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Summary

� We aimed to evaluate the importance of modulations of within-tree carbon (C) allocation

by water and low-temperature stress for the prediction of annual forest growth with a pro-

cess-based model.
� A new C allocation scheme was implemented in the CASTANEA model that accounts for

lagged and direct environmental controls of C allocation. Different approaches (static vs

dynamic) to modelling C allocation were then compared in a model–data fusion procedure,

using satellite-derived leaf production estimates and biometric measurements at c. 104 sites.
� The modelling of the environmental control of C allocation significantly improved the ability

of CASTANEA to predict the spatial and year-to-year variability of aboveground forest growth

along regional gradients. A significant effect of the previous year’s water stress on the C

allocation to leaves and wood was reported. Our results also are consistent with a prominent

role of the environmental modulation of sink demand in the wood growth of the studied

species.
� Data available at large scales can inform forest models about the processes driving annual

and seasonal C allocation. Our results call for a greater consideration of C allocation drivers,

especially sink–demand fluctuations, for the simulations of current and future forest produc-

tivity with process-based models.

Introduction

Continental ecosystems play a crucial role in the global carbon
(C) cycle, removing c. 30% of anthropogenic C emissions from
the atmosphere (Le Qu�er�e et al., 2015), of which a large part is
sequestered in forests (Pan et al., 2011). Despite their importance
for the global C budget, the mechanisms underlying the fluctua-
tions of the forest C sink remain insufficiently understood (Luo
et al., 2015). Among these mechanisms, the spatial and temporal
drivers of forest growth are receiving considerable attention (Fang
et al., 2014; Pretzsch et al., 2014), especially as early signs of satu-
ration in the C sequestration of European forests were recently
reported (Nabuurs et al., 2013).

In most of the process-based models (PBMs) that are used cur-
rently to study terrestrial biogeochemical cycling at large scales,
the simulated forest growth is proportional to the amount of C
fixed by photosynthesis over a given time period (source-driven
PBM; De Kauwe et al., 2014; K€orner, 2015). This assumed
causal link between C acquisition and growth has, however, been
challenged by empirical evidence. A growing body of studies
show that meristem activities are more sensitive than photosyn-
thesis to a panel of environmental stressors (Fatichi et al., 2014).

These results, along with recent modelling studies (Leuzinger
et al., 2013; Schiestl-Aalto et al., 2015), suggest that the modula-
tions of organ sink demands by low temperatures (K€orner, 2008)
or water and nutrient deficits (Lockhart, 1965; Leuzinger &
H€attenschwiler, 2013; Delpierre et al., 2016a) are the main
drivers of daily to seasonal growth at many forest sites (K€orner,
2015). Besides, structural growth and photosynthesis are likely
uncoupled when assimilated C is stored as nonstructural com-
pounds (i.e. in a reserve pool) at the expense of organ formation,
as part of an active tree response to environmental stress (Wiley
& Helliker, 2012; Dietze et al., 2014). The actively stored C
reserve pool could explain the annual time lag often observed
between C acquisition and growth (Richardson et al., 2013), if
the C accumulated in reserve is not used until the following year.

Altogether, these lines of evidence emphasize the prominent
role of the processes driving C allocation among organs, as
opposed to photosynthesis, in determining the timing and inten-
sity of forest growth. This statement is in contrast with the good
performances obtained by some source-driven PBMs when pre-
dicting regional changes in forest biomass production (e.g. Zaehle
et al., 2006; Bellassen et al., 2011b). However, environmental
stress negatively affects both photosynthesis and organ sink
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demands, which is consistent with the strong correlations between
C inputs and forest growth observed at large scales (Litton et al.,
2007). Furthermore, observational studies reported that the dis-
crepancy between photosynthesis and growth repeatedly observed
at the annual scale (e.g. Richardson et al., 2013), and possibly
caused by active C storage, can be resolved when data are averaged
in multi-year studies (Gough et al., 2008; Granier et al., 2008).
For these reasons there is a risk of ‘getting the right answers for
the wrong reason’ (Leuzinger & Quinn Thomas, 2011; Fatichi
et al., 2014) when using the current (source-driven) generation of
PBMs for predicting forest growth, with important implications
for forest growth projections (Lempereur et al., 2015). However,
this risk remains to be quantified and related to the temporal and
spatial scales of the simulations. The importance of seasonal
changes in C allocation for the modelling of annual forest growth
with a PBM indeed remains unknown to date.

Here, we present a first attempt to implement an ensemble of
environmental modulations of the allocation of C to leaves and
wood in a source-driven PBM (CASTANEA; Dufrêne et al.,
2005). Environmental dependencies of C allocation were derived
from previous observational and data-model studies. We notably
built on previous work (Guillemot et al., 2015) in which we
demonstrated that water and low temperature stress modulates
the wood sink demand of five major European species. The mod-
elling framework of wood growth suggested in Guillemot et al.
(2015, their Fig. 6) was complemented by current hypotheses on
C allocation mechanisms, in order to introduce direct and lagged
environmental control of C allocation in the CASTANEA model
(Fig. 1). This new C allocation framework was compared with a
classical, purely source-driven approach, using a model–data
fusion procedure (MDF; Richardson et al., 2010). Model–data
fusion is an efficient way to compare models of various complexi-
ties (Richardson et al., 2013), as it accounts for the effects of
parameter uncertainties on model performances, and thus avoids
overparameterization pitfalls (Van Oijen et al., 2005). In this
work, our general aim was to evaluate the importance of the envi-
ronmental modulation of C allocation for the prediction of leaf
and wood annual growth with a PBM, along large water and low
temperature stress gradients.

The different versions of CASTANEA were calibrated and
evaluated against leaf and wood annual growth, based on a com-
bination of satellite-derived and aboveground biometric measure-
ments at c. 104 sites from throughout mainland France. Five
species were considered, which are representative of the main
European forest biomes: Fagus sylvatica, Quercus petraea and
Quercus robur for temperate deciduous broadleaved forests; Picea
abies, for high-latitude and high-altitude evergreen needleleaved
forests; and Quercus ilex, a Mediterranean evergreen broadleaved
species. For all these species, we hypothesized that: (1) the
information contained in annual growth data would inform the
model regarding all or part of the studied C allocation
dependencies (i.e. would constrain the corresponding parameter
distributions), retrieving biologically meaningful parameter
values; and (2) the environmental dependencies of C allocation
would improve the leaf and wood growth predictions of the
CASTANEA model.

Materials and Methods

Modelling of carbon allocation

For this study, we relied on the CASTANEA process-based model
(Dufr̂ene et al., 2005; Delpierre et al., 2012; Guillemot et al.,
2014). CASTANEA simulates the water and carbon (C) budgets
of an even-aged, monospecific stand. The simulated physiological
processes that are of particular importance for this study include:
at the hourly timescale, photosynthesis, maintenance and growth
respiration (autotrophic respiration), and evapotranspiration; at
the daily timescale, organ phenology, organ growth and soil water
content (Fig. 1). The growth respiration is calculated after the C
has been partitioned among compartments, as a function of organ-
specific growth and construction costs (Dufr̂ene et al., 2005). The
values of the model parameters are species-specific. An overview of
CASTANEA and a summary of the parameter values can be found
in Supporting Information Notes S1.

The simulated forest stand comprises four functional compart-
ments: foliage, woody biomass (that includes stem, branches and
coarse roots), fine roots and the pool of nonstructural carbohy-
drates – that is, the reserve pool. Biomass growth is simulated in
CASTANEA as the flow of C to an organ per unit of time (i.e. as
a C flux; see Litton et al., 2007). The simulated net primary pro-
ductivity (NPP, photosynthesis minus autotrophic respiration) is
thus partitioned among organs at the end of each day. In the
original version of the model, the fraction of NPP allocated to
each organ is constant over the growing season; that is, the simu-
lated allocation coefficients are seasonally fixed (source-driven
model; Dufrêne et al., 2005). In the new C allocation scheme
described in this paper, the partitioning of NPP is determined on
a daily basis by ontogeny, allometric constraints, organ-specific
phenology, direct and lagged environmental controls (Fig. 1).

Leaf compartment The dates of budburst and leaf senescence are
simulated using accumulated degree-days, combined with pho-
toperiod sensitivity for the latter (Dufr̂ene et al., 2005; Delpierre
et al., 2009a). The amount of C that is allocated to the leaf com-
partment strongly relies on the C reserve pool because the stand C
balance is negative during most of the leaf formation period. Dur-
ing the period of leaf formation, C is allocated to leaf until the
simulated leaf area index (LAI) reaches a defined annual maximum
(LAImax). LAImax is a prognostic variable, simulated on a yearly
basis. The value of the LAImax of year y is determined by the
LAImax of year y�1, and the water stress experienced by the stand
during year y�1 (Eqn 1). Eqn 1 aims at simulating the reported
high sensitivity of bud formation to water stress (Br�eda et al.,
2006), which has important implications for the next year’s leaf
production (Nilsson & Wiklund, 1992; Le Dantec et al., 2000).

LAImaxy ¼ minðplai1; LAImaxy�1 þ plai2þ plai3� SWSy�1Þ
Eqn 1

(LAImaxy, maximum LAI of year y; SWSy�1, soil water stress
index of year y�1; plai1 (m2 leaf m�2 soil), parameter that corre-
sponds to the maximum value possible for LAImax; plai2 (m2 leaf
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m�2 soil) and plai3 (m2 leaf m�2 soil), parameters associated with
the effect of SWS (unitless), which is a bioclimatic index that inte-
grates the water balance and the soil water holding capacity of the
site (Notes S1).) Eqn 1 is used to describe the C allocated to the
leaf compartment for all of the study species. However, in the case
of the evergreen species only the most recently grown needle or
leaf annual cohort (out of six and four, for P. abies and Q. ilex,
respectively) is affected by the annual changes in LAImax.

Wood compartment The C allocation to aboveground wood
is based on the modelling framework described in Guillemot
et al. (2015). For comparison purposes, three versions of the
C allocation submodel have been calibrated (Table 1): a null
version with a constant allocation coefficient (hereafter ‘CST
version’), a version that includes the age-related decline in C
allocation to aboveground wood (the standard CASTANEA
version, hereafter ‘STD version’) and a full version that addi-
tionally simulates the environmental controls of the C alloca-
tion to wood (hereafter ‘FULL version’; Fig. 1). Hereafter, we
refer to the CST and STD versions as a ‘static’ modelling of
C allocation (they correspond to typical examples of source-
driven PBMs), and to the FULL version as a ‘dynamic’ mod-
elling of C allocation.

In all three versions, wood growth is function of the NPP and
of the C allocation coefficient to wood (Eqn 2).

AWBIy;d ¼ WACy;d �NPPy;d Eqn 2

(AWBIy,d, simulated wood growth on day d of year y
(gC m�² d�1); WACy,d (unitless) and NPPy,d (gC m�² d�1), cor-
responding simulated daily wood allocation coefficient and net
primary productivity, respectively.)

The allocation coefficient of the CST version is fixed to a con-
stant value over the growing season (Eqn 3).

WACy;d ¼ pwood1 Eqn 3

(pwood1, parameter (unitless).)
In version STD, the simulated allocation coefficient varies

annually to account for the linear age-related decline in C alloca-
tion to wood (Eqn 4) that has been recently reported in the stud-
ied species (Genet et al., 2010; Guillemot et al., 2015).

WACy;d ¼ pwood1 � pwood2� age Eqn 4

(pwood2, slope parameter (yr�1).)
The FULL version also incorporates a linear age-related

decline in C allocation to wood (Eqn 4). The resulting WAC
value (WAC1y,d, an intermediate value; Eqn 5) is additionally
modulated on a daily basis by the following two factors.

(1) A negative effect of the previous year’s water stress on C
allocation to wood (Eqn 5), assuming a logistic relationship
(Guillemot et al., 2015). This lagged environmental control is a
proxy for both the preferential C allocation to fine roots follow-
ing drought, in agreement with empirical evidence (Doughty
et al., 2014) and with the functional-balance theory (Chen &
Reynolds, 1997); and the likely active C storage that follows a
drought-induced reserve depletion (Dietze et al., 2014; Klein
et al., 2014). It is coherent with the annual time lag often
observed between C acquisition and forest growth (Richardson
et al., 2013).

(2) A direct environmental control on wood sink demand:
when water or low temperature stress of a given day exceed a
defined threshold, sink demand is assumed to temporarily stop
and no C can be allocated to wood (Eqn 6). Cambial growth has
been reported to be inhibited at lower water stress than
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partitioning; grey arrows, allometric
constraints.
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photosynthesis (Muller et al., 2011; Tardieu et al., 2011). Indeed,
drought-induced decrease in cell turgor strongly affects cell divi-
sion (Woodruff & Meinzer, 2011) and cell wall expansion (Lock-
hart, 1965) before leaf gas exchange modulation comes into play.
There is also evidence that cell division is more sensitive than
photosynthesis to low temperature (K€orner, 2008).

WACy;d ¼ WAC1y;d � pwood3

þ pwood4

1þ exp(pwood5� ðSWSy�1 � pwood6ÞÞ
Eqn 5

If ðREWy;d\psink1 or Tay;d\psink2Þ then WACy;d ¼ 0

Eqn 6

(SWSy�1, soil water stress index of year y�1 (unitless); REWy,d,
relative soil water content extractable by plants on day d of year y
(unitless); Tay,d , air temperature on day d of year y (°C); psink1
and psink2, parameters (unitless and °C, respectively); pwood3
to pwood6, form parameters (unitless).)

The wood growth resumption of F. sylvatica is known to occur
simultaneously with budburst (Michelot et al., 2012) and conse-
quently we simulate the day of wood growth onset for this
species based on the leaf phenology submodel of CASTANEA.
For the other species involved in this study, the day of growth
cambial onset is simulated annually using an empirical model
(N. Delpierre et al., unpublished results) that is based on temper-
ature sums (Guillemot et al., 2015). The cessation of the period
with possible C allocation to wood growth is based on published
results (Bouriaud et al., 2005; Michelot et al., 2012; Lempereur
et al., 2015) and fixed to the day of year 230, 240 and 300 for
deciduous species, P. abies and Q. ilex, respectively. The phenol-
ogy of wood growth is simulated in all three versions of the
model (i.e. WAC = 0 outside growing season). In the FULL

version, the phenology and duration of wood growth is addition-
ally modulated by the environmental control of sink demand.

Reserve and fine root compartments, interactions with other
pools The highest C allocation priority is given to the leaves;
followed by C allocation to wood. Under nonstressed conditions
(i.e. when the reserve pool is not depleted), allocation to reserve
and fine roots have the lowest priority. The competition abilities
of reserve and fine root compartments depend on their C stocks
and are ruled by allometric constraints (i.e. developmental con-
straints imposed by plant architecture, see Franklin et al., 2012).
The allocation to fine roots is based on the hypothesis of a func-
tional homeostasis in water transport within trees (Magnani
et al., 2000): the fine root pool is given an annual objective in
terms of C stock, which is deduced from the simulated LAImax
by using the implementation described in Davi et al. (2009). The
competition ability of the fine root pool is modulated as its stock
diverges from its annual objective. The competition ability of the
reserve pool increases when its stock becomes too low (i.e. between
75 and 100 gCm�² soil, see Notes S1), in an attempt to avoid com-
plete C depletion. In case of extremely low C reserve stock during
the C-demanding leaf formation period, the reserve pool interacts
with the leaf compartment: the daily LAI increase is stopped if the
reserve pool drops below 20 gCm�² soil. The allocation to reserve
and fine roots can occur throughout the year (i.e. as soon as
NPP > 0) but it is strongly impacted by the C allocation to leaves
and wood. More details about the C allocation to reserve and fine
roots and the interactions among pools can be found in Notes S1.

Measurements

A complete description of the field measurements, satellite-
derived data and historical climate used in this study is provided
in Notes S2. We provide here a brief description of the datasets.

Table 1 Description of the carbon (C) allocation submodels involved in the optimization process

Submodels Versions Description Related equations
Parameters to
be optimized

LAI

Simulation of the annual value of LAImax
All There is a lagged effect of the previous

year’s water stress on the allocation
of C to leaf (i.e. on LAImax)

Eqn 1 plai1
plai2
plai3

C allocation to wood

Simulation of the aboveground
wood biomass increment (AWBI)

CST The wood allocation coefficient is fixed
at a constant value across sites. No
environmental control of C allocation

Eqn 3 pwood1

STD The wood allocation coefficient varies
according to ontogeny (age effect).
No environmental control of C allocation.
It is the standard version of CASTANEA

Eqn 4 pwood1
pwood2

FULL The wood allocation coefficient varies
according to ontogeny. There is an
environmental control (direct and lagged)
of C allocation to wood

Eqn 4
Eqn 5
Eqn 6

pwood1
pwood2
pwood4
pwood6
psink1
psink2

LAImax, annual maximum value of leaf area index (LAI). Units: plai1-3 (m2 leaf m�2 soil); pwood1 (unitless); pwood2 (yr�1); pwood4 (unitless); pwood6
(unitless); psink1 (fraction of relative extractable soil water, unitless); psink2 (°C).
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Biometric measurements were obtained from two complemen-
tary sources: the French national forest inventory (NFI; Charru
et al., 2010; Vallet & P�erot, 2011) and a permanent forest plot net-
work (RENECOFOR; Ulrich, 1997). Because the RENECOFOR
network does not includeQ. ilex plots, it was completed with mea-
surements from the Pu�echabon site (Rambal et al., 2014). The
NFI dataset comprised 6204, 2050, 1424 and 228 plots of temper-
ate oak (Q. petraea and Q. robur), F. sylvatica, P. abies and Q. ilex
stands, respectively, spread over mainland France (Notes S3).
Because Quercus petraea and Q. robur are difficult to distinguish in
the field and have a high hybridization rate (Abadie et al., 2012),
these two species were grouped in the analyses and are hereafter
referred to collectively as ‘temperate oaks’. The NFI dataset con-
tained one record of 5-yr aboveground wood biomass increment
(AWBI) per site (collected over the 2005–2012 period; Notes S2).
The RENECOFOR network included measurements from 26, 16
and six plots of temperate oak, F. sylvatica and P. abies stands,
respectively. Biometric measurements in the RENECOFOR and
at the Pu�echabon site consisted of dendrochronological sampling
conducted in 1994 (2008 for the Pu�echabon site) and extensive cir-
cumference surveys that were combined to calculate annually
resolved AWBIs at each plot (over the 1980–1994 period for the
RENECOFOR sites and 1966–2008 at the Pu�echabon site). Soil
texture and soil depth estimates were used to infer soil water hold-
ing capacities at all the study sites.

The normalized difference vegetation index (NDVI) estimates
of the MODIS/TERRA surface reflectance product at a 250-m
resolution (MOD09GQK, Earth Observing System Data Gate-
way) were extracted on a daily basis over the 2001–2012 period
for each NFI site. Following the procedure proposed by Hmim-
ina et al. (2013), we retrieved the annual maximum NDVI value
(NDVImax) observed at each NFI sites over the 2001–2012
period. NDVImax values were converted to the maximum frac-
tion of absorbed photosynthetically active radiation (FAPARmax,
Notes S3) and then to LAImax (annual maximum LAI value),
using the equations of Knyazikhin et al. (1999). In order to char-
acterize the factors driving the spatial changes in FAPARmax, the
correlations between FAPARmax and a panel of bioclimatic vari-
ables observed or simulated at the NFI sites were evaluated
(Notes S3). For this step, satellite-derived FAPARmax was used
instead of the LAImax products, which are more prone to satura-
tion effects (Seixas et al., 2009; McCallum et al., 2010).

Model calibration and evaluation

We used a two-step calibration procedure: the LAImax submodel
was first calibrated and evaluated, and was subsequently used dur-
ing the wood growth submodel calibration and evaluations
(Table 1). We selected half of the NFI sites using a random sam-
pling stratified by species, age, water stress and low temperature
stress for the calibration process (calibration dataset). The
remaining NFI sites, as well as the RENECOFOR and Pu�ech-
abon sites were used to evaluate the model (evaluation dataset).
The three versions of the wood growth submodels were cali-
brated independently. In order to avoid high correlation
among parameter distributions, only a subset of parameters of

Eqn 5 was involved in the calibration of the FULL version
(Table 1). These correspond to the parameters with greatest
impact on the model predictions in a preliminary sensitivity
analysis (data not shown). The values of the parameters that
were not involved in the optimization procedure were based
on Guillemot et al. (2014) (Notes S1). The model was initial-
ized using the aboveground standing biomass and the LAImax
value observed at each site. More details about the calibration
procedure can be found in Notes S4.

The parameter optimizations of the LAImax and wood alloca-
tion submodels were based on a model–data fusion (MDF) proce-
dure, using the MCMC Metropolis–Hastings algorithm
(Metropolis et al., 1953; Van Oijen et al., 2005). A MDF compar-
ison of the different model versions was required to ensure that the
more complex model (i.e. the FULL version) did not obtain better
fit merely as a result of overparameterization. The cost function was
defined as the averaged squared data–model mismatch (‘least-
squares optimization’; Richardson et al., 2010). Prior distributions
for each parameter were assumed to be normal with large SD
(Notes S5). For each species, the parameter space of the LAImax
and wood submodels were explored for at least 25 000 iterations.
The resulting posterior distributions were constituted by the 1000
parameter sets that best matched to the data. The presented sub-
model performances are averages of 2000 runs using the final poste-
rior parameter distribution and tested against the evaluation dataset
(Fu et al., 2012). The optimization procedure relied on an ad hoc
routine coded in R (N. Delpierre & N. K. Martin-StPaul, unpub-
lished routine) using the snow package (Tierney et al., 2008).

The evaluation of the model performances included:
– AN intersite evaluation using the NFI evaluation dataset (evalu-
ation of both the LAImax and wood allocation submodels). In
this case, ‘simulations’ and ‘observations’ refer to annual averages
of AWBIs over 5 yr, and average FAPARmax over the 2011–
2012 period, for wood and LAImax submodels, respectively.
– An interannual evaluation (evaluation of the wood allocation
submodel). The model versions were evaluated using annual
AWBIs from the RENECOFOR network. The RENECOFOR
dataset includes both intersite variability (related, e.g., to site fer-
tility and stand age) and interannual variability (related to
weather fluctuations). Observations and simulations were therefore
preliminarily standardized following the methodology described in
M�erian & Lebourgeois (2011), in order to isolate the interannual
AWBI variability. In this case, ‘simulations’ and ‘observations’ of
aboveground wood growth refer to annual AWBI.

The performance of the model was assessed using Pearson cor-
relation coefficient (r), the average bias (AB), the root mean
square error (RMSE) and relative root mean square error (RMSE
divided by the mean of the observations, rRMSE). Performance
criteria are further described in Notes S6.

Results

Model calibration

The optimization process retrieved parameter values that corre-
spond to a decline of LAImax following drought years in
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temperate oaks, F. sylvatica and P. abies (Table 2). The posterior
distributions of the parameters of the LAI submodel, as well as
the parameter of the CST and STD wood growth submodels,
were well constrained by the data (Table 2; Notes S5). By con-
trast, the identification of parameters of the FULL wood growth
submodel by the MCMC procedure strongly varied among
parameters and species. The ontogenetic decline of the C alloca-
tion to wood (Eqn 4, pwood1 and pwood2) was well constrained
by the data and more pronounced for the evergreen species
(Table 2). With regards to the lagged effect of water stress on C
allocation to wood growth (Eqn 5), only one (pwood4) of two
parameters involved in the calibration process yielded moderately
constrained posterior distributions (Notes S5), with consistent
average values among species. The modelling of the direct modu-
lation of C allocation to wood by water stress (Eqn 6, psink1;
Table 2) was reasonably constrained by the data in all the species,
but the shrinkage in the posterior distributions was more pro-
nounced for species often found in drought prone areas (Q. pe-
traea/Q. robur and Q. ilex; Notes S5). The modelling of the direct
modulation of C allocation to wood by low temperature (Eqn 6,
psink2; Table 2), was only significantly constrained in the moun-
tainous species P. abies, and to a lesser extent in temperate oaks
(Q. petraea/Q. robur).

Prediction of the LAI

The satellite-derived FAPARmax retrieved at the NFI plots
was significantly linked to an aridity index (P-PET summed
from April to August; Fig. 2) in F. sylvatica, Q. petraea/robur
and P. abies. Among these three species, the reported decline
in FAPARmax at dry sites was more pronounced in
Q. petraea and reduced in P. abies. Aridity (P-PET) explained
a moderate part of the overall FAPARmax spatial variability
(R ² < 0.15 in all three species); however, no other explana-
tory variables, including biometric and site fertility data,
were found to be linked to the FAPARmax for these three
species. No significant dependences were found in Q. ilex
and this species was therefore not included in the calibration
procedure described in the previous section.

The FAPARmax simulated with the CASTANEA model at the
NFI evaluation sites showed a decline with aridity that was con-
sistent with the observations (Fig. 2) in F. sylvatica, Q. petraea/
robur and P. abies. This simulated drought-related decline of
LAImax and FAPARmax values was a direct consequence of the
dependency of LAImax on the soil water stress index of the previ-
ous year (SWSy�1; Eqn 1) – that is, the negative impact of low
reserve on LAImax (see model description) was negligible (result
not shown).

Prediction of the aboveground wood growth

The FULL version of CASTANEA was able to capture the
changes in 5-yr wood growth (AWBI) across a large number of
sites (n = 3102, 1025, 712, 114 in Q. petraea/robur, F. sylvatica,
P. abies and Q. ilex, respectively) in the four study species
(Fig. 3).

Interestingly, the CASTANEA performances (FULL version)
were satisfactory in all of the age classes of the NFI chronose-
quence (Notes S7). In particular, the observed age-related decline
in AWBIs was well predicted at evaluation plots in the four study
species, in accordance with the age-related decline in the alloca-
tion to wood that was formalized in Eqn 4. The model also was
able to predict a significant part of the interannual variability of
AWBIs in 763 site-years (Fig. 4; the evaluation using the non-
standardized RENECOFOR dataset is provided in Notes S8).
The wood growth of deciduous temperate species (Q. petraea/
robur and F. sylvatica) was generally better predicted by the
model, both spatially (Fig. 3) and temporally (Fig. 4), than the
wood growth of evergreen species (P. abies and Q. ilex). We
acknowledge, however, that a large part of the spatial and tempo-
ral variability of wood growth (i.e. half or more of the total
growth variability) remains unexplained by the different model
versions in all the studied species.

Overall, we observed that the representation of the environ-
mental dependencies of C allocation substantially increased the
ability of the CASTANEA model to simulate the spatial and tem-
poral variations affecting the AWBIs at the regional scale (Fig. 5).
The root mean square error (RMSE) obtained when predicting 5-yr

Table 2 Optimized parameter values of the FULL version of the carbon (C) allocation scheme

Submodel Species Parameters

LAImax plai1 plai2 plai3
Q. petraea/robur 5.22** 1.52* �0.058*
F. sylvatica 5.31** 2.66* �0.059**
P. abies 6.26** 2.03* �0.081**

Wood growth pwood1 pwood2 pwood4 pwood6 psink1 psink2
Q. petraea/robur 0.54** �0.0015* �0.11 50.7* 0.31** 5.5**
F. sylvatica 0.62** �0.0013* �0.11 50.9* 0.28* 5.6*
P. abies 0.69** �0.0024 �0.12 50.4* 0.26* 6.2**
Q. ilex 0.55** �0.0025 �0.12 52.9 0.28* 6.1*

The presented values are the averages of the posterior distributions. The star marks indicate the confidence range of each parameter, that is, the SD of the
posterior distribution divided by its average (**, ≤ 20%; *, > 20% and ≤ 50%; no asterisk, > 50%). The parameters that obtained posterior distributions
with a SD reduced more than two-fold compared with the corresponding priors are marked in grey.
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wood growth increments at the 4093 sites of the NFI evaluation
dataset indeed decreased by 35.7% on average when using the FULL
instead of the STD version, resulting in an average error decrease of
32.6 gCm�2 yr�1. The year-to-year wood growth variation was also
better predicted with the FULL version, as it obtained a 15.2%
decrease of RMSE compared with the STD version.

A comprehensive analysis of the error affecting the pre-
dictions of CASTANEA for the NFI evaluation dataset
(Fig. 6) revealed that the modelling of the environmental
dependencies of C allocation in the FULL version reduced
the bias affecting the STD version at sites with no envi-
ronmental stress (where STD underestimates AWBIs) and
at sites with high environmental stress (where STD overes-
timates AWBIs).

Last, in an attempt to further evaluate the biological plausibil-
ity of the parameter values retrieved by the MDF procedure, we
compared the seasonal wood growth patterns simulated by the
STD and FULL versions of CASTANEA (Fig. 7). The FULL
version noticeably simulates earlier growth cessation in temperate
species and later growth onset in P. abies than the STD version,
and was the only version predicting a growth cessation during
summer in Q. ilex.t

Discussion

Changes in carbon allocation to leaves are needed to
predict leaf area index decline along regional water stress
gradients with CASTANEA

In agreement with observations, CASTANEA simulated a signifi-
cant adjustment of annual maximum leaf area index (LAI) values
(LAImax) to water stress in species from temperate (Fagus
sylvatica, Quercus petraea/robur) and high-latitude and high-
altitude forests (Picea abies) – that is, at sites that were not
expected to be strongly water-limited (Fig. 2). Modulation of car-
bon (C) allocation to leaves by the previous year’s water stress
(Eqn 1) was required in CASTANEA to predict the correspond-
ing LAImax decline. In all of the species studied, leaf formation is
a 2-yr process that involves leaf bud development in summer and
leaf growth during the next spring (Delpierre et al., 2016a). Our
result is thus in agreement with empirical studies reporting the
high sensitivity of buds (notably the number of prebuilt leaves) to
water stress (Br�eda et al., 2006), with important implications for
the next year’s leaf production (Nilsson & Wiklund, 1992; Le
Dantec et al., 2000). Alternatively, this lagged environmental
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control on C allocation could also be explained by an active pri-
oritization of the C reserve pool at the expense of leaves following
drought years (Richardson et al., 2013). The studied species
indeed rely importantly on C reserves to build new leaves in
spring (Barbaroux et al., 2003), which could compromise survival
in case of depleted C reserves caused by a low C accumulation
during the preceding year.

Furthermore, the drought-related LAImax decline observed at
the French national forest inventory (NFI) sites is consistent with
the ecohydrological equilibrium hypothesis (Eagleson, 1982),
which states that ecosystems develop a vegetation density maxi-
mizing C sequestration and minimizing water loss. The canopy
density is therefore expected to decline with aridity because the
development of the plant canopy increases the quantity of water
that is lost by transpiration. The ecohydrological equilibrium of
LAImax has for a long time been implemented in models by
assuming an optimal canopy-scale water use efficiency (WUE) in
plants (Kergoat, 1998; Mouillot et al., 2001). Here, we show that
the modelling of the environmental control of C allocation allows
predicting the decline of canopy density at dry sites, in line with
the prediction of the WUE optimality theory.

Pluri-annual biometric data can inform process-based
models about the environmental dependencies of C
allocation to wood

Forest growth inventories were able to inform CASTANEA
regarding the environmental dependencies of C allocation to
wood: in all studied species, most parameters of the dynamic C

allocation scheme (FULL version) were well constrained by the
model–data fusion procedure (MDF).

The modelling of the environmental control on C alloca-
tion leads to an early growth cessation in temperate species
(Fig. 7). This is in agreement with a number of empirical
studies showing that wood growth cessation is more sensitive
than gas exchanges to summer water stress (Mund et al.,
2010; Delpierre et al., 2016a) and that phenology, not C sup-
ply, is a key driver of temperate forest growth (Delpierre
et al., 2016b). The direct comparison of soil water content
thresholds for growth cessation among studies is made diffi-
cult by methodological differences. The threshold for growth
cessation of 0.28 and 0.31 (unitless) that we found in
F. sylvatica and temperate oaks (psink1 parameter; Table 2,
corresponding to 28% and 31% of the relative extractable
water, REW), respectively, are low compared with results pre-
viously obtained in deciduous forests (50% of REW in
Delpierre et al., 2016a; 60% of REW in Mund et al., 2010).
However, these empirical studies evaluate the REWs from
measurements of the water content in the shallow layers of
the soil, whereas our modelling study considers soil water-
holding capacities that presumably are closer to the total
amounts of water potentially available for trees (Notes S2).

The summer drought-induced cessation of wood growth
that is observed in Q. ilex (Mediterranean species) at the
Pu�echabon site (Lempereur et al., 2015) is only predicted by
the FULL version of CASTANEA. This is in line with a
recent study reporting that this seasonal pattern is most likely
induced by a negative drought effect on wood sink demand
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rather than by a shortage of C supply (Lempereur et al.,
2015). Moreover, the threshold for growth cessation at the
Pu�echabon site is 31% of REW (calculated from Rambal et al.,
2003; Lempereur et al., 2015), which compares well with the
value of 28% that we found by calibrating our C allocation
scheme using the NFI dataset (Table 2).

The modelling of the environmental control of C allocation
leads to a delayed growth onset in P. abies (mountainous species),
which we interpreted as a direct control of spring low tempera-
ture on wood phenology. In line with this result, growth resump-
tion in trees has been shown to be affected strongly by
temperature (Begum et al., 2013): the onset of cambium activity
seems to be triggered by the increase of daily minimum air tem-
perature in spring. In addition, Rossi et al. (2008) reported that
although daily temperatures below 4–5°C are still favourable for
photosynthesis, thermal conditions below these values inhibit
cambial activity, also with strong implications for the wood
growth phenology. The temperature threshold for growth cessa-
tion that we obtained for P. abies (6.2°C, Table 2) is in fair agree-
ment with these reported values.

The direct environmental control of C allocation that was evi-
denced in this study is therefore in line with a prominent role of
the modulation of sink demand (i.e. cambial activity) by water
and low temperature stress in the wood growth of the studied
species. We additionally report a significant decrease of C alloca-
tion to wood following drought years. This lagged environmental
control may be a consequence of an active replenishment of the
depleted reserve pool following periods of low leaf gas exchanges,

at the expense of other organ growth (Wiley & Helliker, 2012). It
is also consistent with the functional-balance theory (Chen &
Reynolds, 1997) that predicts a preferential allocation to fine roots
in trees growing in water-limited areas (Doughty et al., 2014).

The modelling of the environmental dependencies of C
allocation reduces the bias affecting CASTANEA wood
growth predictions

To the best of our knowledge, this study is the first to quantify
how the modelling of the environmental control of C allocation
affects the wood growth predictions of a process-based model
(PBM). Although it was based on a simple modelling framework
(Guillemot et al., 2015), our dynamic modelling of C allocation
to wood increased substantially the ability of CASTANEA to
simulate the spatial (site-to-site) and temporal (year-to-year) vari-
ations of wood growth (Fig. 5). The simulated variability in
source-related processes (i.e. photosynthesis and maintenance res-
piration) was indeed unable to explain the sharp decrease of wood
growth at sites experiencing strong environmental constraints,
where the standard CASTANEA version (STD) clearly overesti-
mated aboveground wood biomass increments (AWBIs) (Fig. 6).
As a consequence, the MDF procedure retrieved low wood allo-
cation coefficients in STD in order to improve the overall model
performance, which translated into the STD version underesti-
mating growth at low-constraint sites. This bias did not appear in
the FULL version, which represented site-wise variations in wood
allocation coefficients in response to environmental stress.

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Q. petraea/Q. robur
r = 0.56/AB = 1.6%

P. abies
r = 0.46/AB = 3.4%

Q. ilex
r = 0.66/AB = 12%

F. sylvatica
r = 0.72/AB = -0.7%

Observed AWBI (standardized data, unitless)

S
im

u
la

te
d

A
W

B
I

(s
ta

n
d

ar
d

iz
ed

d
at

a,
u

n
it

le
ss

)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.6 0.8 1.0 1.2 1.4 1.6

0.6

0.8

1.0

1.2

1.4

1.6

0.6 0.8 1.0 1.2 1.4 1.6 1.8

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.6 0.8 1.0 1.2 1.4 1.6

0.6

0.8

1.0

1.2

1.4

1.6

Fig. 4 Temporal evaluation (year to year) of
the CASTANEA model (FULL version) using
the RENECOFOR and Pu�echabon
aboveground wood growth measurements.
AWBI, aboveground wood biomass
increment. Each dot corresponds to the
AWBI at a particular site-year, standardized
per site (Quercus petraea/Q. robur: n = 390;
Fagus sylvatica: n = 240; Picea abies: n = 90;
Quercus ilex: n = 43). Coloured lines are
observation vs simulation regression lines.
Dotted black lines are 1 : 1 lines. r and AB are
Pearson correlation coefficient and average
bias, respectively.

� 2016 The Authors

New Phytologist� 2016 New Phytologist Trust
New Phytologist (2016)

www.newphytologist.com

New
Phytologist Research 9



Importantly, we used an MDF procedure to calibrate the
parameters of both ‘static’ and ‘dynamic’ C allocation schemes
and to quantify the associated parameter uncertainties (Van
Oijen et al., 2005). We therefore ensured that the dynamic simu-
lation of C allocation does not improve CASTANEA perfor-
mance because of overparameterization, but instead because it
represents more accurately those fundamental processes driving
annual forest growth. Hence, our results demonstrated that the
modelling of the environmental control of C allocation improves
the ability of CASTANEA to predict both the spatial and the
year-to-year variability of wood growth induced by water and
low-temperature stress gradients (Fig. 6). If confirmed by other
modelling studies, our finding may explain partly why most
PBMs currently used at the regional and global scales obtain inac-
curate predictions of C allocation (De Kauwe et al., 2014) and
annual wood growth variability (e.g. Babst et al., 2013) when run
at particular sites. Moreover, it implies that the modelling of sink
demand, by its impact on C allocation, is likely to impact the
PBM projections of forest growth, as suggested recently by
Lempereur et al. (2015) for a Mediterranean Q. ilex forest.

Limitations of our modelling approach and need for further
research

The results that we present are contingent on the structure
and hypotheses formalized in CASTANEA. In particular, the
version of CASTANEA used in this study does not include
an explicit representation of nutrient cycling and plant–nutri-
ent interactions, which likely impacts forest C budgets
(Fern�andez-Mart�ınez et al., 2014), sink demands and within-
tree C allocation (Leuzinger & H€attenschwiler, 2013;
Hofhansl et al., 2015). The decrease of leaf expansion during
springtime water stress (Muller et al., 2011) also was not con-
sidered in this study. Although remaining unquantified at the
regional scale, this process may explain part of the reported
decline of LAImax along water stress gradients. Our incom-
plete representation of the mechanisms driving C allocation,
together with the site idiosyncrasies that were not accounted
for in C supply modelling (e.g. insect outbreaks), are likely
responsible for the substantial part of growth variability that
remains unexplained by CASTANEA.
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Most importantly, the interplay between C reserve pool and
structural compartments, which likely plays a crucial role in
determining source–sink interaction in trees, is not simulated

explicitly in CASTANEA. Previous modelling attempts
(Richardson et al., 2013; Schiestl-Aalto et al., 2015) used C allo-
cation schemes that explicitly account for the impact of C reserve
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dynamic on growth – that is, where growth results from C fluxes
originating from the reserve pool. However, the reserve measure-
ments that are required to calibrate such models remain scarce,
which has so far prevented large-scale studies. We therefore chose
to model growth as fractions of net C supply (NPP, Eqn 2), the
environmental modulations of C allocation being accounted for
through temporal fluctuations of the allocation coefficients
(Fig. 1). Under the assumption that CASTANEA is able to pre-
dict C supply at our different study sites (see, e.g., Delpierre
et al., 2009b, 2012), this approach indeed allowed us to evaluate
our modelling of C allocation against leaf and wood growth data,
available at large scales.

The processes that underlie the environmental lag effects
often found in annual tree growth series remain poorly known.
Both source- (e.g. active replenishment of the C reserve pool)
and sink-related (e.g. lagged modulation of bud formation)
processes could indeed explain the negative effect of previous
year’s water stress on the C allocation to leaves and wood that
we report here (Eqns 1, 5). Further research is therefore needed
to unravel and quantify the drivers of C allocation, using sea-
sonal measurements of reserve pool and sink activities (Schi-
estl-Aalto et al., 2015). Moreover, a significant fraction of the
C accumulated in the reserve pool could be sequestrated,
rather than stored (Sala et al., 2012). This could have impor-
tant implications for our understanding of C allocation, but is
not considered in the current version of CASTANEA. In this
regard, isotope tracking techniques may provide crucial data,
documenting both the age and fate of C reserves (Richardson
et al., 2013).

Conclusions

We used annual to semi-decadal measurements to inform
CASTANEA about the environmental modulations of C alloca-
tion to leaves and wood. In this regard, it is worth recalling that
PBMs used at large scales usually are evaluated against wood
biomass stocks (Zaehle et al., 2006; Bellassen et al., 2011a) or allo-
metric scaling metrics (Wolf et al., 2011; Smith et al., 2014),
which poorly describe the partitioning of C among the ecosystem
pools (Litton et al., 2007). Our results therefore pinpoint the need
to calibrate and evaluate PBMs using annual growth data, addi-
tionally to stand biomass measurements. Moreover, we call for a
thorough calibration and evaluation of PBMs at finer (i.e. sea-
sonal) timescales, which have remained largely overlooked to date,
in order to gain greater insight into the processes that drive the
allocation of C to wood (Cuny et al., 2015; Schiestl-Aalto et al.,
2015; Delpierre et al., 2016a) and, more generally, the forest C
cycle. The modelling of the environmental control of C allocation
significantly improved the ability of CASTANEA to predict the
year-to-year and spatial variability of aboveground forest growth.
This calls for introducing these fundamental growth drivers, espe-
cially the overlooked environmental modulations of wood sink
demand (K€orner, 2015), in the C allocation scheme of the cur-
rent-generation PBMs. The implications of the environmental
control of C allocation for the simulations of current and future
forest productivity are a crucial challenge for modellers.
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the intra-annual wood formation of three European species (Fagus sylvatica,
Quercus petraea and Pinus sylvestris) as related to leaf phenology and non-
structural carbohydrate dynamics. Tree Physiology 32: 1033–1045.

Mouillot F, Rambal S, Lavorel S. 2001. A generic process-based SImulator for

meditERRanean landscApes (SIERRA): design and validation exercises. Forest
Ecology and Management 147: 75–97.

Muller B, Pantin F, G�enard M, Turc O, Freixes S, Piques M, Gibon Y. 2011.

Water deficits uncouple growth from photosynthesis, increase C content, and

modify the relationships between C and growth in sink organs. Journal of
Experimental Botany 62: 1715–1729.

Mund M, Kutsch WL, Wirth C, Kahl T, Knohl A, Skomarkova M V, Schulze

E-D. 2010. The influence of climate and fructification on the inter-annual

variability of stem growth and net primary productivity in an old-growth,

mixed beech forest. Tree Physiology 30: 689–704.
Nabuurs G-J, Lindner M, Verkerk PJ, Gunia K, Deda P, Michalak R, Grassi G.

2013. First signs of carbon sink saturation in European forest biomass. Nature
Climate Change 3: 792–796.

Nilsson L-O, Wiklund K. 1992. Influence of nutrient and water stress on

Norway spruce production in south Sweden – the role of air pollutants. Plant
and Soil 147: 251–265.

Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, Phillips OL,

Shvidenko A, Lewis SL, Canadell JG et al. 2011. A large and persistent carbon

sink in the world’s forests. Science 333: 988–993.
Pretzsch H, Biber P, Sch€utze G, Uhl E, R€otzer T. 2014. Forest stand growth
dynamics in Central Europe have accelerated since 1870. Nature
Communications 5: 4967.

Rambal S, Lempereur M, Limousin JM, Martin-StPaul NK, Ourcival JM,

Rodr�ıguez-Calcerrada J. 2014.How drought severity constrains gross primary

production (GPP) and its partitioning among carbon pools in a Quercus ilex
coppice? Biogeosciences 11: 6855–6869.

Rambal S, Ourcival J-M, Joffre R, Mouillot F, Nouvellon Y, Reichstein M,

Rocheteau A. 2003. Drought controls over conductance and assimilation of a

Mediterranean evergreen ecosystem: scaling from leaf to canopy. Global Change
Biology 9: 1813–1824.

Richardson AD, Carbone MS, Keenan TF, Czimczik CI, Hollinger DY,

Murakami P, Schaberg PG, Xu X. 2013. Seasonal dynamics and age of

stemwood nonstructural carbohydrates in temperate forest trees. New
Phytologist 197: 850–861.

Richardson AD, Williams M, Hollinger DY, Moore DJP, Dail DB, Davidson

EA, Scott NA, Evans RS, Hughes H, Lee JT et al. 2010. Estimating

parameters of a forest ecosystem C model with measurements of stocks and

fluxes as joint constraints. Oecologia 164: 25–40.
Rossi S, Deslauriers A, Gric�ar J, Seo J, Rathgeber CBK, Anfodillo T, Morin H,

Levanic T, Oven P, Jalkanen R. 2008. Critical temperatures for xylogenesis in

conifers of cold climates. Global Ecology and Biogeography 17:
696–707.

Sala A, Woodruff DR, Meinzer FC. 2012. Carbon dynamics in trees: feast or

famine? Tree Physiology 32: 1–12.
Schiestl-Aalto P, Kulmala L, M€akinen H, Nikinmaa E, M€akel€a A. 2015.

CASSIA – a dynamic model for predicting intra-annual sink demand and

interannual growth variation in Scots pine. New Phytologist 206: 647–659.
Seixas J, Carvalhais N, Nunes C, Benali A. 2009. Comparative analysis of

MODIS-FAPAR and MERIS–MGVI datasets: potential impacts on ecosystem

modeling. Remote Sensing of Environment 113: 2547–2559.
Smith B, Warlind D, Arneth A, Hickler T, Leadley P, Siltberg J, Zaehle S.

2014. Implications of incorporating N cycling and N limitations on primary

production in an individual-based dynamic vegetation model. Biogeosciences 11:
2027–2054.

Tardieu F, Granier C, Muller B. 2011.Water deficit and growth. Co-ordinating

processes without an orchestrator? Current Opinion in Plant Biology 14: 283–
289.

Tierney L, Rossini AJ, Li N, Sevcikova H. 2008. Snow: simple network of
workstations. R package version 0.3-3. [WWW document] URL http://CRAN.

R-project. org/package=snow.

Ulrich E. 1997. Organization of forest system monitoring in France-the
RENECOFOR network. Antalya, Turkey: World Forestry Congress.

Vallet P, P�erot T. 2011. Silver fir stand productivity is enhanced when mixed

with Norway spruce: evidence based on large-scale inventory data and a generic

modelling approach. Journal of Vegetation Science 22: 932–942.
Van Oijen M, Rougier J, Smith R. 2005. Bayesian calibration of process-based

forest models: bridging the gap between models and data. Tree Physiology 25:
915–927.

Wiley E, Helliker B. 2012. A re-evaluation of carbon storage in trees lends greater

support for carbon limitation to growth. New Phytologist 195: 285–289.
Wolf A, Field CB, Berry JA. 2011. Allometric growth and allocation in forests: a

perspective from FLUXNET. Ecological Applications 21: 1546–1556.
Woodruff DR, Meinzer FC. 2011. Size-dependent changes in biophysical control

of tree growth: the role of turgor. In: Meinzer FC, Lachenbruch B, Dawson T,

eds. Size-and age-related changes in tree structure and function. New York City,

NY, USA: Springer, 363–384.
Zaehle S, Sitch S, Prentice IC, Liski J, Cramer W, Erhard M, Hickler T, Smith

B. 2006. The importance of age-related decline in forest NPP for modeling

regional carbon balances. Ecological Applications 16: 1555–1574.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information tab for this article:

Notes S1Description of the CASTANEA model.

Notes S2Description of the datasets.

Notes S3 Presentation and spatial dependences of the
FAPARmax measured at the NFI sites.

Notes S4Calibration procedure.

Notes S5 Prior and posterior distributions of the optimized
parameters.

Notes S6 Performance criteria.

Notes S7 Evaluation of the CASTANEA model by age classes
using the NFI wood growth evaluation dataset.

Notes S8 Temporal evaluation (year to year) of the CASTANEA
model (FULL version) using the RENECOFOR and Pu�echabon
aboveground wood growth datasets (nonstandardized data).

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2016) � 2016 The Authors

New Phytologist� 2016 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist14

http://CRAN

