGREF).

We also have a network of 21 sites where dendroctogical series (IMEP) were
sampled prior to this project. These series pmvahta on thicknesses and density
fluctuations throughout the year for the site'$edlént representative trees.

2. Databases, Scenarios, Satellite Data

The CEFE-Montpellier database contains informaieonthe distribution of the two
model species across the 12 départements bordeengediterranean. The MODIS-TERRA
database supplies the traditional indices assaciaith vegetation (NDVI, LAI, GPP ...) at
spatial resolutions from 250-1000m. Data on souwood& and maximum soil water capacity
are also available for the vegetation modelling.

Simulations provided by the Météo-France ARPEGE ehd80km resolution) were
geospatially referenced and downscaled to a 1kihe $§C&FE-Montpellier). They provide the
usual climate variables (temperature, precipitataind, radiation ...) at a daily scale.



3. Vegetation Models

MAIDEN is a mechanistic tree growth model goverfgdmeteorology and field data
(CEREGE-AIix). The processes that are taken intowacare essentially those of the water
and carbon cycles. Its main purpose is to reprodncannual parameter that is close to a tree
growth ring (yearly biomass increase in the trunk)ich can be done by simulating seasonal
changes in carbon allocation in the different cortipants: roots, leaves, trunk and storage
reservoir, which ensures that a portion of the @aris available for later years. This model
was developed by Misson (2084ut has been improved during this project. The m®de
various empirical parameters were estimated onb#ws of the Puéchabon and Lamanon
measurements and dendrochronological series, usgigy efficient Bayesian algorithms.
The model proved suitable for simulating mean ahmguawth of Aleppo Pine (averaged
across the 21 sites) and that of the Puéchabon Balkn

BILHY is a statistical model developed by CEMAGREEx. It is based on floristic and
forest mensuration data from a network of 350 samppdts representing the main ecological
gradients, spread across the whole of limestoneeRoe. It is used to assess the water
balance in forest environments and their poteptiatiuctivity at scales ranging from regional
(7000 km2) to local (tens of metres). This mode$ baen reworked in the context of this
project in order to set the project’s research el@sin a regional context.

The SIERRA model (CEFE-Montpellier) is essentiallsigned for environments with
restricted water supplies subject to repeated rhahces such as fires. The model’'s basic
principle is the use of functional biomass growtlogesses to simulate the succession of
species. The model is used in the context of thogept to calculate drought indices for the
period 1970-2100.

RESULTS OBTAINED

1. Response of Holm Oak

The dendrochronological approach is a large tengpatial scale approach. It does not
easily isolate the various factors that determingea's growth, but it incorporates wide
variability, on the basis of which lessons can bawh after the event. The measurements
taken in Puéchabon are space and time restrictédedch growth parameter is measured
separately. This leads to a very high process w@eal but over a limited number of years.
Both approaches tend to provide converging respomse Holm Oak growth. It is the
variability in April, May and June that dictates ridions in growth (observed via
dendrochronology) and carbon fluxes (observed s tower). This is a vital finding from
this research, for both the dendrochronology ardnticrometeorology communities. It will
be interesting to test this result on Aleppo Pises@on as the NEE data is available for Font-
Blanche.

The dendrochronological approach could only be useseven cross-dated stems out of
15 stems collected from the dominant species. Tugyshowed us that the size of the sample
from the Holm Oak must be greater than the sizeeatly used in standard dendrochronology
studies. Nonetheless, and this is both the caugkioiack of replication and an important
finding of the analysis, variability in growth dfe¢ oak between individual subjects

° Misson, L. 2004. MAIDEN: a model for analyzing ecosystprocesses in dendroecology. Canadian Journal of
Forest ResearcB4, 874-887.



is high. It will be important to find out why this: is it due to the method of reading the
growth rings, the micro-environment, genetic vaiigh ...? This approach should therefore
be pursued and will yield important findings.

Gross primary production (GPP), which is the tat@ount of CQ uptake by the plant
during the photosynthesis process, is an impogardmeter in understanding how the tree
assimilates atmospheric carbon. Satellite imaged s1$ those supplied by MODIS, are a
useful tool for estimating this, but need to beuathd. The main problems with satellite
estimation of GPP are during the summer perioddrasight in the Mediterranean region
comes from the ground, not the air. There are aleaknesses in leaf area index (LAI)
estimation, which MODIS systematically overestinsate

The effect of exceptional events such as the 2@a3 Wwave reduce@PP by 12% but
without any major effect on ecosystem respiratibne defoliation suffered by the trees in
2005 in the wake of a caterpillar attack reduGP by 28% and ecosystem respiration by
11%, with a resulting 66% increase in NEE (and kem®6% reduction in the carbon sink
effect). It is interesting to note that a factocls as a caterpillar attack can have a greater
impact on vulnerability than a series of droughfRising spring temperatures may lead to
increased frequency of caterpillar attacks in feitur

2. Response of Aleppo Pine

We demonstrated that morphogenesis and growth eppsl Pine are governed by the
combined climate conditions of several successaas Extreme climate events, in particular
heat waves and intense droughts, have negativecteysons on growth lasting several years,
and cumulative effects which we were able to meaallowing the 2003 heat wave and the
three years of considerable drought that followtedTihe weakening of the trees is seen in a
30 to 60% decrease in size of needles, number edlee produced, length of annual new
growth on branches and fruit production. After ehrgears of drought, polycyclic growth
ceases almost completely.

We show that the productivity model for Aleppo Pisdighly sensitive to small rises in
annual and seasonal temperature. These are eefliecsignificant alteration of the weight of
dominant climate parameters in the model, mainlg thuvariations in the length and early
onset of the vegetation season, and f how earlsdilewater reserves laid up in winter are
used. This means that with warming, the trees wdwdtome considerably sensitive
(negatively) to May and June temperatures, to whieky were previously indifferent at
moderate altitudes. The trees would also becomee reensitive to lack of rain from May
onwards, which extends the period of vulnerabitiydrought. Higher temperatures in the
previous October would however be in their favallowing them to build up reserves at a
later stage and possibly to continue their auturgnalvth in height and diameter in the event
of late polycyclic growth. We saw previously, howevthat prolonged Spring droughts are a
disadvantage for polycyclic growth.

3. Comparison between Aleppo Pine and Holm Oak

For the period 2003-2006, we note that growth imgliteand diameter decreases
significantly after 2003. Many trees are deadawrendying tops (30% of the oaks and 20% of



the pines). The oaks have died back more in pfotghich they were dominant and places
where the soil is shallower, whilst the pines hdesl back more wherever there are fewer of
them and where they are not as tall.

We observed that transpiration values in both @nd oak were much lower than
potential evapotranspiration. There is generallynarked drop in transpiration at the
beginning of the dry season, when water stresgases. The soil drought which occurs in the
summer leads to a drop in baseline soil water pialenGas exchanges are then halted by
closure of the stomata. Among the mixed standsplgerve that this closure occurs earlier on
during the dry season in pine than in oak. Pineefbee behaves like a species avoiding
drought, whilst oak, due to its location under tamopy, functions throughout the summer
with no apparent stress. Pine is also more subbe@s a species to xylem embolism than
oak.

4. Vulnerability of Aleppo Pine and Holm Oak to clmate change
Figure 1 simulates an aridity index (WSI) over tjnbased on the “Puéchabon” grid

point in the Arpege simulation. It shows continudimgar increase in water stress and an
increase in extreme events.
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Figure 1. Development of WSI (water stress intggratording to climate change simulated by
ARPEGE for the grid point closest to Puéchabon

A cumulative effect model and a model of recovaditgr extreme events were
calibrated to adjust the dendroecological modeddasts, which regularly need to be
calibrated to exclude the most extreme eventsaamdot capable of taking lasting reduction
in leaf surface and deterioration of the treesest health into account. These adjustments,
applied to the forecast for developments in Aleppte productivity in the 21st century,
showed a downward trend from the beginning of #rury, which contradicts simulations
that do not take this effect into account (Figuye 2

A link was established between Aleppo Pine prodghiigtiand water balance indices
calculated by the model. We were therefore ablassess Aleppo Pine productivity in an
average soil and its development over th& @dntury, and upscale it to the regional scale.
Since Aleppo Pine is particularly sensitive to loeater balance parameters, there is a strong
interaction between local water balance (soil apbgraphy) and climate. In terms of wood
production, we showed a drop of between 2.5 andn¥Ha'*year® for Font-Blanche,
representing a loss of around 28%, and a drop bfdmm 4 and 5.75 Ftha**year for
Lamanon, representing a 30% loss. Loss of totahbgs production is in the same region.
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Figure 2: Productivity simulation (dendrochronoldggsed growth index) for Aleppo Pine in the
21st century. The sudden plunge after 2065 is almedre frequent occurrence of heat waves plus
recurrent springtime droughts.

If the MAIDEN results are taken in isolation, thexygpears to be a discrepancy with the
conclusions suggested by the measurements. Theuregants show that drought causes
considerable damage to Mediterranean forests, toofkleppo Pine and to Holm Oak. The
MAIDEN simulations show stable productivity througth the first decade of the 21st century,
in spite of the recorded droughts (Figure 3). Femtiore, if the fertilisation effect is taken into
account, MAIDEN appears to show that it complet&pcels out the climate change effect. If
this were the case, the forests would have alréaaefited from this fertilisation. Between
1950 and 2000, CQevels rose from 300 ppmv to 375 ppmv (+25%),thig does not appear
to have boosted growth in the two species, whicke mamained highly sensitive to drought. It
therefore seems that extreme but infrequent clireatnts have a greater impact that small
but continuous changes in climate. Clearly, severdhe MAIDEN model processes need to
be reviewed or added to: carbon allocation, actlsagon to CQ changes, organic material
quality, delayed effects due to deterioration ia trees' state of health and reduction in leaf
surface...

Another explanation relates to the ARPEGE simutetioThe scenario used is not in
complete agreement with the climate that has beeorded. Whilst the latter showed
increasing aridity over the last few decades of 208 century, the simulations suggest
decreasing aridity over the same period, due mamla slight decrease in temperatures
(0.5°C over the last 20 years of the"2@entury) and stable precipitation levels. This may
account for why the aridity simulated by ARPEGE & high enough to show any increase
before 2020 (the point at which it exceeds th& @ntury values).

A comparison between the Holm Oak and Aleppo Pimailgtions reveals interesting
results (Figure 3). Both species reach a peak gukie first decade of the 2tentury, but the
oak's productivity levels off at 1.8 Tg*fisyear?, whilst the pine levels off at 5.7 Tg*ha
*year?, a difference of 3:2. Then, as the drought infeesi productivity for both species
decreases until the end of the 21st century, tsedown to 1.3 Tg*h&year® (72%) and the
second down to 5.3 Tg*Hayear'(92%). So the pine appears to withstand waterss{tagen
in isolation) better. If fertilisation effect isaken into account, both species appear to
withstand conditions much better, as by the enthef21st century, the oak reaches mean
productivity of 2 Tg*hd*year® (110%)and the pine 6.7 kg*hdyear" (118%). These values
should be viewed as trends: under the ARPEGE-stedildimate, CQfertilisationwould



start to mitigate the aridity effect from the bagimg of the 21st century onwards and pine
should withstand conditions significantly betteaniHolm Oak
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Figure 3: Mean annual production graphs for Aleppee (top) and Holm Oak (bottom) in south
Eastern France, based on ARPEGE scenarios, wjitc(tive) and without (bottom curve) direct
effect of atmospheric CQevel. The red lines represent a 20 year movirggane.

This positive growth trend is not confirmed by tleeovery model (Figure 2), which
takes delayed effects into account. However, tlobugion of delayed effects is statistical,
which makes any extrapolation beyond the calibraliimits problematic. Furthermore, it does
not take CQ fertilisation into account. Our model is mechanigtut it does not as yet take
into account the effects of extreme events in maviyears. If we attempt to combine the two
approaches from a qualitative point of view, thggastion is that increased frequency of
extreme events will decrease both species’ prodtgctover the course of the Zlcentury
(rather than increasing it, as MAIDEN suggestsj,tha fertilisation effect will allow them to
withstand conditions more effectively.



PRACTICAL IMPLICATIONS, RECOMMENDATIONS, PRACTICAL
WORK & PUBLICITY

1. Practical Implications:
There are both methodological and ecological pratimplications.

From the point of view of methodology, our threedalling approaches have shown
what directions need to be taken to achieve monawstive models of Aleppo Pine and Holm
Oak vulnerability. Using the MODIS/GPP approachdevareas can be included, covering all
the species growing in them. There is still warkoe done, however, to bring estimation of
GPP via satellite image closer to reality in tewhshe effect of droughts and leaf area index
estimation. One of the avenues now open followirggfositive correlation between NEE and
dendrochronological series for Holm Oak is to corapdahe two data types more
systematically and quantitatively. The “delayeceeffmodel” approach and the weakness of
some of the MAIDEN results show that MAIDEN will @& to be improved in terms of the
following processes: carbon allocation, acclimaitsaof photosynthesis to changes in £2Z0
taking organic material quality into account, deldyeffects due to deterioration in the trees’
state of health and reduction in leaf area.

From the ecological point of view, our findings shb be taken as indications of
potential future trends in both species in respdoselimate change. As was anticipated,
drought is the key factor that determines Mediteen forests’ productivity and
vulnerability. The negative effect of this factereightened by the increase in frequency and
severity of extreme events. The damage caused iexétemely hot year like 2003 is
intensified by the two year continuation of watefidt, to such an extent that it takes several
years for leaf area to be restored. Added to thiseased springtime temperatures can lead to
caterpillar invasionsLiymanthria dispa), as occurred in 2006 in Puéchabon. This invasion
had a much greater impact than the drought of 2808ore frequent recurrence of successive
droughts and parasite invasions is therefore téelbeed, with much greater impacts. Whilst
our modelling approach is not perfect, we can dedhat because of its fertilising effect,
atmospheric COmay mitigate reduced productivity in Mediterranefanests for a time,
provided that the return period of extreme events the forests time to recuperate. Finally,
Aleppo Pine appears to withstand conditions béien Holm Oak.

2. Recommendations and Limitations:

Our findings are limited both in terms of the datad the models. Our measurements
still do not cover optimal time periods. Nonethslesome sound lessons can be drawn from
them, as the last decade has seen a variety oénextrevents that have allowed us to
understand how pine and oak can respond to extrahmate variations. The
dendrochronological data and stem elongation measents are fairly exhaustive for Aleppo
Pine, but are still limited for Holm Oak. There atdl a number of gaps in the vegetation
models, which will need to be gradually filled imetcoming years. Our vulnerability studies
are based on one scenario only, from a single téimeodel. They therefore do not have any
forecasting value, but are indicative only. In artkecomplete the approach, we will need to
use simulation ensembles from several differenhale models to deal with climate trends
probabilistically.

The following recommendations might be addressddriast managers:



(1) Opt for mixed pine/oak stands The dieback rate for pines is greater when they
are the only species and in the same way, dielzdelar oaks is higher when the stand is
more dense. A balanced mix is likely to increaggérttesistance. Furthermore, their differing
strategies to cope with drought would increaseettasystems’ resilience in the face of
climate change.

(2) Thin stands out more vigorouslyto reduce the amount of competition for
available resources among individual trees.

(3) When thinningselect the healthiest individuals

(4) Opt for stands located at the higher altitudes inhie zone in questionclimate
change will entail less water stress in hilly regidhan on plains.

3. Practical work and publicising the research:

The issue of climate change and its impact on Medihean forests requires forest
managers to be trained. The participating team fOEMAGREF therefore organised a
training day (15 May 2007) for 16 environmental iaegrs from the “Centres de la propriété
Forestiere” (Forest Estate Centres) in every regiorance, as well as representatives of the
National Forestry Office environment directorate. gxesentation was given on the
REFORME project’s findings, a field visit (to theaiSte-Baume sample plots, with
information about symptoms of water stress andatikpespecially on leaves and branches),
and a discussion on preventive management methods.

The production of several accessible articles aimted wide lay audience including
managers and the general public, has been anote@nsrof passing on the messages that
have come out of this research. There have beanga humber of activities aimed at the
public over the last few years (see below).

During the process of the project, a station wak aAuFont-Blanche, to supplement the
Lamanon station (the flux measurement station irtiquaar). It will be put to use when
additional funding obtained for the continuationtbé project comes in from the National
Research Agency (ANR) “Vulnerability: environmemideclimate” programme (see below).

PARTNERSHIPS THAT HAVE BEEN ESTABLISHED OR ARE BEIN G
PLANNED OR CONSIDERED

A project entitted DROUGHT+ was submitted to the RN ulnerability, environment
and climate programme by S. Rambal and L. MissoBHE) and will receive a grant of
730,000 Euros between 2007 and 2010. This prggettiei natural continuation of REFORME,
as it aims to gain a better understanding of thecebf water stress on growth of Aleppo Pine
and Holm Oak. The consortium is made up of the saeaens as those working on
REFORME.

The Puéchabon flux tower is part of the Carboewt®pprogramme. The flux data is
entered online in the project’'s database everyrgxths and is immediately available to the
scientific community. The Puéchabon experimentatfpim and its rain exclusion device are
affiliated with the IMECC project (Infrastructurerf Measurement of the European Carbon
Cycle). An initiative has been set up which willadr in external teams, in order to make
optimum use of the platform. This is an Integralgfdastructure Initiative (I3) under the 6th
PCRD. We are external partners in the UE Nitroeeirppoject, involving: 1) continuous
measurement of dry deposition and 2) soil micraggl “soil bioassay: The purpose of the
simple soil bioassay is to provide best estimatesnoission potentials for 0 and other
greenhouse gases on L1 sites. Data from the bigmsaa then be used to assess the effects of
N-input on nitrogen oxides emissions to revealtr@fships between C and N fluxes and to



parameterize models”.

The forest measurement stations are part of thORET » Regional Environment
Observatory (ORE) coordinated by GIP ECOFOR, whadevities concern the functioning
and processes of forest ecosystems, sustainaldst faranagement and dissemination of
forestry information In this context, the REFORME project was presgna the
information and discussion day entitled “the foiasthe face of climate change: what
we have learnt and remaining uncertainties" (15ebdmer 2006), in which a large
number of forest scientists and managers were vedol

Between September and December 2007, UR EMAX wilhbsting a Spanish thesis
student from the Departamento de Ecologia, Facaléaiencias (Universidad de Granada).
The purpose is to exchange information on measuiingate change impacts on the aerial
parts of Aleppo Pine. Joint work will be undertaksrthe Font-Blanche site, to compare and
then harmonise protocols. This joint work begaMiarch 2006 when a visiting delegation of
Spanish researchers was welcomed at the site.
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6. Website

Médias-France public interest group is respondiiemanaging the project’'s website
and has produced the template for the website pliegethe Reforme project.

The provisional website can be foundldtp://medias.cnrs.fr/reforme

The website comprises the following sections:
1. The project, with:
1.1 Summary

1.2 Data from the measurement sites (Puéchabonamh@mand Font-Blanche), the
intensive measurements carried out (LAI, RAI, sagf biomass, continuous trunk growth,
densitometry profile, lumen, cell dimensions, saiter content, quantity of water entering the
soil, soil evaporation, understory transpiratiadgndochronological data, climate simulations
and databases (Format, Dendrodb, Modis, ...) .

1.3 The methodology, with the ecophysiological nmied®laiden, Sierra, Bilhy),
scenarios for the 21st century and Aleppo Pineiehs

O 2. Important events (conferences, workshops, ...)
0 3. Bibliographical references and downloadable dumnts (UNFCCC, Kyoto
protocol, ...)

4. List of the project’s partners and their contietails,
5. A restricted area for partners, for documentisga
6. A list of the acronyms used



ABSTRACT

Mediterranean forests are crucial for preservirg ribh biodiversity they contain and
providing essential ecosystem services such apsm#ction, conservation of water resources
and climate regulation. Climate model simulatiomsdgct significant warming for the 21st
century and decreased precipitation levels, wiigaificant increase in extreme events which
could considerably reduce the forests’ productivitiie primary aim of REFORME was to
guantify these impacts in order to help forest ngens make appropriate decisions. To
achieve this, we adopted a strategy based on nesasnts in experimental forest stations
(Puéchabon, Lamanon), large temporospatial scatelrdehronological data and a set of
vegetation models (MAIDEN, SIERRA, MODIS/GPP, BILlYThe vulnerability studies
were based on scenario B2 (relatively moderatahefMétéo-France ARPEGE model. The
principal findings were as follows:

Climate variability in April, May and June dictatesriability in Holm Oak radial
growth and carbon flux. In this respect, the flugasurements and dendrochronological data
match very closely. At a wider scale, we show #adellite images such as those supplied by
MODIS are a useful tool for estimating Mediterramearest productivity, but need to be
adjusted for certain systematic skewing. In 200%dRabon suffered a caterpillar invasion
which had a greater impact than successive drowghtie oak’s vulnerability. This problem
needs to be taken into account in studies on vabhidy studies to climate change, as
increased springtime temperatures may lead toasekfrequency of these attacks in future.

For Aleppo Pine, the 2003 heat wave is also a goodel for the impact of climate
warming. A 30 to 60% reduction was seen in needks sumber of needles formed, length of
annual new growth on branches and fruit productiBolycyclic growth ceased almost
completely after 3 years of drought. The BILHY mbsgleowed a loss of wood production in
the region of 28% for Font-Blanche and 30% for Laora

A comparison between the MAIDEN simulations for MolOak and Aleppo Pine
showed that both species reach a growth peak dthin§rst decade of the 21st century, the
pine showing three times more productivity. As djoulevels then intensify, productivity for
both species goes down until the end of the 2Igucg by 28% for the oak and 8% for the
pine (BILHY shows a less significant drop), the giappearing to withstand water stress
better. If fertilisation effect is taken into acewuboth species appear to withstand conditions
much better (with a slight increase in productikitg statistical approach conducted at the
same time showed the importance of the delayedteffeextremes in previous years, which
are capable of accumulating exponentially afteessvsuccessive events, via their effects on
the trees’ health and defoliation. This delayeedftherefore has the potential to considerably
reduce the fertilisation effect. Aleppo Pine, noubt because of its capacity to close its
stomata earlier on, appears more capable tharathefavithstanding the conditions.

Our findings have limitations, related both to thata and to the models. Our
measurements do not yet cover optimal time peridtsre are still a number of gaps in the
vegetation models, which will need to be filledtle coming years. Finally, our vulnerability
studies are based on one scenario only (B2) fremgle climate model. They therefore have
no forecasting value, but are indicative only. hdey to complete this approach, it will be
necessary to use ensembles of simulations fronralediferent climate models in order to
deal with climate probabilistically.



KEY WORDS

MEDITERRANEAN FORESTS, VULNERABILITY TO CLIMATE CHANGE , DROUGHT, TREE
GROWTH, CO2 FLUX, FERTILISATION , EXTREME EVENTS, HOLM OAK , ALEPPO PINE

(Authors’ original English Abstract)

The Mediterranean forests are critical to presetlie high biodiversity which
characterizes them and to provide essential earsyservices, such as soil protection, water
resources conservation and climate regulation. dilmeatic models simulate, for the 21th
century in that region, a significant warming andeduction of rainfall, with a significant
increase of extreme events, which can considerabljuce the forest productivity.
Quantification of these impacts to help the fomasinager to take appropriate decisions was
the main objective of REFORME. To reach it, we addm strategy based on measurements
in forest experimental station (Puéchabon, Lamgrafttjee-ring data at broad spatiotemporal
scale and a hierachy of vegetation models (MAIDENERRA, MODIS/GPP, BILHY). The
vulnerability studies have been based on the B2asae (comparatively moderate) by the
model ARPEGE of Météo-France. Main acquired resarksthe following:

The climate variability from April to June drivebet variability of the radial tree-ring
increment of the evergreen oak and of the fluxesadbon. There is a very good convergence
between flux measurements and dendrochronologya Atroader scale, we showed that
remote sensing images such as they are providdd@yIS is a good tool to estimate the
productivity of the Mediterranean forests, but iishbe corrected for some systematic biases.
Puéchabon was subjected in 2005 to a caterpiltackatwith more effects than successive
droughts on the vulnerability of the oak. This phenon must be taken into account in
vulnerability studies to climatic change, becaudmeihcrease of the spring temperature risks to
induce a decrease of the return period in future.

For the Aleppo Pine, the heat wave of 2003 is alsgood model for the impact of
climatic warming. There was a reduction from 306 % of the size of needles, of the
number of the needles formed, of the length ofattreual shoot on branches and fructification.
The polycyclism disappeared almost entirely afteyedrs of drought. The model BILHY
showed a loss, in terms of wood production, ab8&2for Font-Blanche, and for Lamanon a
30 % loss.

The comparison of MAIDEN simulations between thé& @ad the pine showed that
both species arrive at a maximum of growth durhmgfirst decade of the 21th century, with a
three times stronger productivity for the Alep pifiden, drought becoming more important,
the species see their productivity diminishingttié end of the 21th century, of 28 % for the
oak and 8 % for the pine (smaller values than \BithHY). The latter therefore seems to
resist better to water stress. If we take into antthe fertilisation effect by COboth species
seem to resist much better (with a productivitgtdlly increased). A statistical approach
conducted in parallel showed the importance of dakayed effect of the extremes of the
previous years. The latter are able, by degradieghealth state of the tree and by subsequent
defoliation, to exponentially cumulate with sevesatcessive events. This delayed effect has
therefore the potentiality to attenuate the fesaifion effect. Finally Aleppo Pine, likely by its
capacity to early close its stomatae, seems teresist than evergreen oak.

Our results have limitations linked together toadahd to models. Our measurements
still do not cover optimum periods of time. The g&gion models have some more lacunae
which must be filled up progressively in futuren&ly, our vulnerability studies are based on



a single scenario (IPCC-B2) of a single climaticd®lo They therefore do not have value of
prediction but simply of indication. It will be nessary, to complete this approach, to use

simulation ensembles from several climate modelde@al with the climate evolution under
probabilistic forms.
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