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Abstract
The effects of climate changes on carbon and water fluxes are quantified using a physiologically multi-layer, process-based

model containing a carbon allocation model and coupled with a soil model (CASTANEA). The model is first evaluated on four

EUROFLUX sites using eddy covariance data, which provide estimates of carbon and water fluxes at the ecosystem scale. It

correctly reproduces the diurnal fluxes and the seasonal pattern. Thereafter simulations were conducted on six French forest

ecosystems representative of three climatic areas (oceanic, continental and Mediterranean areas) dominated by deciduous species

(Fagus sylvatica, Quercus robur), coniferous species (Pinus pinaster, Pinus sylvestris) or sclerophyllous evergreen species

(Quercus ilex). The model is driven by the results of a meteorological model (ARPEGE) following the B2 scenario of IPCC. From

1960 to 2100, the average temperature increases by 3.1 8C (30%) and the rainfall during summer decreases by 68 mm (�27%). For

all the sites, between the two periods, the simulations predict on average a gross primary production (GPP) increase of

513 g(C) m�2 (+38%). This increase is relatively steep until 2020, followed by a slowing down of the GPP rise due to an

increase of the effect of water stress. Contrary to GPP, the ecosystem respiration (Reco) raises at a constant rate (350 g(C) m�2 i.e.

31% from 1960 to 2100). The dynamics of the net ecosystem productivity (GPP minus Reco) is the consequence of the effect on both

GPP and Reco and differs per site. The ecosystems always remain carbon sinks; however the sink strength globally decreases for

coniferous (�8%), increases for sclerophyllous evergreen (+34%) and strongly increases for deciduous forest (+67%) that largely

benefits by the lengthening of the foliated period. The separately quantified effects of the main variables (temperature, length of

foliated season, CO2 fertilization, drought effect), show that the magnitude of these effects depends on the species and the climatic

zone.
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1. Introduction

Models of the global carbon cycle that account for a

dynamic terrestrial vegetation (DGVMs) predict that

the global terrestrial carbon sink will increase until the

middle of the 21st century (IPCC, 2001, synthesis

report; White et al., 2000b; Cramer et al., 2001; Nabuurs

et al., 2002). Predictions for the second half of the 21st

century diverge, with some models predicting that the

terrestrial carbon sink will tend to level off, while others

predict a decrease (Cramer et al., 2001). Forest

ecosystems play a dominant role in controlling

terrestrial carbon sinks (D’Arrigo et al., 1987; Kauppi

et al., 1992; Becker et al., 1994; Cannell et al., 1998;

Myneni et al., 2001). In order to predict more accurately

the response of the forest ecosystem carbon balance to

atmospheric and climate change, we must improve our

ability to understand the complex positive and negative

feedbacks between climate and processes in forest

ecosystems (Cramer et al., 2001).

It is now well established that rising atmospheric

CO2 concentrations and climate change influence the

net ecosystem carbon balance (=net ecosystem pro-

ductivity = gross primary production � autotrophic and

heterotrophic respiration) in various ways. CO2

fertilization generally enhances the leaf photosynthesis

and, therefore, gross primary production (GPP). High

spring temperatures induce earlier budburst for decid-

uous species (Badeck et al., 2004) and higher

photosynthesis rate for coniferous, both allowing an

increase in annual GPP. On the other hand, high

temperature may increase autotrophic and heterotrophic

respiration and, therefore, decrease NEP. Changes in

rainfall amount and distribution (Bradley et al., 1987;

IPCC, 2001, synthesis report) could increase both soil

drought and evaporative demand in most regions

leading to a decrease of photosynthesis (Ciais et al.,

2005) and soil respiration. NEP dynamics depend on all

of these processes and others, which could vary across

time and space depending on climate and ecosystems

properties. To quantify the changes in the terrestrial

carbon sinks, an accurate description of NEP dynamics

is required at the global scale. It is difficult, however, to

analyse these complex interactions directly at this

global scale. An essential step is to use stand scale

measurements and process-based models to improve

our understanding of underlying mechanisms control-

ling the response of forest ecosystems to atmospheric

and climate change.

Numerous studies using process-based models have

assessed the effects of climate changes on NEE or the net

ecosystem productivity (NEP) at stand (Kirschbaum,
1999; Grant and Nalder, 2000), at regional (Häger et al.,

1999; Coops and Waring, 2001; Joos et al., 2002;

Minkkinen et al., 2002; Nabuurs et al., 2003) and at

global scales (Sellers et al., 1997; Cramer et al., 1999;

Kicklighter et al., 1999; White et al., 2000a; Cramer et al.,

2001). But few studies have both evaluated the carbon

process-based models at stand level against measure-

ments and addressed the effects of climate change over

the same sites as those used for validation. Because of the

large number of variables and parameters included in this

type of process-based models, it seems necessary to

evaluate the model on the same site where the sensitivity

analysis has led to confident conclusions. Moreover, all

the effects are seldom separately quantified.

For our study we (1) used a process-based stand

model, CASTANEA, to simulate CO2 fluxes and carbon

storage for six forest stands, (2) validated the model

using eddy-flux (four sites) or stem growth data (five

sites) and (3) simulated the effects of atmospheric and

climatic change on the forest carbon balance at these six

sites from 1960 to 2100. Our goal was to gain deeper

insight into the response of forests to climate change

based on a solid understanding of processes controlling

current forest carbon balance. For that aim, we use

CASTANEA, not as a sound predictive tool but as an

analytical one, that sum up realistically all the responses

of the carbon and water processes to climate change.

CASTANEA simulates both the carbon and water

budget at the stand scale. It couples photosynthesis,

autotrophic respiration, carbon allocation, soil organic

carbon and soil hydrology sub-models. It has been

described in detail by Dufrêne et al. (2005) and

validated for each of the component processes (photo-

synthesis, soil CO2 efflux, etc.) for a beech stand (Davi

et al., 2005). We adapted the phenology and allocation

sub-models for sclerophyllous and coniferous evergreen

forests. We used a sensitivity analysis of the model to

assess the effects of climate change between 1960 and

2100 using output from the ARPEGE climate model

(Déqué et al., 1998). The individual effects of CO2,

drought and temperature on NEP are separated and

quantified. The sensitivity analysis was done for six

stands including temperate deciduous, temperate con-

iferous and Mediterranean evergreen forests. In this

paper, we evaluate the climate sensitivity without

considering the nitrogen cycle feedbacks and nitrogen

deposition changes.

Four questions are addressed in this study: Can our

generic forest model accurately simulate the function-

ing of several forest ecosystems dominated by various

tree types from deciduous broadleaved to needle-leaved

evergreens? Do these ecosystems show contrasting
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responses to climate change? What are the relative

impacts of CO2, temperature and drought? Does the

ranking of these impacts depend on the ecosystem type?

2. Materials and methods

2.1. Model description

CASTANEA is a physiological process-based model

simulating the carbon and the water balance in forest

stands. The canopy is assumed to be homogeneous

horizontally and is vertically subdivided into a variable

number of layers (i.e. multi-layer canopy model). No

between-tree variation is taken into account; i.e., one

‘‘average’’ tree is considered as representative for the

whole stand. Trees are made up of five functional

elements: leaves, stems, branches, coarse and fine roots.

A carbohydrate storage compartment is also included,

but with no physical location within the tree. The main

simulated output variables are the canopy photosynth-

esis, maintenance and growth respiration, growth of

organs, soil heterotrophic respiration, transpiration, and

evapotranspiration.

Three different radiative balances are performed, in

the PAR domain (400–700 nm), in NIR domain (700–

2500 nm), and in the thermal infrared domain. In the

PAR and NIR domains, incident irradiation is split into

direct and sky diffuse radiation using equations given by

Spitters (1986) and Spitters et al. (1986). The radiation

extinction and diffusion are based on the SAIL model

(Verhoef, 1984, 1985). In the thermal infrared the

radiative balance coefficients are based on the general

formalism given in François (2002) and the diffuse

thermal radiation from the sky is computed from air

temperature according to Idso (1981).

Half-hourly rates of gross canopy photosynthesis

are calculated based on Farquhar et al. (1980) coupled

with a stomatal conductance model of Ball et al.

(1987). The biochemical basis of the temperature

dependence of photosynthesis is based on Nolan and

Smillie (1976) for electron transport rate (Vj max),

Long (1991) for the carbon dioxide (Ci) and oxygen

(Oi) concentrations at the evaporative sites, and

Bernacchi et al. (2001) for all others. Leaf nitrogen

effect on photosynthesis is taken into account

assuming a linear relationship between the maximal

carboxylation rate (Vc max) and leaf nitrogen content

per unit area Na, and a fixed ratio (b) between Vc max

and the potential rate of electron flow (Vj max).

Maintenance respiration depends on temperature and

nitrogen content of the various organs (Ryan, 1991),

while growth respiration depends on biochemical
composition of organs following the approach of

Penning de Vries et al. (1974) and Penning de Vries

(1975a,b). After subtraction of maintenance respiration

requirements, the remaining assimilates are allocated to

the growth of various plant tissues using a priority rule,

which varies with the season. The heterotrophic

respiration is calculated using a soil organic carbon

(SOC) model (Epron et al., 2001) derived from

CENTURY (Parton et al., 1987). For each run, the

initial amount of carbon in the soil was determined

assuming steady-state. Under this hypothesis, for each

carbon pool of the soil, there is the same annual amount

of carbon entering and leaving the pool. The

equilibrium is calculated by a direct numerical

resolution technique of the different carbon pools.

The carbon pool thus estimated is dependant on the

carbon inputs (leaf and woody debris, fine roots turn

over), on their carbon to nitrogen ratio, on the soil

temperature, on the soil humidity and on the soil type.

Phenological stages (budburst, end of leaf growth, and

start of leaf yellowing) and leaf growth depend on

degree days.

The big-leaf Penman–Monteith equation (Monteith,

1965) is used to calculate both transpiration (Tr) and

evaporation (EP). The soil water balance is calculated

using a bucket model with three layers. During water

stress periods, the slope of the relationship between leaf

assimilation and stomatal conductance (g1) is assumed

to decrease (Sala and Tenhunen, 1996). In CASTANEA,

we linearly link g1 with the relative soil extractable

water (SEW), when it falls below 0.4 (Granier et al.,

1999, 2000b, see also the discussion about this

threshold in Rambal et al., 2003). A complete

description of the model, including equations, is given

in Dufrêne et al. (2005).

The effect of CO2 concentration is directly taken into

account by the photosynthesis model. The model

reproduces both, the observed enhancement of photo-

synthesis (Curtis, 1996) and the reduction of stomatal

conductance (Beerling, 1999; Beerling and Kelly, 1997;

Curtis, 1996) both due to CO2 increase. But no other

direct effect of CO2 increase is assumed.

2.2. Model adaptation

The initial version of the model has been fully

parameterised and validated against data from a beech

stand (Dufrêne et al., 2005; Davi et al., 2005). Some

modifications of the phenology module were made in

order to use it (1) with a Mediterranean evergreen

sclerophyllous (Quercus ilex) and (2) with coniferous

species (Pinus pinaster and Pinus sylvestris).
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Table 1

Main site specific input parameters of CASTANEA

Beech Sessile oak Holm oak Maritime pine Scots pine

Slope of the dependency between Vcmax
a and leaf nitrogen density 20b 12.7c 18d 12.9e,f 11.4c,e

Intercept of the dependency between Vcmax and leaf nitrogen density 0 50c 0 5.85e,f �0.64c,e

Ratio between Vcmax and Vjmax
g 2.2b 2.2c 2.1d 1.9f 2.1c

Quantum yield 0.292f 0.292f 0.292f 0.19h 0.19h

Slope of the Ball relationship 11.8i 11.8i 6.2i 10.8h 10.8h

Temperature effect for respiration (Q10) 1.84j 1.84j 2.3k 2.13l 2.13l

Root shoot 0.2m 0.2m 1n 0.2m 0.2m

Clumping factor 0.79d 0.79d 0.84d 0.64o 0.58p

Critical state of forcing for budburstq 450r 594r 913r 1000r 1100r

a The maximal carboxylation rate.
b Liozon et al. (2000).
c Medlyn and Jarvis (1999).
d Personnal data.
e On hemi-surface basis.
f Medlyn et al. (2002) and Ehleringer and Björkman (1977).
g Potential rate of electron flow.
h Ogée et al. (2003).
i Medlyn et al. (2001).

j Damesin et al. (2002).
k Hoff et al. (2002).
l Bosc et al. (2003).

m Korner (1994).
n Rambal, S., pers. com.
o Guyon et al. (2003).
p Sternberg (1996).
q Temperature sum over which budburst occurs.
r Calibrated.
We distinguish three kinds of parameters in

CASTANEA, parameters that are constant across

species and sites (i.e. constants), species specific

parameters, and site specific parameters. The constants

are listed in Dufrêne et al. (2005). The main species

specific parameters used in this study are given in

Table 1 and the site specific parameters are given in

Table 2.

The budburst of evergreen species is simulated based

on the same method used for deciduous species

(Dufrêne et al., 2005) with different values for the

critical state of forcing for budburst (FcritBB see

Table 1). The leaf fall and the evolution of the different

cohorts of leaves are simulated according to empirical

relationships. The rate and the date of leaf fall for the

different cohorts of leaves are obtained from Rapp and
Table 2

Main stand specific input parameters of CASTANEA

Site Species LAImaxa

(m2 m�2)

LMAb

(g(DM) m�2)

Hesse F. sylvatica 7.0 102

Le Bray P. pinaster 3.2 308

Puéchabon Q. ilex 2.9 224

Loobos P. sylvestris 2.2 226

Fontainebleau F. sylvatica 4.5 90

Fontainebleau Q. petraea 7.1 108

Fontainebleau P. sylvestris 5.0 226

a Total leaf area index.
b Leaf mass per area of sun leaves.
c Nitrogen content.
d Soil extractable water.
e Aboveground wood biomass.
Lossaint (1978) and Porté (1999) respectively for Q.

ilex and P. pinaster.

During the leaf growing period, there is a priority to

leaf allocation, which is prescribed by the phenology

sub-model. The allocation coefficients for fine roots

(AGfine roots) and storage compartments (AGreserves) are

taken constant with a value calibrated on each site using

long time series (see Table 4). AGfine roots is calculated

by minimizing the difference between growth of fine

root biomass and their mortality. In the same way,

AGreserves is calculated by minimizing the difference

between carbon allocated to the reserve pool and the

carbon used from the reserve pool. The allocation

coefficient for coarse roots is deduced assuming a

constant ratio between coarse roots and trunks. The

carbon allocation to aerial wood is thus the resultant and
Nmc

(%)

SEWd

(mm)

Be

(t(DM) ha�1)

Age

(year)

Heigh

(m)

2.5 180 70 30 15

1.2 110 94 29 19

1.2 113 66 58 6

1.2 110 73 87 15

2.3 136 272 135 33

3.0 111 235 136 33

1.4 116 183 100 24
t
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is not calibrated against aerial wood growth measure-

ments: this allows us to use it to evaluate the

simulations.

Canopy clumping is more important in coniferous

than in broadleaved canopies (Sternberg, 1996). It is

taken into account in the model by using a clumping

factor (Agreg) in the radiative transfer model. For each

layer of leaves this factor reduces the Leaf Area used in

the SAIL sub-model for the calculation of intercepted

radiation.

2.3. Site characteristics

We have used four sites belonging to the Carboeur-

oflux network (Hesse, le Bray, Puéchabon and Loobos)

in order to validate the model against eddy covariance

fluxes for four different species (Fagus sylvatica, Pinus

pinaster, Quercus ilex, Pinus sylvestris) in four

contrasting climates. In addition, we tested the model

using tree growth data from three contrasted stands

dominated respectively by Q. petraea, F. sylvatica and

P. sylvestris in the Fontainebleau forest south east of

Paris. Also note that the Loobos site located in the

Netherlands, which was used for the validation, was not

used for the long-term, future climate simulations. For

each stand used in the paper, the site description is

reported in Appendix A.

2.4. Model validation

2.4.1. Eddy covariance data set

The experimental sites that provided the data

were equipped following the requirements of the

EUROFLUX network (Valentini, 1999). The CO2 and

H2O fluxes were measured in meteorological towers

using the eddy covariance method (Leuning and

Moncrieff, 1990; Montcrieff et al., 1996; Aubinet

et al., 2000). All other details can be found in Granier

et al. (2000a) for Hesse, Berbigier et al. (2001) for le

Bray, Reichstein et al. (2002) for Puéchabon and

Dolman et al. (2002) for Loobos.

Reichstein et al. (2002) found that the Ball et al.

(1987) relationship, coupling the leaf stomatal con-

ductance with the photosynthesis, is not able to

reproduce the drought effect in several Mediterranean

ecosystems including Puéchabon. As CASTANEA uses

the same approach we have tested its capacity to assess

the water stress in this kind of ecosystem. We have also

compared the net ecosystem productivity (NEP) and the

evapotranspiration (ETR) simulated and measured in

Puéchabon during the same periods chosen by Reich-

stein et al. (2002): in 1998 during the drought (between
15 August and 4 September) and after soil water

recovery (between 25 September and 15 October).

2.4.2. The growth data set

The growth data were used to evaluate the capacity

of the model to reproduce the productivity of the studied

forests. Long-term data are available for 5 stands: for F.

sylvatica and Q. petraea stands in Fontainebleau, in

Hesse (F. sylvatica), in Puéchabon (Q. ilex) and in Le

Bray (P. pinaster).

In Fontainebleau and Hesse, aerial wood growth was

estimated from the measurements of the ring width of

thirty dominant trees per stand, bored in Fontainebleau

(Barbaroux, 2002) and cut in Hesse (Bouriaud, 2003).

The radial growth of Q. ilex has been measured each

year since 1984 on 463 trees spread over the flux tower

study site (Enjalbal, 1994). The volume of aerial wood

growth at stand scale is then calculated annually, using

allometric relationships, diameter distributions and tree

heights at various age classes (Barbaroux, 2002;

Bouriaud, 2003). In order to compare the model

simulations with the volume growth, we converted it

into dry biomass by using a species-specific wood

density value (Barbaroux, 2002).

2.4.3. The model simulations and result analysis

To analyse the generality and the accuracy of the

model in predicting the carbon and water balances of

different forests, the simulations were compared to both

eddy covariance and stem growth data measurements.

In the comparison with the eddy covariance data, the

daily net ecosystem productivity (NEP = �NEE), the

diurnal net ecosystem productivity (sum of fluxes

during a day when PAR was above 10 mmol (photon)

m�2 s�1) and the evapotranspiration (ETR) during days

without rain were further studied (Table 3). When

measured and simulated ETR are compared, the days

with rain have been removed since ETR is prone to

measurement errors during rain events (Baldocchi and

Vogel, 1996; Meiresonne et al., 2003; Davi et al., 2005).

The diurnal NEP is analysed separately because the

quality of the measurements is better during the day

than during the night due to the limited turbulence under

stable atmospheric conditions that mainly occur during

the nights (Baldocchi, 2003). To allow a statistical

comparison between simulated and measured values at

a daily time resolution, four coefficients were used: the

correlation coefficient (R2), the root mean square error

(R.M.S.E.), the systematic root mean square error

(R.M.S.E.s) and the mean bias (B). For the first three

coefficients, the definition and a discussion about their

meaning are given in Kramer et al. (2002). We added the
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Table 3

Goodness of fit of the model predictions expressed as explained variance (R2), systematic root mean square error (R.M.S.E.s), total root mean square

error (R.M.S.E.) and mean bias in % of daily net ecosystem productivity (NEP in g(C) m�2 day�1) and evapotranspiration during days without rain

(ETR in mm day�1)

NEP ETR

n R2 R.M.S.E. R.M.S.E.s Bias n R2 R.M.S.E. R.M.S.E.s Bias

Hesse 365 0.90 1.28 0.57 �6.0 151 0.91 0.62 0.43 +24.1

Bray 365 0.72 1.13 0.62 +15.0 142 0.42 0.96 0.33 +11.7

Puéchabon 294 0.48 1.21 0.88 �5.6 297 0.65 0.35 0.14 +10.6

Loobos 294 0.69 1.03 0.38 +7.2 165 0.87 0.23 0.13 �5.0
mean bias, which is simply defined as:

B ¼
P
ðYsimulated � YmeasuredÞP

Ymeasured

� 100;

where Y is the studied variable

(1)

The comparisons are done using CO2 and H2O fluxes of

2001 for le Bray and Hesse. In Puéchabon, we use CO2

fluxes of 2001 and H2O fluxes from 1998 to 1999 (no

water fluxes are available for 2001). For Loobos, we

used the data from 1997.

For comparison with the growth data, all the model

state variables (wood biomass, soil carbon, and soil

water content) are reinitialised each year using values

given in Table 2. As such, we assume that there are no

carryover effects between years and no change between

years in leaf area index dynamics is assumed (i.e.

LAImax is constant across years).

2.5. Sensitivity analysis of the climate change

trends

2.5.1. Meteorological data simulations

The climate simulations are made with ARPEGE

model (Gibelin and Déqué, 2003) under the B2

scenario as defined by the IPCC, which is a moderate

CO2 emission scenario. The atmospheric model

ARPEGE/IFS is a spectral model, which was

originally developed for weather prediction by Météo
Table 4

Comparison between mean simulated and measured wood growth; R2 represe

of measurements

Site/species Period of

measurements

Average me

growth (g(C

Hesse/beech 1980–1999 288

Bray/martime pine 1987–2001 428

Puéchabon/holm oak 1985–1993 104

Fontainebleau/beech 1980–2000 242

Fontainebleau/sessile oak 1980–2000 173
France and ECMWF, the European Centre for

Medium-Range Weather Forecasts (Courtier et al.,

1991), and later extended to a climate version by

Déqué et al. (1994, 1998) and Déqué and Piedelievre

(1995). The spatial grid is about 60 km with a 0.25-

day time resolution. We have chosen the grid point

closest to the stands studied except for Puéchabon,

where the nearest grid point is at an inappropriate

elevation. The results of the ARPEGE model were

evaluated by comparison between simulated and

measured meteorological data, which were available

on each studied site (the periods are specified in

Table 4). Comparison of the climate scenario

prediction with observed data for the period 1960–

2000 leads to the conclusion that on average the

ARPEGE model predictions provide a good recon-

struction of climate and its geographical distribution,

even if it smoothes the observed variability (Loustau

et al., 2005). We also quantified on our sites the bias

of the carbon and water simulations due to the use of

the ARPEGE simulations outputs compared to the use

of direct meteorological measurements. For that aim,

CASTANEA simulations were made using both

measured and ARPEGE simulated meteorological

data (Table 5). As each type of ecosystem is

characteristic of a given climatic area, it is not

possible to use the same climate for all four sites,

even if that would have facilitated the interpretation

of the result.
nts the explained variance of the annual wood growth during the period

asured

) m�2 year�1)

Average simulated

growth (g(C) m�2 year�1)

R2

423 0.41

636 0.42

170 0.83

396 0.44

318 0.35
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Table 5

Comparison of CASTANEA long-term simulations in percentage using two inputs: measured and simulated (by ARPEGE) meteorological data

Hesse Bray Puéchabon Fontainebleau

Period of measurements 1980–2000 1987–2001 1984–1998 1980–1999

Temperature 1.3 �6.5 �9.6 3.3

Rain 24.4 �20.2 �29.4 17.2

Rain in summera 12.5 �4.4 0.6 10.3

Gobal radiation �1.1 �4.7 �7.4 �13.4

Relative humidity 16.5 12.5 5.2 7.1

GPPb �4.8 �3.7 5.7 1.2

Recoc �0.4 �2.3 �2.6 5.3

NEPd �12.7 �6.1 27.1 �6

ETRe 8.6 �13.7 �7.8 11.9

Results are given in percentage of bias between ARPEGE and measured data.
a From 1 May to 1 September.
b Gross primary production.
c Ecosystem respiration.
d Net ecosystem productivity.
e Evapotranspiration.
2.5.2. Long-term simulations of fluxes and growth

The simulations are done from 1960 to 2100 for the

six stands described above. There is no simulated

evolution of the stand related to the age of the stand. The

state variables (wood biomass, soil carbon) are

reinitialised each year. The climate and the atmospheric

CO2 effects are investigated on a stand, assuming a fixed

age. The atmospheric CO2 concentration varies with

time using the following equation:

ifðY � 2000Þ½CO2� ¼ 1:48� ðYÞ � 2591:8;

ifðY > 2000Þ½CO2� ¼ 369� ð1:00522ÞY�2000
(2)

The significance of the trends is tested with the

Pearson test and quantified over three periods: 1960–

2019, 2020–2100 and 1960–2100. Over the same

periods we calculated the trend from the linear

regression equations.

2.5.3. Order of importance of the various effects

(CO2, temperature, vegetation length, water stress)

One objective is to quantify separately the effects of

CO2 fertilization, soil water stress, the length of the

leafy period in deciduous species and of the other

climatic variables (i.e. temperature, radiation, air vapour

pressure deficit) on the carbon and water fluxes. In order
CO2 effect ¼ ratebase versionð1Þ � rateversion without CO2 increaseð2Þ;

water stresseffect ¼ ratebase version ð1Þ � rateversion without water stress

phenologyeffect ¼ ratebase version ð1Þ � rateversion without phenology cha

other climaticeffect ¼ rateversion without CO2;water stress and phenology ch

interactionseffect ¼ ratebase version ð1Þ � CO2 effect � water stress
to separate these effects we used five sets of simulations.

The first set is a base simulation including all the effects

where (i) the CO2 concentration varies according to

Eq. (2), (ii) soil water stress acts on stomatal

conductance by decreasing the slope of the Ball et al.

(1987) relationship, (iii) the budburst and the leaf fall are

simulated depending on the degree days model and (iv)

the other climatic factors (temperature, VPD, radiation)

vary based on the climate scenarios. A second set of

simulations assumes a constant CO2 concentration (set

to 323 ppm, which corresponds to the mean between

1960 and 1980). A third set of simulations is done

without effect of the soil water stress. In the fourth set –

done only for the deciduous species – both budburst and

leaf fall were forced to their mean values simulated in

the base simulations between 1960 and 1980. Finally in

the fifth set, the CO2 increase, water stress and

phenology changes are removed, leaving only the other

climatic factors as driving variables. The determination

of each effect is then deduced by the comparison

between the simulations of the base version and the

simulations of the sets 2, 3 and 4. The climatic effects

are estimated by the observed trends on the last

simulation and finally, we quantify the role of each

factor in the trends observed on NEP between 1960 and

2100 as follows:
ð3Þ;

nge ð4Þ;

anges ð5Þ;

effect � phenologyeffect � other climaticeffect (3)
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where the rate (in g(C) m�2 year�1) is the slope of the

linear regression of the NEP between 1960 and 2100. As

there are probably interactions between the different

effects (water stress and phenology or water stress and

CO2 increase), we calculated the effect of these

interactions such that the sum of all effects gives the

real trend as simulated in the base version.

2.5.4. How climate effects alter key processes in

CASTANEA?

These various effects act on the model in different

ways. Rising atmospheric CO2 stimulates the photo-

synthesis and reduces the stomatal conductance as a

consequence of the coupling of the photosynthesis

model (Farquhar et al., 1980) and the conductance

model (Ball et al., 1987). Modelled photosynthesis is

also sensitive to the relative humidity and to global

radiation. Rising temperature modifies photosynthesis

according to Bernacchi et al. (2001) and stimulates both

the autotrophic and heterotrophic respirations based on

Q10 relationships that depend on the tree species and the

type of respiration (autotrophic or heterotrophic).

Temperature also alters phenology depending on degree

days. Finally, in the model, the precipitation controls the

level and the duration of the water stress, which acts on

photosynthesis, stomatal conductance, and soil hetero-

trophic respiration (Dufrêne et al., 2005).

3. Results

Note that in this paper a positive NEP is associated

with a terrestrial sink and corresponds to a negative

NEE.

3.1. Comparison with eddy covariance

measurements

Results for evergreen species (Bray, Loobos, and

Puéchabon sites) are presented in Fig. 1, while

comparisons concerning F. sylvatica in Hesse are

shown in Fig. 2.

In the Bray site for P. pinaster, the model reproduces

the seasonal pattern (R2 = 0.76), with a tendency to

overestimate the NEP especially during autumn after

the end of a drought period. For Q. ilex stand at

Puéchabon, the model captures 60% of the variability of

diurnal fluxes between days, with a tendency to slightly

underestimate NEP, except in May. In May, the model

overestimates photosynthesis at low values of air

relative humidity. Moreover, the model fails to

reproduce large peaks following strong rain events in

the autumn that lead to an increase of nocturnal
respiration. For P. sylvestris in the Netherlands

(Loobos), the model reproduces 68% of the variability

but underestimates the drought effect during a short

period in July. Finally for the F. sylvatica stand at Hesse,

the model captures well the diurnal variation in NEP

(R2 = 0.90). When integrated over the whole year, the

NEP is either overestimated for the coniferous species

in Bray (+15%) and Loobos (+7%) or underestimated

for the broadleaf species in Hesse (�6%) and

Puechabon (�5.6%). When integrated over the whole

year, the NEP is either overestimated for the coniferous

species in Bray and Loobos or underestimated for the

broadleaf species in Hesse and Puechabon (Table 3).

For the evapotranspiration (ETR), the model

captures well the seasonal variation but except in

Loobos we overestimate the total ETR (Table 3).

Concerning the capacity of the model to reproduce the

water stress in Puéchabon, the model simulates

correctly ETR during and after water stress, except

for the very low fluxes measured during the nights in the

drought period (Fig. 3b). Nevertheless, the model

underestimates ETR from 25 September until 15

October and thus probably overestimates the water

use efficiency (WUE) here defined as the ratio between

daily GPP and daily transpiration (TR). Finally,

contrary to the results of Reichstein et al. (2002), the

simulated WUE decreases slightly during the water

stress (average WUE of 4.99 g(C) dm�3) when com-

pared with the period after the drought (average WUE

of 5.74 g(C) dm�3).

3.2. Comparison with growth data measurements

Table 4 gives the measured and simulated mean

aerial wood growth and the percentage of the between

years variation explained by the model for each

ecosystem. Variability of aerial wood growth across

ecosystems is well reproduced by the model (Fig. 4)

although the mean growth is systematically over-

estimated (147 g(C) year�1 in average over all ecosys-

tems). It reproduces some of the year-to-year variability

(between 35% and 83%).

3.3. Simulation of the climate evolution

Table 5 shows the evaluation of the ARPEGE model

on the four studied sites in current climate. ARPEGE

overestimates precipitation in the Northern sites (Hesse,

Fontainebleau) and underestimates it in the Southern

sites (Bray, Puéchabon). Therefore, there is a strong bias

in the simulation of ETR (up to 13.7%) but little effect

on the gross carbon fluxes (GPP, Reco, less than 5.7%).
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Fig. 1. Evaluation of the model predictions in evergreen species. Left: measured vs. modelled diurnal net ecosystem productivity. Right: temporal

dynamics of simulated (solid line) and measured (dotted line) daily (over 24h) net ecosystem productivity (NEP, sliding average over 10 days).
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Fig. 2. Evaluation of the model predictions in a beech stand. Left: measured vs. modelled diurnal net ecosystem productivity. Right: temporal

dynamics of simulated (solid line) and measured (dotted line) daily (over 24h) net ecosystem productivity (NEP, sliding average over 10 days).
However, as NEP is the difference between GPP and

Reco, a weak effect on one of them can have a large

effect on NEP (in percentage) such as in Puéchabon or

in Hesse. Some effects are largely indirect and difficult
Fig. 3. Simulated (solid line) and measured (dotted line) half-hourly (a) net e

during (left) and after (right) the drought period in Puéchabon.
to explain: for example in Hesse even though rain,

relative humidity and temperature are higher in

ARPEGE simulations than measured, GPP is lower;

in fact this is due to a higher ETR, which accentuates the
cosystem productivity (NEP) and (b) evapotranspiration (ETR) 4 days
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Fig. 4. Comparison of the measured and simulated average mean

annual growth on five sites. The periods of measurements are given in

Table 4.
water stress. The fact of over-estimating ETR with the

ARPEGE meteorological simulations can cause an

over-estimate of the effect of the water stress in the

simulation from 1960 to 2100. These results are only

indicative as such, because they compare local data to

average values for a grid element. It cannot be expected

to reproduce local data not only because of the known

differences between climate model outputs and real

weather, but also because no downscaling was used.

From 1960 to 2100 for all sites, ARPEGE simulates a

significant increase of temperature ranging between

26.8% and 34.5% (from +3 to +3.3 8C) and also an

increase of global radiation of about 5% (Table 6,

Fig. 5). The increase of temperature mainly occurs

during two distinct periods: between 2010 and 2040 and

between 2060 and 2080. The summer precipitation

shows no significant trend (just a slight increase) until

2020 and then strongly decreases by 33 mm (data not

shown).
Table 6

Rate (%) of meteorological trends simulated between 1960 and 2099

Hesse, F. sylvatica Bray, P. pinaster Pue

Temperature 34.5 (3 8C) 26.8 (3.3 8C) 2

Rain 2 �9.3 �
Rain during summer �6.0 (�21 mm) �38.9 (�100 mm) �3

Global radiation 5.7 4.9

Relative humidity �2.4 �6.2 �
GPPa 61.8 17.8 3

Recob 40.7 21.1 2

NEPc 103.2 �1.8 3

ETRd �7.3 14.3 �

The significant rates are filled in grey (Pearson test).
a Gross primary production.
b Ecosystem respiration.
c Net ecosystem productivity.
d Evapotranspiration.
3.4. Sensitive analysis of carbon and water fluxes to

the climate change trends

These results concern the base simulation which

includes the combined CO2, soil water stress, phenol-

ogy and other climate effects. The gross primary

production (GPP) quickly increases between 1960 and

2100 (Fig. 6a, Table 6), the increase is stronger in the

case of the deciduous species (62% in Hesse, 41% and

54% in Fontainebleau respectively for Q. petraea and F.

sylvatica) than for the evergreen species. With a GPP

increase of 33%, the broadleaf evergreen species (i.e. Q.

ilex) reaction is intermediate and between that of the

deciduous and of the coniferous (19% in average)

species. The model predicts that GPP will increase

much less rapidly after 2020 for all stands except in

Hesse and in Puéchabon.

The model also predicts a strong increase in the

ecosystem respiration (Reco) in all ecosystems (Fig. 6b).

As for GPP, the trends are more pronounced in the case

of the deciduous species for which the increase in

respiration rate (average of 38%) is higher than for the

evergreens (increase rate of 25%). Moreover, the time

trends are very similar between species within each

vegetation type (i.e. deciduous, coniferous). In contrast

to GPP, the ecosystem respiration increases after 2020

at the same rate in Puéchabon or even at higher rates for

the other sites than before this date (in parallel with the

temperature dynamics).

As NEP is the difference between GPP and Reco, a

slight difference in the increase rates between GPP and

Reco could change the sign of the trends on NEP

(Fig. 6c). The coniferous species ‘‘benefit’’ less from

climate change (Table 6). Between 1960 and 2100, P.
´chabon, Q. ilex Fontainebleau

Q. petrae F. sylvatica P. sylvestris

8.3 (3.3 8C) 29.9 (3 8C)

5.5 �3.3

4.1 (�60 mm) �28.8 (�90 mm)

3.7 7.2

4.4 �4.9

2.8 41.2 55.4 19.8

7.0 36.1 36.7 25.8

4.0 40.9 57.3 �13.9

1.5 �4.7 �5.3 �13.3



H. Davi et al. / Agricultural and Forest Meteorology 141 (2006) 35–5646

Fig. 5. Comparison of the average mean annual temperature (8C), global radiation (MJ), summer precipitations from 1 May to 1 September (mm)

and relative humidity (%) simulated by ARPEGE models over four French sites (presented results are moving average over 10 years).
sylvestris in Fontainebleau has an overall significant

decrease of NEP (�14%) and P. pinaster does not show

significant trends. The model predicts a significant

increase of NEP for the stands dominated by broad-

leaved species, whose rate varies greatly: from 34% in

Puéchabon, 49% in Fontainebleau (in average for F.

sylvatica and Q. petraea) and up to 103% in Hesse. We

have also observed the potential effects of climate

changes on the aerial wood growth. It shows no

significant trends for the coniferous species neither for

Q. petraea in Fontainebleau. On the other hand, the

growth is stimulated for F. sylvatica in Fontainebleau

(+11%) in Hesse (+21%) and in Q. ilex coppice in

Puéchabon (+12%).

In the water balance, ETR decreases of 13.7% in the

coniferous stands while no significant trends are found for

the broadleaves species (Fig. 7a). The ratio between

transpiration and evapotranspiration decreases by 3.2%

until 2020 in average for all ecosystems, only in the case
of the two coniferous stands this decline continues after

2020. As expected the water use efficiency increases

strongly by about 50% (Fig. 7b). Indeed, the fertilization

due to the CO2 raise enhances GPP, without changing

ETR. Moreover, as a consequence of using the Ball et al.

(1987)conductance relationshipwithoutany changeof its

slope with the CO2 increase, the model predicts a strong

inhibition of the stomatal conductance (�39%), which

above all affects ETR and to a much less extend GPP.

3.5. Order of importance of the various effects

(CO2, temperature, vegetation length, water stress)

in the trends

For the deciduous species, the length of the leafy

period increases by 38 days from 1960 to 2100. Early

budburst contributes to 55% of this increase and the

delayed leaf fall to 45%. This effect is quite linear until

2100 and it greatly contributes to the annual NEP
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Fig. 6. (a, d) Gross primary production (GPP), (b, e) ecosystem respiration (Reco) and (c, f) net ecosystem productivity (NEP) simulated from 1960 to

2100 with (left) or without (right) taking into account the atmospheric CO2 raising (presented results are sliding average over 10 years).
increase in the case of the deciduous species (see also

Fig. 8). The date of budburst contributes much stronger

than the date of leaf fall, due to the high level of

incoming radiation during spring for the range of
latitudes considered. In 2100 the increase of the length

of the foliated period will stimulate NEP by about 150–

220 g(C) m�2 year�1. This effect is greater in Hesse

than in Fontainebleau and for this last site Q. petraea
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Fig. 7. (a, d) Evapotranspiration (ETR), (b, e) water use efficiency (WUE) and (c, f) the water stress effect on net ecosystem productivity simulated

from 1960 to 2100 with (left) or without (right) taking into account the atmospheric CO2 rising (presented results are sliding average over 10 years).
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Fig. 8. Summary of the role played by each factor in the determina-

tion of the simulated trends defined as the slope of the linear regression

of NEP against the year between 1960 and 2100.
‘‘benefits’’ more of this phenology effect than F.

sylvatica.

The effect of water stress on NEP (Fig. 7c) varies

strongly depending on the site, ranging in average from

20 to 229 g(C) m�2 year�1. For all stands, there is a

slight decrease of the effect of water stress until 2020–

2030 followed by a large increase until 2070 and finally

a partial recovery whose intensity depends on the site

(Fig. 7c). The slight decrease of the water stress effect

until 2020 is mainly caused by the stagnation or slight

increase of the summer precipitation combined with a

large enhancement of the water use efficiency (Fig. 7b).

On the other hand, the decrease of the summer

precipitation after 2020 (Fig. 5), leads to an increase

of the water stress effect after this date. The amplitude

of this increase depends on both the vegetation type

(deciduous versus coniferous) as well as the soil

extractable water of each stand (Table 2).

The role of water stress in the slowing down of the rate

of increase in GPP was also investigated (Fig. 7c and f).

While with the drought effect, the increase of GPP after

2020 (all species) corresponds to only 30% of the total

GPP rise between 1960 and 2100, this figure rises in

average to 60% when the water stress effect is removed.

Without the drought effect, GPP increases at a nearly

constant rate over the period from 1960 to 2100. With the

drought effect, GPP increases much less rapidly after

2020. Based on this analysis, we conclude that the less

rapid GPP increase after 2020 is primarily due to the

increase in water stress and is not the result of a decrease

in the CO2 fertilization effect on carboxylation.

The effect of the changes in atmospheric CO2

concentration is assessed on the carbon and water

balances by comparing simulations with and without

CO2 increase (Figs. 6 and 7). Without CO2 increase,

GPP of deciduous stands increases until 2020 and then

decreases or remains stable. In contrast, evergreen

forest shows a stable GPP until 2020 followed by a
decrease (less pronounced in Q. ilex). Without CO2

increase, Reco increases during the whole period with a

smaller slope when compared with simulations includ-

ing CO2 effects. By comparing runs with and without

CO2 effects, we can calculate that CO2 fertilization is

responsible from 1960 to 2100 for an NEP enhancement

of about 427 g(C) on average for all sites

(=3.05 g(C) m�2 year�1); i.e., the CO2 fertilization

effect turns a decrease of NEP into an increase

(Fig. 6c and f). Finally no saturation of this effect on

NEP is found because the differences between the

simulations with and without CO2 fertilization con-

tinuously increase with time (not shown).

In Fig. 8, we summarize the contributions of each

factor to the NEP trends. For all ecosystems, the

positive effects are mainly due to the CO2 increase. In

addition, the lengthening of the leafy period for the

deciduous species gives them a considerable ‘‘advan-

tage’’ in comparison to the evergreens. Most of the

negative effects are caused by the other climatic effects,

especially the temperature effect on ecosystem respira-

tion and perhaps the decrease in relative humidity. For

the whole period (1960–2100), the drought effect does

not appear as a main factor in explaining the trends. In

fact this effect exists but plays a significant role only

after 2020 and especially around 2070. It is also

interesting to note that the Q. Ilex stand is at present

already adjusted to water stress and an increase in water

shortage does not seem to effect the functioning of this

ecosystem. This confirms the weaker effect of increas-

ing water stress and summer time temperature on

ecosystems already adapted to a long drought period as

reported by Baldocchi (2005). Finally, some effects of

the interactions caused by the different factors are

highlighted mainly in the northern sites, but the method

used does not allow us to determine their nature.

4. Discussion

4.1. Evaluation of the model

CASTANEA has been tested in 1997 in Hesse

(Dufrêne et al., 2005; Davi et al., 2005). The present

study evaluates its performance over a larger range of

climate and tree species. There is a systematic

overestimation of NEP for the conifer stands and an

underestimation for the Q. ilex and F. sylvatica stands,

but CASTANEA simulates the net ecosystem produc-

tivity at least as well (in terms of R2 and R.M.S.E. see

Table 3) as several other models (Kramer et al., 2002)

using the same EUROFLUX data set from Bray, Hesse

and Loobos. The seasonal pattern of NEP was not
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always well captured, especially in the autumn. This is

most certainly due to a lack of accuracy in phenology

(leaf fall) or to lag effects of drought on photosynthetic

parameters in le Bray or respiration in Puéchabon. This

confirms the conclusions based on an analysis of data

from 1997 in Hesse (Davi et al., 2005) and suggests that

further studies concerning the seasonality of the

different processes are required (Falge et al., 2002).

For the water balance component of the model Davi

et al. (2005) have shown that the CASTANEA model

gives estimates of ETR superior to eddy-fluxes

measurements. However, simulated transpiration is

closer to transpiration estimated from sapflow mea-

surements in Hesse. Moreover, by examination of the

flux measurements during a drought period (Figs. 1 and

2) or the soil water content (Davi et al., 2005), we

conclude that the water stress does not seem to be

overestimated.

During the drought period Reichstein et al. (2002)

found a strong increase of the modelled WUE at the

Puéchabon site, which did not agree with the

measurements. Reichstein et al., concluded that it

was necessary to revise the way that drought is taken

into account in the process-based models. In contrast to

the model used in Reichstein et al. (2002) but in

agreement with the measurements, CASTANEA

simulates a decrease of WUE during drought at the

Puéchabon site. But, our model strongly overestimates

the night NEP during the water stress period and this

overestimation may compensate a hidden overestima-

tion of photosynthesis and may thus be the cause of the

good fit of the simulated versus measured NEP. The

fact, however that our simulated WUE decreased

during the water stress period, questions the results

found by Reichstein et al. (2002). As the coupling

between photosynthesis and stomatal conductance is

similar in both models, the differences of parameter-

isations between the two studies, both concerning the

Ball et al. (1987) coupling and photosynthetic

parameters, are probably the cause of these different

results (see also Reichstein et al., 2003). Firstly, the

Ball et al. (1987) coefficient in well-watered conditions

is taken to 15 in Reichstein et al. (2002), while we use

the value given by Medlyn et al. (2002) of 6.2.

Secondly, Reichstein et al. (2002) use a value near 3.4

for the Jmax/Vcmax ratio (at 20 8C) instead of 2.1 as in

our study, a value that is closer to the ones found in the

literature (Wullschleger, 1993; Leuning, 1997; Dreyer

et al., 2000). During the drought period, the slope of the

Ball et al. (1987) relationship decreases, and this could

cause WUE to increase. But simultaneously, air relative

humidity decreases, leading to an increase in evapora-
tive demand and this can lead to the reduction in

simulated WUE (not shown). When changing from a

drought period in August to a well watered period at the

end of September, the two antagonistic phenomena

occur and depending on the amplitude of the decrease

of the slope of the Ball et al. relationship, the change of

air relative humidity and the photosynthesis sub-model

parameterisation, the model predicts either an increase

or a decrease of the WUE.

The model has shown to be able to reproduce the

various levels of tree growth between the ecosystems

and assess their between-year variations. This confirms

the result found by Davi (2004), showing that the model

is able to reproduce the between-year variations of NEP

and TR. On the whole, the prediction accuracy of the

model appears sufficient to have confidence in a

sensitivity analysis on the impact of climatic change on

carbon and water fluxes of forest ecosystems. However,

the systematic overestimation of the growth, as well as

the biases on daily NEP, must be kept in mind when

interpreting the results. Nevertheless, as these biases are

systematic, they probably do not change the results

concerning the general tendencies observed with

change in climate.

4.2. How to explain contrasting responses of CO2

and H2O fluxes, between ecosystems?

The response of vegetation to the environment is a

key global change issue that scientists are investigating

by means of measurements and models on short and

long-time scales (Law et al., 2002). There are large

differences in life traits between forest ecosystems

considered in this study, concerning phenology (date of

budburst and life duration), allocation, photosynthetic

capacity or amount of respiring tissues. The coniferous

species keep their foliar biomass throughout the year. So

in temperate climate they do not benefit from an

increase in length of the growing season and they

‘‘suffer’’ more from the stimulation of the leaf

respiration due to temperature increase than the

deciduous species (note that this phenomenon is

counterbalanced in particular in Boreal regions by

the lengthening of the assimilation period). These two

causes are more important than water stress in

explaining the decrease or stagnation of NEP

(Fig. 8). This conclusion remains the same even if

we assume that stomatal conductance does not

acclimate. This point is highlighted by the simulations

of the effect of water stress on NEP without CO2

increase (Fig. 7f) and consequently without stomatal

acclimation.
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The ecosystem dominated by Q. ilex exhibits a more

continuous pattern of NEP dynamics for the entire

period of simulation (i.e. 1960–2100). There is a

relatively constant increase in GPP, Reco and NEP

(except around 2000–2010) and no trends in ETR. In

contrast to the other ecosystems, NEP shows a peak

during the period 2000–2010, which is mainly due to a

GPP increase that is caused by a decrease in the effect of

water stress during this period (Fig. 7c). On the other

hand, in Puéchabon NEP significantly increases even

after 2020. This is mainly caused by the absence of an

increase in the effects due to water stress and the smaller

negative effects on NEP by the other climate variables

than is the case for the coniferous species (Fig. 8).

Unlike the evergreen species, the deciduous species

largely benefit of the lengthening of the foliated season

and show a strong raise of both NEP and ETR during the

first period (until 2020) even when CO2 fertilization is

suppressed (Fig. 6e). During the second period (i.e.

2020–2100), GPP, NEP and ETR decrease or remain

stable while the Reco increase continues with the same or

a slightly enhanced rate. The differences between the

stands arise from an interaction between the level of

water stress, temperature and other climatic effects

depending both on vegetation (species, age, etc.) and

site parameters. In Fontainebleau, the Q. petraea stand

has a higher leaf biomass (Table 2) than the stand

dominated by F. sylvatica: this explains its lower NEP

(Fig. 6b) despite its higher GPP (Fig. 6a). The difference

between the two F. sylvatica stands in Hesse and in

Fontainebleau is mainly explained by the smaller effect

of drought in Hesse (Fig. 8) because of higher SEW and

higher precipitation in Hesse.

Even if the role of water stress in the NEP trends

between 1960 and 2100 is quantitatively small (Fig. 8), it

still explains a part of the variability between sites and the

relative slowing down of the photosynthesis after 2020.

The temperature increase plays a major role in

‘‘favouring’’ deciduous sites through the increase in

the duration of the leafy period, while it has only negative

effects for the evergreen species, through the respiration

increase. Global radiation and relative humidity changes

also explain some differences between sites concerning

GPP trends. For all these reasons, even if climatic

variables show similar patterns between sites, the

evolution of the carbon storage can change according

to the species (particularly the distinction between

evergreen and deciduous trees), the soil moisture status

(determining the SEW) or the stand biomass (acting on

respiration level) and soil carbon pools.

Finally the model implicitly assumes a decrease of

the stomatal conductance with CO2 increase. Some
measurements show that the stomatal conductance

actually decreases (Curtis, 1996) but this stomatal

closure is not always significant and this effect strongly

varies in amplitude depending on the species and sites

(Medlyn et al., 2002). Consequently the way to simulate

the CO2 effect on the photosynthesis and conductance

must be further investigated and validated, particularly

to improve the assessment of the effect of water stress

(Fig. 7c and f) and the influence upon it by the changes

in water use efficiency.

4.3. Perspective and conclusion

In this study an hybrid (SVAT + growth) process-

based model is evaluated by comparison with eddy

covariance and growth data sets. The effects of

climate change derived for 1960–2100 on six forest

ecosystems are assessed. This study allows to evaluate

the performance of a generic forest model and to

highlight the important role of the balance between

the ecosystem respiration and the gross photosynth-

esis in the possible evolution of the carbon storage.

The proportion of respiring organs and the phenology

type (deciduous or evergreen) mainly explain the

differences found between the different ecosystems.

On the other hand, the effect of water stress plays a

role in the long-term trends by slowing down the GPP

rise.

A climatic sensitivity analysis was performed,

without considering nitrogen cycle feedback, nitrogen

deposition changes, forestry practices or age effects on

the modelled net ecosystem productivity, therefore,

some conclusions may obviously change, if for instance

nitrogen or other nutrients should become the main

limiting factor (Kirschbaum et al., 1998). In the very

near future, the same approach could be followed using

a coupled nitrogen–carbon–water cycle model. More-

over, other complementary studies have already also

addressed the effects of drought and of forestry

practices in the ecosystem functioning (Loustau

et al., 2005) and the way to estimate the carbon budget

at the regional scale (le Maire et al., 2005).

Even if the generalisation of results is limited by

focusing only on six ecosystems, these ecosystems are

representative of a significant proportion of forests in

western Europe, as three of the main forest types

(Mediterranean, temperate deciduous and temperate

coniferous) and four main species of western European

forest are considered. Cramer et al. (2001) using six

global models under the same climatic scenario as is

used in our study (but not the same climatic model since

they use the outputs from HadCM2-CUL), found a
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similar trend in NEP with a large increase until 2030,

levelling off after that. However, they conclude that this

change of tendency is probably due to saturation of the

effect of photosynthesis to high CO2 levels, while our

simulations suggests that photosynthesis stimulation

remains high but is not enough to compensate for the

large effects of increasing water stress for the deciduous

species and respiration increase for the evergreen

species. This study demonstrates the usefulness of a

process-based model to quantify the relative impact of

change in atmospheric CO2 concentration and of

different climatic factors on CO2 and H2O exchange

between forest ecosystems and the atmosphere. The

confidence in our results is strengthened by the

validation of the model for the same sites as for which

the model was used to simulate the effects of climate

change on carbon fluxes and tree growth using climate

forecasts for these sites. This gives better insight into the

mechanisms that control responses to climate change.

The present analysis can be helpful to understand

predictions of global scale models, which include

simulated vegetation dynamics and are less easily

interpretable.
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Appendix A. Description of sites

A.1. The Hesse site

The experimental plot area is located in the East of

France (488400N, 78050E, altitude 300 m) and is mainly

composed of beech (Fagus sylvatica L.) with very

sparse understorey. The studied plot covers 0.63 ha of a

beech forest (30 years old in 1997) with a density of

3482 trees ha�1 and a dominant height close to 14 m.

The soil type was intermediate between a luvisol and a

stagnic luvisol, with a clay content ranged between 25%

and 40%. The annual precipitation was 820 mm and
average temperature 9.2 8C. For more details, see

Granier et al. (2000a).

A.2. The Bray site

The experimental site is located in the South

western of France (448430N, 08460W, altitude 62 m)

and is composed of a homogeneous maritime pine

trees (Pinus pinaster Ait.) seeded in 1970. The stand

density is 520 trees ha�1 and the understorey consists

mainly of grass (Molinia coerecula). The soil is a

sandy podzol lying over a hard iron pan. The water

table never goes deeper than 200 cm and sometimes

during the winter its level could go up to the soil

surface (Ogée et al., 2003). This limit to the water

drainage can also increase the available water at the

beginning of the summer. The climate is temperate

oceanic, with an annual mean temperature of 12.5 8C and

930 mm of precipitations and is characterized by a strong

seasonal contrast in water conditions. For more details,

see Berbigier et al. (2001).

A.3. The Puéchabon site

The experimental site is located in the Puéchabon

State Forest in the south of France (438440N, 38350E,

altitude 270 m). This woodland has been managed as a

coppice for centuries and the last clear cut was

performed in 1942. The vegetation is largely dominated

by Quercus ilex L. with a sparse understorey mainly

composed of a shrubby layer with Buxus sempervirens

L., Phyllirea latifolia L., Pistacia terebinthus L. and

Juniperus oxycedrus L. The stand density is

8500 trees ha�1. The soil is classified as calcareous

fersiallitic with a high clay content. The stone and rock

fraction is about 90% across the whole-soil profile. The

area has a Mediterranean-type climate. Rainfall occurs

during autumn and winter with about 75% between

September and April. Mean annual precipitation is

883 mm and mean annual temperature is 13.6 8C over

the 1984–2002 period. For more details, see Hoff et al.

(2002).

A.4. The Loobos site

The forest is an extensive Scots pine forest in the

centre of the Netherlands (528100N, 58440E, altitude

25 m) with an understorey of Deschampsia flexuosa.

The forest was planted in the beginning of the previous

century. The soil is a sandy soil (humus moder) with a

10 cm top layer of organic material. The stand density is

403 trees ha�1. The area has an oceanic-type climate
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with a mean annual temperature of 10 8C and mean

annual precipitation of 930 mm over the 1995–2004

period.

A.5. The Fontainebleau site

The Fontainebleau forest is located in the south east

of Paris in France (488250N, 28400E, altitude of 120 m).

The dominant species are oak (Quercus petraea (Matus)

Liebl., Quercus robur (Matus) Liebl.), beech (Fagus

sylvatica L.) and Scots pine (Pinus sylvestris L.). The

climate is temperate with an average annual tempera-

ture of 10.2 8C and an average annual precipitation of

720 mm. Most of deciduous stands are located on flat

ground (i.e. on windborne sands), while the coniferous

stands are found in the hilly part of the forest (i.e. on the

sandy Stampian or the sand-stone, with a shallow soil).

In this large mixed deciduous forest extended over

17 000 ha, three stands were further studied. The first

one is a mature timber stand (7.8 ha and 622 trees ha�1)

dominated by F. sylvatica on a soil of type luvisol

(humus moder). The second stand is dominated by Q.

petraea (9.2 ha and 1025 trees ha�1) on a soil of type

luvisol (humus acid mull). The third one is dominated

by P. sylvestris (7.8 ha and 530 trees ha�1) on a podzol

(humus moder) soil type. For more details, see le Maire

et al. (2005).
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