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• Uneven-aged mixed forests are advocated to reinforce resilience under
global change.
• Simulating their response to climate
change requires process-based tree
level models.
• The HETEROFOR model was successfully
evaluated on many European monitoring sites.
• Stand properties explain the major part
of the inter-site productivity variability.
• Forest response to climate change
mainly depends on initial climate conditions.
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a b s t r a c t
This study aimed to simulate oak and beech forest growth under various scenarios of climate change and to evaluate how the forest response depends on site properties and particularly on stand characteristics using the individual process-based model HETEROFOR. First, this model was evaluated on a wide range of site conditions. We
used data from 36 long-term forest monitoring plots to initialize, calibrate, and evaluate HETEROFOR. This evaluation showed that HETEROFOR predicts individual tree radial growth and height increment reasonably well
under different growing conditions when evaluated on independent sites.
In our simulations under constant CO2 concentration ([CO2]cst) for the 2071-2100 period, climate change induced
a moderate net primary production (NPP) gain in continental and mountainous zones and no change in the oceanic zone. The NPP changes were negatively affected by air temperature during the vegetation period and by the
annual rainfall decrease. To a lower extent, they were inﬂuenced by soil extractable water reserve and stand characteristics. These NPP changes were positively affected by longer vegetation periods and negatively by drought
for beech and larger autotrophic respiration costs for oak. For both species, the NPP gain was much larger with
rising CO2 concentration ([CO2]var) mainly due to the CO2 fertilisation effect. Even if the species composition
and structure had a limited inﬂuence on the forest response to climate change, they explained a large part of
the NPP variability (44% and 34% for [CO2]cst and [CO2]var, respectively) compared to the climate change
scenario (5% and 29%) and the inter-annual climate variability (20% and 16%). This gives the forester the possibility to act on the productivity of broadleaved forests and prepare them for possible adverse effects of climate
change by reinforcing their resilience.
© 2021 Elsevier B.V. All rights reserved.

the impact of future climate changes on forest growth for more than a
couple of sites (see for example the models VS-Lite in Tolwinski-Ward
et al., 2013 or VS-model in Anchukaitis et al., 2006).
The HETEROFOR model has been speciﬁcally designed to simulate
individual tree growth in structurally complex stands based on a
resource-sharing approach and to test the ability of innovative silvicultural systems to improve forest resilience to climate change (de
Wergifosse et al., 2020a; Jonard et al., 2020). So far, it has been calibrated and used to simulate the impact of climate change on a couple
of forests in Southern Belgium (de Wergifosse et al., 2020b). Yet, one
can assume that calibrating a process-based model on a large range of
ecological conditions will increase its generality and robustness (e.g.
Forrester et al., 2021a), particularly for simulations under changing climatic conditions. Hence, in this study we aimed to evaluate the
HETEROFOR model on contrasting site conditions beneﬁting from
harmonised data collected in long-term monitoring networks (ICP Forests level II plots and LTER sites). The calibrated and validated model
was subsequently used to respond to the following questions:
(i) How climate change will affect oak and beech tree growth in
European temperate forests?
We hypothesized that CO2 fertilisation will have a dominant effect
but that the negative effects of the increased water stress and
respiration costs will be compensated by a longer vegetation period
under the hypothesis of a constant atmospheric CO2.
(ii) What will be the relative importance of the long-term climate
change effects on tree growth compared to the inter-site and interannual variability?
We considered that climate change effect will be larger than the
inter-annual climate variability.
(iii) How the forest response to climate will be modulated by the
local soil, stand and climate conditions?
We hypothesized that the climate change will be more detrimental
in even-aged beech stands than in uneven-aged, mixed or oak dominated stands, in sites with a low soil water reserve and/or under
warm and dry climates.
These questions were treated by simulating the response of
temperate oaks and European beech to climate change for a set of
European sites covering a large range of environmental conditions
(soil and climate) and stand characteristics. The inter-site variability
was decomposed in its components (stand, soil and climate) to
evaluate how they affect the response of tree growth to climate
change.

1. Introduction
In the future, European temperate forests will experience warmer
conditions, the magnitude of which will depend on the climate zone
and on the greenhouse gas emission pathway (Coppola et al., 2020;
Jacob et al., 2014). Changes in rainfall regime are also expected with
generally wetter winters, especially in the North of Europe but drier
summers in the South (Spinoni et al., 2020; Coppola et al., 2020). Finally,
heat waves, droughts and storms are likely to become more frequent
and severe compared to the current observed climate (for more details,
see Sillmann et al., 2013; Spinoni et al., 2020).
The combined effects of changes in atmospheric CO2 concentration,
air temperature, and rainfall will affect the growth of temperate
broadleaved forests but the effects are expected to differ depending
on whether the sites are located at the warm, cold or dry margin of
their species distribution range (Jump et al., 2006; Dulamsuren et al.,
2017). Additionally, stand characteristics and soil properties as well as
atmospheric deposition will modulate the climate change effect,
which complicates the forest dynamics projections (Anderegg et al.,
2018; Martin‐Benito and Pederson, 2015)
Future response of European forests to climate change can be predicted using different modelling approaches, which are designed to answer speciﬁc questions at different spatial and temporal scales and
using different initialisation data (Ruiz-Benito et al., 2020; Reyer et al.,
2020). Dynamic global vegetation models (DGVM) and forest landscape
models (FLMs) provide information on continental or global estimates
of carbon exchange or on how climate change affects long-term forest
dynamics but have a simpliﬁed eco-physiological process description
and coarse stand-level spatial representation due to their large-scale
and long-term perspective (Reyer, 2015; Maréchaux et al., 2021).
To account for local environmental conditions (soil, climate, tree
species) more in-depth, process-based stand and cohort models were
designed but they generally do not consider the within-stand heterogeneity and the tree-tree interactions (e.g. big leaf or average tree approaches; e.g. Collalti et al., 2016). Therefore, they display good
predictive ability for even-aged monocultures but the oversimpliﬁed
spatial representation of the stand structure can be problematic for
studies in more complex stands (e.g. Simioni et al., 2016; Morin et al.,
2021). To fully account for the spatial heterogeneity in structurallycomplex stands, spatially explicit individual-based models (IBMs) are
required (Pretzsch et al., 2015). Given the data required for their
initialisation, very few spatially explicit IBMs were used to estimate
2
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foliage and the soil water potential (calculated with the water balance
routine), the gross primary production (GPP, in kgC tree–1 h–1) of each
tree is estimated hourly with the biochemical photosynthesis model of
the CASTANEA library (Dufrêne et al., 2005). The net primary production (NPP, in kgC tree–1 h–1) is obtained empirically from the GPP
through the Carbon Use Efﬁciency (CUE = NPP / GPP) approach. CUE
varies with tree size and shape, competition for light and MAT. NPP is
ﬁrst allocated to foliage and ﬁne roots (<2 mm) by ensuring a functional
balance and then to structural components using allometric equations,
which allows deriving tree dimensional growth. The water balance routine partitions rainfall into throughfall, stemﬂow and interception
(André et al., 2008), calculates tree transpiration and evaporation
from foliage, bark and soil using the Penman- Monteith equation
(Monteith, 1965) and estimates root water uptake (Couvreur et al.,
2012) and soil water movements based on the Darcy law.
In the model version 1.0 (see Jonard et al., 2020; de Wergifosse et al.,
2020a), water balance was calculated before photosynthesis, and the
stomatal conductance for water did not depend on atmospheric CO2
concentration. In the model version used here, the two processes were
more closely coupled and the stomatal conductance was calculated in
the same way for water and CO2 using the formulation of Ball et al.
(1987) adapted to the tree level by accounting for the inﬂuence of
tree height (Schäfer et al., 2000). Compared to version 1.0, this
modiﬁcation and the changes in the phenology module and CUE function described hereafter are the only model updates.

2. Material and methods
2.1. Site description
For the model evaluation, 36 forest monitoring plots distributed over
Europe (for measurement periods between 5 and 25 years) and covering a large range of ecological conditions were selected. The plot size
ranges from 0.2 to 1.8 ha. 30 of the plots are part of the level II monitoring network of ICP Forests (Ferretti and Fischer, 2013). The six remaining plots are located in Baileux (Belgium) and in Cansiglio (Italy). The
three plots in Baileux were installed to study the impact of species mixture on forest ecosystem functioning. In Cansiglio, the three plots are
part of the project LIFE CLIMARK (LIFE16 CCM/ES/000065) which promote sustainable forest management as a tool to face climate change.
All these plots were selected based on their species composition
(broadleaved forests dominated by either temperate oak or European
beech) and the data availability (for the model initialisation) while
seeking to maximize the diversity of stand types, soils and climates
(Tables A.1 and A.2). In the study, sessile and pedunculate oaks are
not differentiated and will be called “oak” while European beech will
be referred to as “beech” in the following.
The 36 plots of the study are distributed into 32 sites with 10 in the
continental, three in the mountainous and 19 in the oceanic temperate
zones (see FAO, 2012 for climate zone deﬁnition). The climates covered
by the study sites are representative of those encountered in the distribution range of oak and beech (Sykes et al., 1996; Kölling, 2007), with
mean annual temperature (MAT) ranging from 4.8 to 12.9 °C and
mean annual precipitation (MAP) from 612 to 2153 mm (Table A.1)
for the period 1976-2005.
The stands were classiﬁed according to their composition and structure. We considered a stand as pure when the main species represented
at least 75% of the total basal area. The same threshold was used to distinguish even-aged from uneven-aged stands. A stand was considered
even-aged when 75% of trees (in basal area) were in the same cohort.
The cohorts were deﬁned by analysing the tree distributions by size
class. Among the 36 stands, 10 were classiﬁed as even-aged oakdominated, 13 as even-aged beech-dominated, 3 as uneven-aged
beech-dominated and 10 as uneven-aged oak and beech mixtures. In
addition to the variability in species composition and stand structure,
the stands were also very diverse in terms of mean trunk girth (42.4
to 176.6 cm), dominant height (16.9 to 36.8 m) and basal area (13.6
to 53.9 m2 ha – 1) (Table A.2).
Among the 12 classes of the soil textural triangle elaborated by the
United States Department of Agriculture (Soil Science Division Staff,
2017), 9 were represented in the study sites. This variability in soil texture explains some of the large range in maximum extractable water
(MEW: 154 to 594 mm) which is also due to variations in the coarse
fraction (0 to 41%) and soil depths (1 to 1.6 m) (Table A.1). Detailed information for MEW calculation is provided in Eq. (80) of de Wergifosse
et al. (2020a).

2.2.2. Model parameterisation
The HETEROFOR model requires parameters most of which are
species-speciﬁc. The parameters used for oak and beech in this study
are valid at the European scale for a large range of ecological conditions
and provided in supplementary materials (Table A.3). Some species parameters (e.g. speciﬁc leaf area, leaf size, leaf/needle turnover, leaf
retranslocation, taper function, volume functions, drought sensitivity)
were obtained directly from the literature on functional traits, tree ecophysiology or dendrometry. The parameters used for carbon allocation
were obtained by ﬁtting allometric relationships, for example, leaf biomass or aboveground woody biomass from trunk diameter at breast
height (dbh) and/or tree height. To make these adjustments, we
beneﬁted from biomass data gathered for meta-analyses (see details
in Table A.3). Other parameters were associated with relationships
predicting some tree dimensions (crown base height and crown radius)
based on dbh and/or height. These relationships were ﬁtted using the
tree measurement data collected at the various study sites.
Budburst parameters for oak and beech were taken from Duputié
et al. (2015), who use phenological models close to those implemented
in HETEROFOR (the optimum model for oak and the sigmoid model for
beech). Only the optimum response function during chilling (Eq. (1) in
de Wergifosse et al., 2020a, 2020b) was different and had to be adapted
to correspond to that given in Duputié et al. (2015) (itself based on
Wang and Engel, 1998). Leaf yellowing and fall parameters were empirically ﬁtted with the observations provided for 13 of the study sites located in Belgium, Germany, France and Romania.
Most parameters were derived directly from measurements or by
ﬁtting relationships. However, two very important aspects required to
run the model for their calibration: (i) the CUE, and (ii) the tree height
growth function.
We used an empirical relationship to estimate individual CUE from
dbh (cm), total tree height (h in m), crown diameter (D in m), height
of crown base (hcb in m), light competition index (LCI: the ratio
between the absorbed radiation calculated with and without
neighbouring trees), and MAT (in °C). These variables were selected to
account for the effects of the tree size and shape, the local light competition and MAT on the CUE (Piao et al., 2010; Collalti and Prentice, 2019).
The CUE concept allows converting the GPP into NPP and therefore implicitly accounts for the growth and maintenance respiration. While the
growth respiration (i.e. the metabolic cost of building new tissues) is

2.2. Modelling approach
2.2.1. Model description
For the simulations, we used the spatially explicit, individual- and
process-based model HETEROFOR that has been implemented in the
CAPSIS simulator (Dufour-Kowalski et al., 2012) and is especially convenient for simulating the impact of climate change on structurally complex stands. In the following, we present a brief overview of the model
functioning while we refer to Jonard et al. (2020) and de Wergifosse
et al. (2020a) for a more in-depth description.
The model determines the key phenological phases of the deciduous
species (budburst, leaf yellowing and falling) from meteorological data.
Then, the radiation intercepted by each tree is calculated with the
SAMSARALIGHT library using a ray-tracing approach (Courbaud et al.,
2003; André et al., in press). From the radiation intercepted by the
3

`L. de Wergifosse, F. André, H. Goosse et al.

Science of the Total Environment 806 (2022) 150422

2.2.3.2. Stand data. The stand inventory data describe site and tree level
characteristics. Among the site level information, the plot geographic
coordinates, slope and orientation are required to simulate the radiation
transfer with the ray tracing approach. Tree position and dimensions
(diameter at breast height: dbh; tree height, height to crown base,
height of largest crown extension, crown radii in the four cardinal directions) are necessary input variables for the simulations. However, only
dbh is really essential as the other tree dimensions can be estimated
based on empirical relationships during a pre-processing phase. Depending on the data availability for each tree species, the agedependent relationships used for the gap ﬁlling were either common
for various sites or site-speciﬁc. For each tree dimension and each site,
the parameters of the equations used to estimate them are provided
in de Wergifosse (2021). Finally, tree positions are required to run the
model. Missing coordinates were randomly generated by ensuring
that two trees were not placed too close from each other according to
their crown dimensions.

proportional to NPP, the maintenance respiration depends on temperature and on the living biomass whose proportion changes with tree size
and shape, and competition conditions (Collalti et al., 2020). The living
biomass proportion is higher in trees experiencing limited competition
with well-developed crown. Indeed, such trees have a higher proportion of branches, leaves and ﬁne roots and produce larger growth
rings that increase their sapwood proportion (Canham et al., 2004).
2

2

CUE ¼ α þ β dbhcm þ γ dbhcm þ δ h þ ε h þ ζ
þθ

h−hcb
þ ι ln ðLCIÞ þ κ MAT þ error
h

h
þ η Ddindex
dbhm
ð1Þ

with dbh and h characterizing the tree size; h/dbhm, Ddindex
(standardized crown to stem diameter ratio see Section 2.2.3 in Jonard
et al., 2020) and h−hcb
describing the tree shape independently of its
h
size (slenderness, crown horizontal and vertical extension); LCI, the
light competition index varying between 0 (no light reaching the tree)
and 1 (no competition); MAT, the mean annual air temperature; α to
κ, ﬁtting parameters.
Eq. (1) was ﬁtted with CUE data obtained by dividing the reconstructed NPP (see Section 2.2.7 in Jonard et al., 2020) by the predicted
GPP. The principle of parsimony was applied, and non-signiﬁcant effects
were removed using a stepwise forward procedure based on BIC
(Bayesian information criterion).
The height growth function estimates the annual height growth
(m yr –1) based on the light competition index (LCI), the potential height
growth (Δhpot in m yr –1), the height (in m), and/or the dbh (in cm)
considering also an error term (standard error of the residuals).
2

2

Δh ¼ α þ β LCI þ γΔhpot þ δΔhpot þ ε h þ ζ h þ η dbh þ error

2.2.3.3. Meteorological data. Meteorological variables needed by
HETEROFOR include air temperature, rainfall, incoming short-wave
solar radiation, relative humidity, and wind speed at an hourly resolution. As far as possible, we selected sites for which these variables
were monitored in open ﬁeld stations in close proximity to the forest
stand. In order to have continuous time series covering the period of
the tree growth monitoring, we used ERA5 reanalysis data (Hersbach
et al., 2020) corrected based on meteorological observations. The biases
in the ERA5 data (when compared to meteorological observations)
were corrected using the quantile mapping method from the R package
downscaleR (Bedia et al., 2020), which allowed us to obtain continuous
hourly data from 1979 to 2019. For some sites, we had only daily meteorological observations. In this case, bias correction was applied at the
daily time step and then, the daily cycle of ERA5 was added to obtain
hourly values.

ð2Þ

2

h
with Δhpot ¼ Δdbh
dbh 2
100

Δhpot is the potential height increment if all the growth potential is
allocated to the primary growth in height (and nothing is left for the
secondary growth in dbh). Then, variables describing the tree size
(dbh, h) and the local light competition (LCI) are used to determined
how this growth potential is distributed between primary and
secondary growth. Height growth rate is known to ﬁrst increase with
tree size and then decrease (Koch et al., 2004; Briseño-Reyes et al.,
2020). By considering the effect of the local light competition, Eq. (2)
accounts for the fact that trees undergoing stronger light competition
invest more carbon for height growth to minimize overtopping by
neighbours and maximize light interception (Jucker et al., 2015;
Trouvé et al., 2015). Eq. (2) was ﬁtted based on tree growth data and
on the mean LCI estimated by HETEROFOR for the period during
which height growth was monitored. For the CUE and the height
growth functions, the parameter values are given in Table A.3 for oak
and beech.

2.2.4. Model performances
The model evaluation is focused on tree dimensional growth and
phenology. For tree growth, we tested the ability of the model to reproduce the individual increment in tree height an girth estimated on 5 to
10-year periods (n = 10,108 trees in 36 stands). The tree growth evaluation was conducted by considering each tree separately or grouped in
10 cm girth classes in each plot. In a second time and to evaluate the robustness of our model, the CUE function was recalibrated on half of the
sites (calibration dataset, n = 4859 trees in 18 stands) and an independent evaluation was carried out on the remaining sites (evaluation
dataset, n = 5249 trees in 18 stands). The partitioning of the sites between the calibration and evaluation datasets was achieved in order
to cover the diversity of stands, soils, and climates in both sets.
Budburst, leaf yellowing and fall were observed only on a limited
number of sites (13). The dates characterizing these phenological
phases were those for which they were completed for 50% of the
trees. For the budburst, the comparison of the observed and predicted
dates provided an independent evaluation while it gave only an indication of the calibration quality for the leaf yellowing and fall since the
same observations were used to adjust some parameters (the leaf
yellowing parameter, y and the falling rate, Rfall; see Table A.3).
Multiple statistical indices were used to test the model predictive
ability. First, we calculated the bias (average error, AE) or the relative
bias (normalized average error, NAE). The NAE is the difference between the average values of the predictions and observations (i.e. AE),
divided by the average of observations. Bias signiﬁcance was assessed
using a paired t-test. To check the absence of bias throughout the
range of values (and not only on the average), regression tests were
done using the Deming ﬁtting procedure (mcr package in R) since
both observations and predictions were characterised by uncertainties.
The error ratio was determined based on the variances of observations
and predictions. Finally, we estimated the agreement between

2.2.3. Model initialisation
During the initialisation phase, the model requires various data describing: (i) the soil horizons, (ii) the stand and (iii) the meteorological
conditions at an hourly time step (see below for description). The data
necessary for the model initialisation were collected from the national
focal centres regarding the ICP Forests level II plots and from the site
managers for the Baileux (LTER site, Belgium) and Cansiglio (Italy) experimental sites, which measurement periods range from 5 to 25 years.
2.2.3.1. Soil data. For each soil horizon, the soil input data include: thickness, volumetric coarse fraction, bulk density, sand, silt and clay contents, organic carbon content and ﬁne root proportion. The maximum
soil depth was ﬁxed to 1.6 m for the sake of comparability among
sites. When the soil depth was less than 1.6 m, the real soil depth was
retained.
4

`L. de Wergifosse, F. André, H. Goosse et al.

Science of the Total Environment 806 (2022) 150422

quantile mapping method and discretized (conversion from three to
one-hour time step).

observations and predictions based on the Pearson's correlation (r) and
on the root mean square error (RMSE), which provides information on
the prediction accuracy. All the tests were carried out with R software
(R core Team, 2020).

2.3.3. Model simulation analysis
The impact of climate change on NPP and the other tree growthrelated variables (vegetation period length and transpiration deﬁcit)
was assessed separately for the different categories of stand, soil and climate and for the two CO2 modalities (constant and changing over time).
The stand net primary production simply consists of the sum of
individual tree NPP scaled per square meter per year. We deﬁne the
vegetation period length as the number of days between the time the
green leaf proportion reaches 50% during spring and when it drops
below 50% during fall. The transpiration deﬁcit (mm) is the difference
between the potential transpiration (estimated by considering no soil
water limitation on the stomatal conductance) and the actual transpiration (taking the soil water limitation into account). Transpiration deﬁcit
was calculated for all trees annually and was then aggregated at the
stand scale and divided by the stand area.
To investigate whether the climate scenarios generated signiﬁcant
differences in the response variables, an unpaired Mann-Whitney test
was conducted between the historical period and the future projections,
whereas a paired Wilcoxon signed-rank test was performed between
the two RCP scenarios as they correspond to the same period
(Wilcoxon, 1945). We chose those non-parametric tests due to their
lower sensitivity to non-normal variables than parametric tests. Those
tests were produced in R using the lme4 package (Bates et al., 2014).
To evaluate the relative importance of climate change effects on tree
growth compared to the spatial (stand, soil and climate) and temporal
variability, we used a linear mixed model, which considers the climate
scenario (considering both the RCP scenario and the differences between the climate models) as a ﬁxed effect and stand, soil and climate
as random factors. In addition, the interactions between the three site
components (soil, stand, and climate) and the climate scenario were
also included in the model as random coefﬁcients to account for the impact of the site components on the climate change effect as follows:

2.3. Simulation experiment
2.3.1. Simulation set-up
The set of 36 plots available for this study is limited compared to the
diversity of conditions in Europe's forests. Furthermore, the effects of
the site components (soil, stand and climate) can be confounded. To disentangle the various components of the site effect and to assess how
they impact the tree growth response to climate change, we ran the
simulations for a large number of ‘virtual’ plots, representing combinations of the different soils, stands and climates from the 36 plots. As a
full factorial experiment was not feasible given the number of possible
combinations (36 soils × 36 stands × 32 climates = 41,472), we selected subsets of stands, soils and climates representative of the diversity of oak and beech growth conditions in Europe. Twelve stands
were chosen, three in each of the four stand categories (even-aged
beech/oak, uneven-aged beech/mixed); six soils, three in each of the
two soil types (low and high MEW), and nine climates, three in each
of the three climate zones (continental, mountainous and oceanic).
Nine virtual sites were created for each of the 24 combinations of site
component categories (9 replicates × 4 stand types × 2 soil types × 3 climate zones = 216 virtual sites).
Two consecutive 15-year simulations were conducted for the historical period (1976-1990, 1991-2005) and for the future (2071-2085,
2086-2100). For the latter, two RCP (Radiative Concentration Pathway)
scenarios (Meinshausen et al., 2011; Van Vuuren et al., 2011) were
used: RCP4.5 and RCP8.5. The scenario names depict the increase in radiative forcing in 2100 relative to preindustrial levels (+ 4.5 W m −2, +
8.5 W m −2). A 15-year period was retained as it corresponds to the average monitoring period for which we know the cutting operations. For
a given period, the stand conditions were therefore reinitialized after
15 years to avoid that stand characteristics differ too much with time
among RCP scenarios. Indeed, in this case, the direct climate change impact could be partly confounded with an indirect effect due to a divergence in stand evolution. For these 15-year periods, we started with
the stand conditions observed at the beginning of the monitoring period
and we applied the same thinning operations (or mortality rates) as
those observed during the monitoring period in the stand selected for
the creation of the virtual sites.
One of the main uncertainties when simulating long-term forest
growth is whether or not the CO2 fertilisation effect can persist (Terrer
et al., 2019; Wang et al., 2020). In order to highlight this effect, the
simulations were run with a constant atmospheric CO2 concentration
([CO2]cst = 380 μmol mol−1) or a CO2 concentration changing over
time ([CO2]var) according to the corresponding RCP scenario.

NPP  ½scenariofixed
þ ½stand þ soil þ climate þ ðstand þ soil þ climateÞ:scenariorandom
ð3Þ
We considered the stand, soil and climate as random factors because
there are many stands, soils and climates but we are not interested in
their effects for a particular stand, soil or climate. Instead, we want to account for their effects in the correlation structure of the dataset and to
evaluate their contribution in the total NPP variability while limiting
the number of parameters in the model.
The residual distribution normality of the models was checked with
a Kolmogorov-Smirnov test. The partial R2 of the ﬁxed effect in the
model was considered as the difference between the R2 of the model
when the effect was included (but without the interactions) and without the considered effect. The partial R2 of the random effects was calculated as the ratio of the variance component for the effect to the total
variance.
To identify the underlying factors at the origin of the stand, soil and
climate effects on NPP change in response to climate change, multivariate linear models were elaborated by selecting the main explanatory
variables using a stepwise forward procedure based on BIC (Bayesian
information criterion). The change in NPP was estimated between the
mean NPP value during the historical period and the annual NPP during
2071-2100 under the RCP8.5 scenario. A set of integrative variables describing the stand, soil and climate characteristics were considered as
potential predictors: the beech and oak basal area proportion (%), the
stem number per ha (N ha-1), the basal area (m2 ha-1), the mean dbh
and its standard deviation, and the dominant height (height of 100
tallest trees per ha; in m). Concerning soil, the soil depth, MEW and
the mean granulometry (sand, silt and clay contents) were chosen.

2.3.2. Climate projections
In order to account for the large uncertainty in climate projections
associated with the various global and regional climate models
(Kjellström et al., 2018; Christensen and Kjellström, 2020), we used climate projections produced by two different regional climate models
(RCM) within the European branch of the Coordinated Regional Downscaling Experiment (EURO-CORDEX; Giorgi et al., 2009; Jacob et al.,
2020): ALARO-0 (Giot et al., 2016) and RCA4 (Samuelsson et al.,
2011). Three-hourly time series with a spatial resolution of 12.5 km
were used. These RCMs were driven at their boundaries by the results
of two different global climate models (GCM): CNRM-CM5 (Voldoire
et al., 2013) for ALARO-0 and IPSL-CM5A (Dufresne et al., 2013) for
RCA4. In the following, these combinations of GCM and RCM will be
called CNRM-ALARO and IPSL-RCA4. Climate projections can still substantially differ from in situ measurements due to model biases and representativity errors. They were therefore bias-corrected using the
5
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were limited for both height and radial growth. The identity line was always comprised within the conﬁdence interval of the regression of observations vs predictions (Fig. 1). The prediction precision was however
much higher for girth than for height growth. Girth increment was better predicted for beech than for oak while the opposite was found for
height increment, especially when considering RMSE and Pearson's r.
Compared to the prediction quality obtained using the calibration
dataset, model performances were only slightly deteriorated with the
evaluation dataset, except for beech height growth (Table 1).

Finally, the climate-related variables selected were the mean temperature
(°C) and total precipitation (mm), both annually and for the vegetation period (May to September) and the atmospheric CO2 concentration. They
were averaged over the historical period and their change for the two
RCP scenarios was also considered. All the statistical analyses were carried
out with R software (R core Team, 2020) except the linear mixed models,
which were ﬁtted with the JMP software (JMP®).
3. Results

3.1.2. Phenology
The prediction of the budburst date suffered from a bias of only –
0.4 day for beech and 2.8 days for oak, both statistically nonsigniﬁcant and the Pearson's r amounted to 0.81 and 0.88, respectively.
Apart from a little delay in the prediction of oak budburst for the sites
with an early leaﬁng, the budburst was well reproduced for both tree

3.1. Model performances
3.1.1. Tree growth
The model was evaluated on tree height growth and radial increment for each of the three datasets (i.e. the whole data, calibration
and evaluation data). For the whole dataset, the prediction biases

Oak

0.0

0.5

3.0
1.0

1.5

2.0
1.5
1.0
0.0

0.5

Observed girth increment (cm.year −1)

2.0
1.5
1.0
0.5

Pure even−aged
Pure uneven−aged
Mixed

0.0

Observed girth increment (cm.year −1)

y = 1.04x + 0.12
Relative bias = −14.03%
Pearson's r = 0.579

2.5

y = 1.02x + 0.09
Relative bias = −12.42%
Pearson's r = 0.749

2.5

3.0

Beech

2.0

2.5

Pure even−aged
Mixed

3.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Predicted girth increment (cm.year−1)

0.2

0.3

0.4

y = 1.66x −0.1
Relative bias = −10.27%
Pearson's r = 0.371

0.0

0.1

0.1

0.2

0.3

Observed height increment (m.year −1)

0.4

0.5

y = 1.52x −0.04
Relative bias = −20%
Pearson's r = 0.147

0.0

Observed height increment (m.year −1)

0.5

Predicted girth increment (cm.year−1)

−0.1

0.0

0.1

0.2

0.3

Pure even−aged
Mixed

−0.1

−0.1
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Pure uneven−aged
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0.4

0.5

−0.1

Predicted height increment (m.year−1)

0.0

0.1

0.2

0.3

0.4

0.5

Predicted height increment (m.year−1)

Fig. 1. Comparison of the observed and predicted girth (top) and height (bottom) increments aggregated by 10 cm girth classes for beech (left) and oak (right). Using the whole dataset,
the prediction quality is assessed based on the relative bias, the Pearson's r and the Deming regression test (position of the identity line (solid line) with respect to the conﬁdence interval of
the regression line (dashed line)).
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Table 1
Statistical evaluation of the predicted height and girth increments (vs. individual observations) over 5 to 10-year periods for the entire, calibration and evaluation datasets using normalized average error (NAE), paired t-test, Deming regression parameters, root mean square error (RMSE) and Pearson's correlation (Pearson's r). Standard deviation or conﬁdence intervals
are provided in parentheses.
Tree species

NAE

Paired t-test

Deming regression

P value

intercept

slope

−0.10
0.04
−0.20

0.053
0.717
0.001

−0.10 (±0.19)
−0.27 (±0.56)
−0.01 (±0.21)

1.66 (±0.95)
2.33 (±2.81)
1.32 (±1.10)

0.10
0.11
0.09

0.371
0.286
0.340

−0.20
−0.30
−0.07

0.022
0.000
0.546

−0.04 (±0.34)
0.01 (±0.11)
0.50 (±0.58)

1.52 (±1.74)
1.33 (±0.58)
−1.68 (±2.77)

0.20
0.16
0.22

0.147
0.530
−0.132

−0.14
−0.13
−0.14

0.000
0.008
0.004

0.12 (±0.29)
0.16 (±0.37)
−0.11 (±0.70)

1.04 (±0.27)
0.99 (±0.34)
1.28 (±0.69)

0.44
0.46
0.42

0.579
0.599
0.463

−0.12
−0.16
−0.09

0.004
0.000
0.013

0.09 (±0.11)
−0.04 (±0.17)
0.20 (±0.12)

1.02 (±0.11)
1.25 (±0.19)
0.86 (±0.12)

0.41
0.41
0.39

0.749
0.803
0.747

CUE calculation
Height increment (m yr−1)
OAK
All data
Calibration data
Evaluation data
BEECH
All data
Calibration data
Evaluation data
Girth increment (cm yr-1)
OAK
All data
Calibration data
Evaluation data
BEECH
All data
Calibration data
Evaluation data

RMSE

Pearson's r

transpiration deﬁcit through a strong species composition effect (higher
transpiration deﬁcit for beech). However, the transpiration deﬁcit
response to climate change was not much affected by stand type (Fig. 4).

species. Leaf yellowing and leaf fall were predicted with less precision
than the budburst (lower Pearson's r) but again without signiﬁcant
bias. Moreover, the identity line was within the conﬁdence interval of
the regression of observations vs predictions (Fig. 2).

3.2.3. NPP
Compared to the historical period and assuming a [CO2]cst, median
NPP slightly increased under continental and mountainous climates
and remained more or less unchanged in the oceanic zone. The largest
NPP increase occurred in the mountainous zone with high soil water reserve and amounted to 13.3% and 16.7% for RCP4.5 and RCP8.5, respectively (Fig. A.2). The RCP scenario effect on NPP was much more
pronounced with the [CO2]var runs (median NPP increase from 21.9%
to 34.9% under RCP4.5 and from 35.7% to 63.1% under RCP8.5) but the
modulation of this effect according to the soil water reserve (MEW)
and the climate was less marked (Fig. A.2).
For the [CO2]cst runs and the various virtual sites, the NPP changes
between the historical period and 2071-2100 were comprised between
–13.2% and +20.4% (median change: +7.30%) for RCP4.5 and between
–28.8% and +27.8% (median change: +7.9%) for RCP8.5. Under the
[CO2]var, the sites displayed NPP changes varying between +7.4% and
+70.7% (median change: +30.7%) for RCP4.5 and between +7.6% and
+126.6% (median change: +54.2%) for RCP8.5.

3.2. Simulations on virtual sites
3.2.1. Vegetation period
Since phenology was not CO2 dependent in the model, no distinction
was made between the two CO2 modalities. In addition, the simulations
for the two types of climate projections were treated together.
Compared to the historical period, the vegetation period increased
with the intensity of the radiative forcing for both tree species (Fig. 3).
For beech, the vegetation period increase was more pronounced under
the mountainous climate (+3.9 days per decade for RCP8.5) and then
in the continental and oceanic zones (+3.5 and +2.9 days per decade
for RCP8.5, respectively). For oak, the vegetation period extension was
greater than for beech. It was similar under continental and
mountainous climates (+4.3 and +4.4 days per decade for RCP8.5,
respectively) and lower in the oceanic zone (+2.7 days per decade for
RCP8.5).
For beech, the increase in vegetation period compared to the historical period was equally driven by an earlier budburst and a later
yellowing, except for the oceanic climate where the delay in leaf
yellowing was more marked (Fig. A.1). For oak in continental and
mountainous zones, the increase in vegetation period mainly originated
from an earlier budburst while, in the oceanic zone, the earlier leaﬁng
and later yellowing were of similar magnitude (Fig. A.1).

3.2.4. Comparison of the long-term trend with the inter-annual and intersite variability and decomposition of the site effect
In order to evaluate the relative importance of the climate change effect compared to the climate inter-annual and inter-site variations, a
linear mixed model was built to decompose the various sources of
NPP variability. For the [CO2]cst, the climate scenario effect only
explained 4.7% of the NPP variability, while the effects of the interannual climate variations (residual variability) accounted for 19.9%.
The total site effect explained 66.3% of the NPP variability and was
decomposed into three components: 43.7% for the stand, 14.1% for the
soil and 8.5% for the climate effect. Nine percent of the NPP variability
was attributed to interactions between the site components and the climate change scenario effects. These interactions with the site were
dominated by the climate component (explaining 6.3% out of the
9.0%) representing the effect of the historical climate on the NPP response to climate change while the stand and soil effects explained a
similar fraction of the remaining 2.7% (Table 2a).
Under [CO2]var, the proportion of the NPP variability explained by the
RCP scenario was considerably higher and amounted to 28.5%. The interannual climate variations explained a lower proportion of the total NPP

3.2.2. Transpiration deﬁcit
Transpiration deﬁcit was strongly affected by the soil water reserve
(MEW) and stand type and responded to the RCP scenarios in opposite
ways for the two CO2 modalities (Fig. 4). With [CO2]cst, transpiration
deﬁcit always signiﬁcantly increased with the intensity of the
radiative forcing. Whatever the RCP scenario used, soils with high soil
water reserve (MEW) had a lower transpiration deﬁcit than those
with a low one. Under [CO2]var, transpiration deﬁcit decreased with
the radiative forcing intensity for the continental and oceanic climates
while a slight increase was detected for the mountainous climate.
Stands in the oceanic zone beneﬁted the most from the decrease in
transpiration deﬁcit but still exhibited the highest level of
transpiration deﬁcit. The MEW effect was of the same magnitude for
the [CO2]var than for the [CO2]cst modality. Stand type inﬂuenced
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Fig. 2. Comparison of the observed and predicted mean stand budburst (top), yellowing (middle) and falling (bottom) dates for beech (left) and oak (right). The prediction quality is
assessed based on the relative bias, the Pearson's r and the Deming regression test (position of the identity line (solid line) with respect to the conﬁdence interval of the regression
line (dashed line)).
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Fig. 3. Comparison of the vegetation period length in virtual sites simulated for the historical period (1976-2005) and for the future (2071-2100) according to two RCP scenarios; three
climate types were considered as well as both tree species. For each box, the horizontal line corresponds to the median, the ends indicate the 25th and 75th percentiles and the
whiskers show the values above and below these quartiles within 1.5 interquartile. For a same climate type, scenarios with common letters are not signiﬁcantly different (paired
Wilcoxon signed- rank between RCP4.5 and RCP8.5 and unpaired Mann-Whitney test between historical and RCP scenarios). The simulations made based on the two types of climate
projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis.

To identify more precisely the factors at play behind the climate, soil
and stand effects on NPP response to climate change, multivariate
models were elaborated. For the [CO2]cst, the mean temperature
during the vegetation period (for the historical period) was the main
driver of the NPP change (17%), then the MAP change (10%) and the
rainfall during the vegetation period for the historical period (5%). The
beech proportion and the MEW both accounted for 2% of the variability
in NPP change. Under [CO2]var, the mean temperature during the
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variability (16.4%). However, this NPP variability was higher than for the
[CO2]cst runs (+79.9%). Similarly, the site effect diminished but remained
the major explaining factor with a partial R2 of 0.476, which can be
further divided in its stand (0.340), soil (0.069) and climate (0.067)
components. Finally, the modulation of the climate scenario effect by the
site components slightly decreased to explain 7.5% of the NPP variability
with a dominance of the climate component (4.1%), followed by the
stand (2.1%) and ﬁnally the soil (1.3%) (Table 2b).
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Fig. 4. Comparison of the simulated transpiration deﬁcit in virtual sites among RCP scenarios (2071-2100) and the historical period (1976-2005) for the two atmospheric CO2 modalities:
highlighting of the climate zone, soil water reserve (MEW) and stand type effects. For each box, the horizontal line corresponds to the median, the ends indicate the 25th and 75th
percentiles and the whiskers show the values above and below these quartiles within 1.5 interquartile. For a same stand, soil or climate type, scenarios with common letters are not
signiﬁcantly different (paired Wilcoxon signed- rank between RCP4.5 and RCP8.5 and unpaired Mann-Whitney test between historical and RCP scenarios). The simulations made
based on the two types of climate projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis.
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Table 2
Estimate, standard error, P value and partial R2 of the linear mixed model parameters
(Eq. (3)) used to highlight the climate change effect and decompose the site effect in its
climate, soil and stand components in order to explain the NPP (gC m−2 yr-1) variability
for the virtual sites with constant (a) and changing over time (b) atmospheric CO2
concentration.
Standard
error

P value

[874.3, 956.9, 982.5,
836.7, 872.2, 851.5]

71.8

<0.0001 0.047

c

c b
a

b

/
/
/
/
/
/
/

Partial
R2

0.437
0.141
0.085
0.013
0.014
0.063
0.199

[848.2, 1094.2,
1286.6, 805.6,
1041.7, 1217.3]

79.1

<0.0001 0.285

0
0
0
0
0
0
0

16,443.3
5057.5
4143.3
454.1
425.7
1033.2
136.8

/
/
/
/
/
/
/

b

a

400

Temperature
(vegetation period)
<13°C
13−16°C
>16°C

0
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C B
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3087.6
165.8
261.2
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a. Constant atmospheric
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Fixed effects
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RC_4.5, RC_8.5]
Random effects
Stand
Soil
Climate
Stand × Scenario
Soil × Scenario
Climate × Scenario
Residuals
b. Changing over time
atmospheric CO2
concentration
Fixed effects
Scenario [AL_Hist.,
AL_4.5, AL_8.5, RC_Hist,
RC_4.5, RC_8.5]
Random effects
Stand
Soil
Climate
Stand × Scenario
Soil × Scenario
Climate × Scenario
Residuals

Estimate

800

B

C

A

−400

A

Beech
Beech
even−aged uneven−aged

Mixed

Changing CO2
Constant CO2

B
A

Oak even−aged

Fig. 5. Comparison of the simulated change in annual NPP in virtual sites between
historical period (1976-2005) and RCP8.5 scenario (2071-2100) for the two
atmospheric CO2 modalities: highlighting of the stand type effect as well as the effects of
the air temperature during the vegetation period. For each box, the horizontal line
corresponds to the median, the ends indicate the 25th and 75th percentiles and the
whiskers show the values above and below these quartiles within 1.5 interquartile. For a
same stand type, temperatures during vegetation period with common letters are not
signiﬁcantly different (paired Wilcoxon signed- rank).

0.340
0.069
0.067
0.021
0.013
0.041
0.164

time below 13% and R2 as high as 0.67 (Froese and Robinson, 2007;
Mette et al., 2009; Schmid et al., 2006); while in process-based models,
biases ranged between –30 and 30% and R2 did not exceed 0.44
(Pretzsch, 2002; Thürig et al., 2005; Albrecht, 2007; Schmidt and
Hansen, 2007; Kiernan et al., 2008). Based on the evaluation dataset,
our prediction quality for girth increment was similar to that of empirical models for beech and intermediate between empirical and processbased models for oak. Tree height increment is much less evaluated and
results differed considerably between the studies with relative biases
covering a range from –70 to 61% and R2 values from 0.04 to 0.48
(Sterba et al., 2001; Lacerte et al., 2006; Vospernik et al., 2007; Mette
et al., 2009; Vospernik and Eckmüllner, 2012). With such a large span
of statistical indices, our results easily ﬁt in the range for bias but were
at the lower margin regarding R2.

The scenario includes differences in climate projections due to both the RCP scenario (hist,
4.5 and 8.5) and to the climate models (CNRM-ALARO and IPSL-RCA4).

vegetation period was also the main driver (12%) but the stand variable
played a more important role (mean dbh: 8% and basal area, BA,: 3.5%).
All effects were positive except the mean temperature during the
vegetation period (Table A.4). This effect was represented in Fig. 5. A
signiﬁcant decrease was observed with increasing temperature during
vegetation period for all stand types and both CO2 modalities but was
more pronounced for the constant one. For the latter, the median
change in NPP was negative in the mixed and even-aged oak stands
with a mean temperature during the vegetation period (historical period) superior to 16 °C (Fig. 5).

4.2. Simulated climate change impacts

4. Discussion

We chose to validate the model on a large panel of contrasting climates in order to improve its extrapolation ability to simulate the climate change impact in the future. In a certain way, we applied the
space-for-time substitution but not with the classical approach,
which considers that tree growth at a given location in a warmer future will follow the current tree growth in warmer locations. One of
the limits of this space-for-time approach is that spatial variations in
tree growth are not only due to climate but also to soil conditions,
stand type and forest management (Gugger et al., 2010; Collalti et al.,
2018; Klesse et al., 2019). In our study, we overcome these limits by validating a process-based model in space and use it for temporal extrapolation. The reinforcement of the approach lies in the description of the
eco-physiological processes, which is more likely to remain valid for the
future conditions than statistical relationships built on present-day climate.
We decided to simulate future tree growth for virtual sites created
by combining various stands, soils and climates from existing sites in
order to encompass the diversity of conditions in Europe. The reason
for using virtual sites was to avoid correlations among the components
of the site (soil, stand, climate) and to cover a large range of site

4.1. Model calibration and performances
The model evaluation focused on individual tree height and radial
growth over periods ranging mostly from 10 to 15 years. The predictions were better for the girth increment than for the tree height growth
(Table 1). This difference in prediction capacity was already highlighted
in other studies (e.g. Schwalm and Ek, 2004; Vospernik and Eckmüllner,
2012) and can be attributed, to some extent, to the measurement errors
that are considerably higher for tree height than for girth, which affects
model parameterisation, calibration and evaluation.
It is difﬁcult to compare the evaluation results with other studies as
the models applied on many sites across Europe are almost exclusively
stand or cohort-based models, whose evaluation is done on observations averaged at the stand scale. Therefore, we compared our results
to models that were locally and individually evaluated, which do not
represent many studies as most individual-based models still make
their evaluation at the stand-scale. Regarding girth increment, empirical
models usually display the best results with relative biases most of the
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our results to the uncertainty in the climate input. In the future, the use
of climate projections from other GCM-RCM combinations would be interesting to better account for the large uncertainty linked to the climate
modelling of precipitation changes (Goberville et al., 2015; Dyderski
et al., 2018; Nölte et al., 2020).
Under the [CO2]var modality and RCP8.5 scenario, the transpiration
deﬁcit decreased in continental and oceanic zones and for all stand
types (Fig. 4). This conﬁrms that, under higher CO2 levels, the
stomatal conductance regulation allowed increasing photosynthesis
and CO2 ﬁxation while limiting water loss.

conditions and stand types while limiting the simulation number and
the computing time.
4.2.1. Impact on vegetation period
Our predicted rates of change in budburst and yellowing dates for
2071-2100 are in agreement with other modelling studies. For beech,
we found that budburst could advance between 0.5 and 2.1 days/decade
and yellowing delay between 1.2 and 1.9 days/decade. This is consistent
with values found in literature: 0.6 to 1.9 day/decade for budburst and
1.4 to 2.3 days/decade for yellowing (Davi et al., 2006; Menzel et al.,
2008; Delpierre et al., 2009; Vitasse et al., 2011; Collalti et al., 2018;
Zohner et al., 2020a). For oak, the 0.9 to 3.3 days/decade earlier
budburst and the 0.8 to 1.4 days/decade later yellowing are also in
agreement with the ranges found in the literature, knowingly 1.1 to
2.3 days/decade for budburst and 0.7 to 1.7 days/decade for yellowing
(Davi et al., 2006; Menzel et al., 2008; Delpierre et al., 2009; Vitasse
et al., 2011; Collalti et al., 2018; Nölte et al., 2020; Zohner et al., 2020a).
Interestingly, the greater advance in budburst for oak than for beech,
compensated its initial delay during the historical period so that, in
2071-2100 under RCP8.5, budburst occurred more or less simultaneously for the two species (Fig. A.1). This stronger budburst sensitivity
to temperature of oak compared to beech was highlighted in different
studies (e.g. Vitasse et al., 2009; Cole and Sheldon, 2017). Regarding
yellowing, the opposite trend was found, the greater delay in leaf senescence induced by climate warming for beech partly compensates for its
earlier yellowing during historical period compared to oak. Finally, it is
also interesting to note that, for oak, the photoperiod effect limited the
yellowing delay induced by warmer temperature (Fig. A.1). These phenological changes and particularly budburst advances could be problematic as they increase the risk of late frost events during the tree
leaﬁng (Ma et al., 2019; Zohner et al., 2020b), for which oak and
beech are particularly sensitive (San-Miguel-Ayanz et al., 2016;
D'Andrea et al., 2020a; D'Andrea et al., 2020b).

4.2.3. Impact on NPP
While NPP slightly increased for the [CO2]cst runs in continental and
mountainous climates and remained unchanged in the oceanic zone
under the RCP8.5 scenario, NPP gains were observed everywhere and
with greater magnitude with the [CO2]var runs (Fig. A.2). Furthermore,
NPP changes obtained with the [CO2]cst runs were much more limited
than those derived from the [CO2]var runs (Fig. 5). The contrasting
response of tree growth between the two CO2 modalities can be
ascribed to the enhanced photosynthesis and the lower stomatal
conductance under elevated atmospheric CO2 concentration, which
induces higher water use efﬁciency (Ainsworth and Rogers, 2007;
Norby and Zak, 2011). By comparing the two CO2 modalities, we
noticed that 60% to 100% of the NPP increase under [CO2]var can be
ascribed to the so called CO2 fertilisation effect (Fig. 5). In other
modelling studies comparing simulations with a constant and
changing CO2 modality for oak and beech, the contribution of the CO2
fertilisation effect to the predicted productivity gain was pretty similar
and amounted to 75% - 100% (Davi et al., 2006; Reyer et al., 2014;
Collalti et al., 2018; Nölte et al., 2020).
This fertilisation effect was highlighted in Free-Air Carbon dioxide
Enrichment (FACE) experiments (Ainsworth and Long, 2005; Norby
et al., 2005). However, its persistence in time remains quite uncertain.
It will depend on the way the nutrient demand and the uptake capacity
of the trees will evolve as well as on the soil ability to satisfy the increased nutrient demand (Oren et al., 2001; Wieder et al., 2015). Indeed,
as the water use efﬁciency is expected to increase with rising CO2
concentration, nutrient use efﬁciency could also increase and allow
maintaining productivity gain with a limited increase in nutrient
demand (Caldararu et al., 2020). However, even if an increase in
nutrient use efﬁciency could temporarily delay the appearance of
nutritional limitations, the nutrient availability will constrain the
productivity gains sooner or later and the stands installed on nutrientpoor soils will be potentially the ﬁrst affected (Norby et al., 2010;
Warren et al., 2015). A decline of the CO2 fertilisation effect is already
observed at the global scale (Terrer et al., 2019; Wang et al., 2020).
Consequently, the most likely scenario lies probably in between the
two CO2 modalities and will be closer to one or the other depending
on the nutrient availability of the site, which is not considered here.
Except in nitrogen-saturated forest ecosystems, high nitrogen
(N) deposition could help maintain a persistent CO2 fertilisation effect
(Etzold et al., 2020). With this regard, the current decline in N deposition in Europe will probably contribute to limit the increase in forest
productivity (Waldner et al., 2015; Craine et al., 2018).
Under [CO2]cst runs, the relative change in NPP (virtual sites and
both RCP scenarios) amounted on average to +7% (–29 to 28%) while
the changes reported in the literature for oak and beech in Europe are
on average slightly negative (–2%) with decreases up to 15% and increases up to 10% (Albert et al., 2018; Collalti et al., 2018; Davi et al.,
2006; Lasch et al., 2002; Nölte et al., 2020; Reyer et al., 2014; Sperlich
et al., 2020). The slightly positive trend in NPP observed in our study
is partly due to the overrepresentation of mountainous sites in which
NPP more frequently increased than under the other climate zones
(one third of our virtual sites were under mountainous climates)
(Fig. A.2). The gain in NPP strongly decreased with the increase in temperature and turned into NPP decrease under the warmest climates for

4.2.2. Impact on water cycling
Under the assumption of [CO2]cst, a nearly generalized increase in
transpiration deﬁcit was observed. However, the level of transpiration
deﬁcit was strongly determined by the soil water reserve (MEW) and
species composition. The soils with the highest MEW and the stands
with the largest proportion of oak displayed the lowest deﬁcits. These
results agree with our expectations since sites with large soil water
reserve are less subject to transpiration deﬁcit and oaks are known
to be less sensitive to drought than beech (Scherrer et al., 2011;
Vanhellemont et al., 2019).
Two processes can increase the transpiration deﬁcit: a higher evapotranspiration due to warmer air temperatures or the reduction in rainfall
amount especially during the vegetation period. We observed that evapotranspiration increased on average by 17.1 and 25.1% for oak-dominated
stands and by 10.4 and 16.8% for beech dominated stands for the scenarios
RCP4.5 and RCP8.5, respectively while the rainfall during the vegetation
period was reduced on average by 4.8 and 5.7%. However, a considerable
inﬂuence of the climate model lies behind these values. In CNRMALARO, the evapotranspiration increase is 102% higher than with IPSLRCA4. In the CNRM-ALARO projections under RCP4.5 and RCP8.5, the rainfall during the vegetation period increased by 4.0 and 8.2% while vegetation period rainfall decreases by 13.5 and 19.6% in IPSL-RCA4 projections.
Such differences between climate models are known (Kjellström et al.,
2018) and can mainly be ascribed to the GCM regarding summer rainfall
(Christensen and Kjellström, 2020). In our case, the GCM CNRM-CM5 displays winter rainfall changes in line with most climate projections but for
the summer they tend to be at the high end compared to the other CMIP5
models while IPSL-CMA5 presents rainfall changes in the middle of the
range of the other models for all seasons (McSweeney et al., 2015). In addition, the RCM ALARO-0 associated to CNRM-CM5 also shows a tendency
to produce wet summers as shown in Termonia et al. (2018). The two
models considered here can be seen as illustrative of the sensitivity of
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Currently, HETEROFOR does not account for vitality loss and mortality
due to hydraulic failure, late frost, storms and biotic causes. We plan
to describe the mortality by hydraulic failure and the damages due to
late frost in the next versions of the model but accounting for pest attacks and diseases is less straightforward. More data and knowledge
are required before all mortality causes can be adequately addressed
in individual-based models (Hartmann et al., 2018).

mixed and even-aged oak stands (Fig. 5). Another reason explaining
why our model simulated a positive median NPP change is linked to
the climate projections we used, one of which predicting particularly
high summer precipitations compared to other climate models.
Under [CO2]cst runs, the length of the vegetation period was the main
driver of the NPP change as also mentioned by Keenan et al. (2014) and
Park et al. (2016). As photosynthesis is a temperature-dependent process reaching an optimum for leaf temperature between 20 and 30 °C
and then declines (Yamori et al., 2013), the rise in air temperature favours GPP but up to some extent and is especially marked in colder climates. Among the processes acting negatively on NPP, the higher
transpiration deﬁcit observed for beech stands under [CO2]cst reduced
the NPP. Maintenance respiration is also inﬂuenced by temperature.
This effect is accounted for in the CUE function (see Eq. (1)) for oak
but not for beech as it was not signiﬁcant.
For the sites in which the fertilizing CO2 effect is not constrained
([CO2]var runs), the long-term trend could account for 29% of NPP variability which would be nearly twice the inter-annual climate variations
(Table 2). In this case, the expected change corresponds to an increase
in productivity, which is favourable to forest growth and vitality. In
sites more constrained, for example by nutrient availability, as represented by the [CO2]cst runs, the long-term trend would explain a limited
part of the NPP variability compared to the inter-site and inter-annual
climate variations (Table 2).
A large part of the NPP variability is explained by the site effect
which is dominated by its stand component (Table 2). In a more limited
extend, the site also inﬂuenced the NPP response to climate change but,
in this case, with a dominance of its climate component (Table 2). Some
stand characteristics inﬂuenced however the NPP change which, under
[CO2]cst, was more positive in stands with a higher beech proportion
and, under [CO2]var, in stands with higher density and mean tree size
(Table A.4). The positive effect of beech on NPP change is due to the
fact that its CUE was not decreased with increasing MAT contrary to
oak. A negative MAT effect on beech CUE was not considered as it was
not signiﬁcant based on the available observations. If a MAT effect similar
to that on oak CUE had been included for beech, the tendency could have
been reverse since oak is less sensitive to drought. Under [CO2]var, the
stand characteristics favouring NPP change probably partly reﬂect the
stand ability to intercept more solar radiation (the density and the mean
tree size) and then to beneﬁt more from the CO2 fertilisation effect. With
other climate projections conducting, for example, to drier conditions
during the vegetation period, the role played by the stand characteristics
could change. The effects of the stand characteristics on NPP and on its response to climate change show that the forester has the possibility to act
on the stand productivity and to prepare forests to possible adverse effects
of climate change by reinforcing forest resilience.
Our results might sound optimistic, especially for beech for which
drought-induced growth decline has been observed at the southern
edge of their distribution area (Charru et al., 2010; Zimmermann et al.,
2015; D'Andrea et al., 2020a, 2020b), raising concern about their persistence under warmer and drier conditions (Noce et al., 2017). However,
other studies point out opposite results (Tegel et al., 2014) or emphasize
the swift recovery ability of beech after drought episodes
(Vanhellemont et al., 2019). At the European scale, a very slight crown
defoliation increase of 2.4% and 2.2% in 20 years is observed for beech
and oak in the level II plots of ICP Forests (Timmerman et al., 2020). In
addition, a 5% increase in basal area increment was detected between
1980 and 2007 for European beech in France as well as a 4% increase
for sessile oak and 3% decline for pedonculate oak (Charru et al.,
2017). Forrester et al. (2021b) reconstructing past growth with 3-PG
obtained similar changes (12% increase in stem biomass between
1960 and 2010) for European beech in Switzerland. These rates of
change in tree growth are intermediate between those we obtained
with constant and changing CO2 runs.
Even if the future climate is on average more favourable for tree
growth, extreme events could occur occasionally and trigger mortality.

5. Conclusion and future prospects
Our simulation results showed that the climate change could
have a positive effect on forest productivity in most sites, except
those displaying particularly warm spring and summer temperatures and a strong reduction in rainfall. There is however a large
uncertainty on the magnitude of this effect depending on the
model used for the climate projections, the RCP scenarios and on
whether the CO2 fertilisation effect will persist or not. Apart from
the CO 2 fertilisation, the main drivers of the positive changes are
the increase in the vegetation period length and the improved
water use efﬁciency. The negative NPP changes observed in some
sites can be explained by higher transpiration deﬁcit and maintenance respiration costs. While the site effect and mainly the stand
characteristics explained the major part of the NPP variability, they
showed only a limited inﬂuence on the forest response to climate
change.
Given the strong inﬂuence of the choice of the climate model on our
results, it would be interesting to repeat the simulations with climate
projections from other models to still better apprehend the uncertainty
associated with this aspect. With some climate projections, water stress
could be more pronounced, especially in beech stands and lead to productivity losses in more sites.
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