Geosci. Model Dev., 13, 905-935, 2020
https://doi.org/10.5194/gmd-13-905-2020

© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

HETEROFOR 1.0: a spatially explicit model for exploring the
response of structurally complex forests to uncertain future
conditions — Part 1: Carbon fluxes and tree dimensional growth

Mathieu Jonard', Frédéric André', Francois de Coligny?, Louis de Wergifosse', Nicolas Beudez?, Hendrik Davi’,

Gauthier Ligot*, Quentin Ponette', and Caroline Vincke'

'Earth and Life Institute, Université catholique de Louvain, Louvain-la-Neuve, 1348, Belgium
2 AMAP, Univ Montpellier, CIRAD, CNRS, INRAE, IRD, 34000 Montpellier, France
3Ecologie des Foréts Méditerranéennes (URFM), Institut National de la Recherche pour 1’ Agriculture, 1’ Alimentation et

I’Environnement (INRAE), Avignon, 84914, France

4Gembloux Agro-Bio Tech, Université de Liege, Gembloux, 5030, Belgium

Correspondence: Mathieu Jonard (mathieu.jonard @uclouvain.be)

Received: 12 April 2019 — Discussion started: 12 June 2019

Revised: 20 January 2020 — Accepted: 27 January 2020 — Published: 5 March 2020

Abstract. Given the multiple abiotic and biotic stressors re-
sulting from global changes, management systems and prac-
tices must be adapted in order to maintain and reinforce the
resilience of forests. Among others, the transformation of
monocultures into uneven-aged and mixed stands is an av-
enue to improve forest resilience. To explore the forest re-
sponse to these new silvicultural practices under a chang-
ing environment, one needs models combining a process-
based approach with a detailed spatial representation, which
is quite rare.

We therefore decided to develop our own model (HET-
EROFOR for HETEROgeneous FORest) according to a spa-
tially explicit approach, describing individual tree growth
based on resource sharing (light, water and nutrients).
HETEROFOR was progressively elaborated within Capsis
(Computer-Aided Projection for Strategies in Silviculture), a
collaborative modelling platform devoted to tree growth and
stand dynamics.

This paper describes the carbon-related processes of HET-
EROFOR (photosynthesis, respiration, carbon allocation and
tree dimensional growth) and evaluates the model perfor-
mances for three broadleaved stands with different species
compositions (Wallonia, Belgium). This first evaluation
showed that HETEROFOR predicts well individual radial
growth (Pearson’s correlation of 0.83 and 0.63 for the Euro-
pean beech and sessile oak, respectively) and is able to repro-

duce size—growth relationships. We also noticed that the net
to gross primary production (npp to gpp) ratio option for de-
scribing maintenance respiration provides better results than
the temperature-dependent routine, while the process-based
(Farquhar model) and empirical (radiation use efficiency) ap-
proaches perform similarly for photosynthesis. To illustrate
how the model can be used to predict climate change impacts
on forest ecosystems, we simulated the growth dynamics of
the mixed stand driven by three IPCC climate scenarios. Ac-
cording to these simulations, the tree growth trends will be
governed by the CO, fertilization effect, with the increase in
vegetation period length and the increase in water stress also
playing a role but offsetting each other.

1 Introduction

Forest structure and composition result from soil and cli-
mate conditions, management, and natural disturbances. All
of these drivers of forest ecosystem functioning are rapidly
evolving due to global changes (Aber et al., 2001; Lindner
et al., 2010; Campioli et al., 2012). While environmental and
societal changes are taking place and will continue to hap-
pen in the future, their magnitude and the way they will oc-
cur locally remain largely uncertain (Lindner et al., 2014).
Designing silvicultural systems and selecting tree species
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adapted to future conditions seem therefore to be risky bets
(Ennos et al., 2019). Messier et al. (2015) proposed another
vision of the forests in which they are considered as com-
plex adaptive systems whose future dynamics are inherently
uncertain. To maintain the ability of forests to provide a
large range of goods and services in whatever future condi-
tions, their resilience and adaptability must be improved by
favouring an uneven-aged structure and tree species mixture
(Thompson et al., 2009; Oliver et al., 2015). As the combi-
nations of site conditions, climate projections, stand struc-
tures and tree species compositions are nearly infinite, all of
the management options that could potentially enhance the
resilience and adaptive capacity of forests cannot be tested
in situ (Cantarello et al., 2017). Furthermore, such silvicul-
tural trials provide results only for the long run, given the life
span of trees, and cannot anticipate future conditions. Sce-
nario analyses based on model simulations are therefore use-
ful for selecting the most promising management strategies
and evaluating their long-term sustainability. To explore the
forest response to new silvicultural practices and yet unexpe-
rienced climate conditions in a realistic way, one needs new
process-based models that are able to deal with mixed and
structurally complex stands and to incorporate uncertainties
in future conditions (Berger et al., 2008; Bravo et al., 2019).

In connection with the traditional forestry, viewing forests
as stable systems that can be controlled, many empirical
models were developed to predict tree growth in mono-
cultures, considering that past conditions will remain un-
changed in the future. On the other hand, scientists devel-
oped process-based ecophysiological models to better under-
stand the short- and long-term forest ecosystem responses to
multiple and interacting environmental changes (Dufréne et
al., 2005). This can indeed not be done through direct ex-
perimentation because the multisite and multifactorial exper-
iments required for doing so would be too complex and too
expensive (Aber et al., 2001; Boisvenue and Running, 2006).
Most experiments of environment manipulation focus on sin-
gle or few factors during a limited period of time, which pre-
cludes to properly take into account interactions, feedbacks
and acclimation. To simplify the mathematical formalization
of ecophysiological processes (e.g. radiation interception)
and limit the calculation time, these process-based models
were first designed for pure even-aged stands without con-
sidering the spatial heterogeneity of stand structure.

With the increasing interest in uneven-aged stands and tree
species mixtures, cohort and tree-level models were also de-
veloped. Pretzsch et al. (2015) reviewed 54 forest growth
models to show how they represent species mixing. Among
those models, 36 were process-based with nine at the stand,
11 at the cohort and 16 at the tree level. While cohort mod-
els allow a description of the vertical structure of the stand,
tree-level models are generally necessary to consider the spa-
tial heterogeneity in the horizontal dimensions. To represent
stand structure in three dimensions, the model must not only
operate at the individual level but also consider the tree po-

Geosci. Model Dev., 13, 905-935, 2020

M. Jonard et al.: HETEROFOR 1.0 - Part 1

sition. In the review of Pretzsch et al. (2015), 11 process-
based models were individual-based and spatially explicit,
but only three of them accounted simultaneously for radia-
tion transfer, water cycling and phenology (i.e. BALANCE,
EMILION and MAESPA). Since it describes canopy and wa-
ter balance processes using a state-of-the-art approach (based
on a fine crown discretization), MAESPA is a very useful
tool for analysing outcomes of ecophysiological experiments
(Duursma and Medlyn, 2012). MAESPA is however not suit-
able for multiyear simulations since it contains no routine for
carbon allocation, respiration and tree dimensional growth.
EMILION is also restricted to 1-year simulation (no organ
emergence) and is specific to pine species with a quite de-
tailed structural approach (Bosc et al., 2000). In contrast,
tree dimensional growth is well described in BALANCE,
which possesses a fine representation of tree structure (Grote
and Pretzsch, 2002). In BALANCE, radiation interception by
trees and water cycling are based on simpler ecophysiolog-
ical concepts compared to MAESPA, and photosynthesis is
calculated with a 10d time step using the routine of Haxel-
tine and Prentice (1996). As the Forest v5.1 model (Schwalm
and Ek, 2004), BALANCE has the advantage of merging two
traditions, conventional growth and yield models together
with process-based approaches, providing outputs familiar
to foresters (classical tree and stand measurements obtained
from forest inventory) as well as carbon fluxes and stocks.
Among the three models, BALANCE is the only one that
considers mineral nutrition through the impact of nitrogen
(N) availability on tree growth. Some soil chemistry pro-
cesses (e.g. ion exchange or mineral weathering) are however
not described although they are essential to estimate bioavail-
ability of the major nutrients other than N (P, K, Mg and Ca).
Not considered in the review of Pretzsch et al. (2015), iLand
is another individual-based model that describes the ecophys-
iological processes with an intermediate level of detail using
simplified ecophysiological concepts (such as the radiation
use efficiency approach) in order to also simulate forest dy-
namics at the landscape scale. Later, Simioni et al. (2016)
developed the NOTG 3-D model to study water and carbon
fluxes in Mediterranean forests using an individual-based ap-
proach to account for the spatial structure of the stand. This
model is more suited for short-term simulations (a few years)
than long-term (a rotation) simulations since tree dimensions
are updated based on fixed empirical relationships between
diameter at breast height (dbh) and tree height or crown ra-
dius.

As the models accounting for both the functional and spa-
tial complexity are rare, we developed a new model (HET-
EROFOR) using a spatially explicit approach to describe in-
dividual tree growth based on resource use (light, water and
nutrients) in heterogeneous forests. While the BALANCE
and iLand models existed and responded roughly to our ex-
pectations, we decided to build a new model for several rea-
sons. First, we thought that another model of this particular
type would not be redundant if it was based on other con-
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cepts. Instead of calculating an index of light availability, we
chose to estimate radiation interception for all trees using a
ray tracing approach. For calculating photosynthesis and tree
transpiration, we selected the Farquhar model with a shorter
time step than in BALANCE in order to account for hourly
variations in climate and soil water conditions. While we
used a slightly more complex approach for the water balance
module (Darcy approach instead of bucket model for soil wa-
ter dynamics and rainfall partitioning when passing through
the canopy), our model rests on a simpler representation of
tree structure than BALANCE. Second, we aimed at incor-
porating a detailed tree nutrition and nutrient cycling module
since we realized the necessity to integrate nutritional con-
straints in forest growth modelling, especially for predicting
the response to climate change (Fernandez-Martinez et al.,
2014; Jonard et al., 2015). Finally, we wanted to develop the
model within the frame of a collaborative modelling platform
dedicated to tree growth and stand dynamics. Among the var-
ious platforms, Capsis was the only one allowing multimodel
integration and providing a user-friendly interface (Dufour-
Kowalski et al., 2012). HETEROFOR was therefore progres-
sively elaborated through the integration of various modules
(light interception, phenology, water cycling, photosynthesis
and respiration, carbon allocation, mineral nutrition, and nu-
trient cycling) within Capsis. The advantage of such a plat-
form is to use common development environment, model ex-
ecution system, user interface and visualization tools and to
share data structures, objects, methods and libraries.

To simulate the response of forests to management and
changing environmental conditions, structuring and integrat-
ing the existing knowledge into the process-based models is
essential but not sufficient. These models must also be docu-
mented and evaluated in order to know exactly their strengths
and limits when analysing their outputs. The objectives of
this paper are to (i) describe the carbon-related processes
of HETEROFOR (photosynthesis, respiration, carbon allo-
cation and tree dimensional growth), (ii) evaluate the model
ability in reconstructing tree growth in three broadleaved
stands of different species composition and compare various
options for describing photosynthesis, respiration and crown
extension, and (iii) illustrate its potentialities by simulating
tree growth dynamics in an oak and beech stand under vari-
ous IPPC (Intergovernmental Panel on Climate Change) cli-
mate scenarios.

2 Materials and methods
2.1 Overall operation of the HETEROFOR model

HETEROFOR is a model integrated in the Capsis
(Computer-Aided Projection for Strategies in Silviculture)
platform, which is dedicated to forest growth and dynam-
ics modelling (Dufour-Kowalski et al., 2012). HETEROFOR
uses the Capsis execution system and its methods to run sim-
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ulations and display the results. When running simulations
with HETEROFOR, Capsis creates a new project in which
the variables that describe the forest state are stored at a
yearly time step, starting from the initial forest characteris-
tics (initial step). Some variables (foliage state, water fluxes,
npp and gpp) are stored at an hourly or daily time step in
java objects created annually. This information is accessible
to the user through exports (see user manual in the Supple-
ment). Though some data structures and methods are shared
with other models integrated in Capsis, the initialization and
evolution procedures are specific to HETEROFOR.

For the initialization, HETEROFOR loads a series of files
containing tree species parameters, input data on trees (loca-
tion, dimensions and chemistry), soil (chemical and physical
properties) and open-field hourly meteorological data. These
data are used to create trees and soil horizons at the initial
step. The tree is divided in three structural compartments
(branch, stem and root) and three functional ones (leaf, fine
root and fruit). Then, HETEROFOR predicts tree growth at a
yearly time step based on underlying processes modelled at
finer time steps and at different spatial levels.

After the initialization step and at the end of each succes-
sive yearly time step, the phenological periods for each de-
ciduous species (leaf development, leaf colouring and shed-
ding) are defined for the next step from meteorological data.
When no hourly meteorological measurements are available,
the vegetation period is defined by the user who provides the
budburst and the leaf shedding dates. Knowing the key phe-
nological dates and the rates of leaf expansion, colouring and
falling, the foliage state of the deciduous species is predicted
with a daily time step during the year (de Wergifosse et al.,
2019). It is characterized by the proportions of leaf biomass
and of green leaves relative to complete leaf development,
which are key variables in the simulation of energy, water
and carbon fluxes within the forest ecosystem. The propor-
tion of green leaves impacts photosynthesis, leaf respiration
and tree transpiration, as these processes are not active any-
more on discoloured leaves, which however still intercept so-
lar radiation and rainfall. Based on a ray tracing approach,
the SamsaraLight library of Capsis (Courbaud et al., 2003)
calculates the proportions of solar radiation absorbed by the
trunk and the crown of each individual tree and the radiation
transmitted to the ground on average over the whole vegeta-
tion period (simplified radiation budget) or hourly for several
key dates (detailed radiation budget). Predicting how solar
energy is distributed within the forest ecosystem is necessary
to estimate foliage, bark and soil evaporation, tree transpira-
tion, and leaf photosynthesis.

Every hour, HETEROFOR performs a water balance and
updates the water content of each horizon. Rainfall is parti-
tioned into throughfall, stemflow and interception (André et
al., 2008a, b, 2011). Part of the rainfall directly reaches the
ground (throughfall), while the rest is intercepted by foliage
and bark. They both have a certain water storage capacity
which is regenerated by evaporation. When the foliage is sat-
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urated, the overflow joins the throughfall flux whose propor-
tion increases. As the bark saturates, water flows along the
trunk to form stemflow. Throughfall and stemflow supply the
first soil horizon (forest floor) with water, while soil evapo-
ration and root uptake deplete it. The water evaporation from
the soil (as well as from the foliage and the bark) is calcu-
lated with the Penman—Monteith equation based on the solar
radiation absorbed by each component. Using the same equa-
tion, individual tree transpiration is estimated by determining
the stomatal conductance from tree characteristics, soil wa-
ter potential and meteorological conditions. The distribution
of root water uptake among the soil horizons is done accord-
ing to the soil water potential and the vertical distribution of
fine roots. Water exchanges between soil horizons are con-
sidered as water inputs (capillary rise) or outputs (drainage).
These soil water transfers are calculated based on the soil
water potential gradient according to the Darcy law and us-
ing pedotransfer functions to determined soil hydraulic prop-
erties. By default, HETEROFOR calculates the water fluxes
at the stand scale by aggregating individual fluxes (i.e. tree
transpiration) or tree properties (e.g. foliage and bark capac-
ity or stemflow proportion). With this option, all trees take
up water in the same soil horizons, assuming that soil wa-
ter is redistributed homogeneously between two hourly time
steps. However, the user can choose an alternative option to
calculate all of the water fluxes at the individual level. In this
case, the model distributes the total soil volume in individ-
ual soil volumes (called pedons) and performs a water bal-
ance for each one. Contrary to the default option, assuming a
homogeneous horizontal water redistribution, the alternative
option supposes no water redistribution among pedons (de
Wergifosse et al., 2019).

The user can choose to calculate the gross primary pro-
duction of each tree (gpp) either based on a radiation use
efficiency approach distinguishing sunlit and shaded leaves
(yearly time step) or using the Farquhar et al. (1980) model
(hourly time step). The latter is analytically coupled to the
stomatal conductance model proposed by Ball et al. (1987).
The photosynthesis is computed using the library CAS-
TANEA that is also present in Capsis (Dufréne et al., 2005).
This calculation requires the proportions of sunlit and shaded
leaves, the direct and diffuse photosynthetically active radia-
tion (PAR) absorbed per unit leaf area, and the mean soil wa-
ter potential. At the end of the vegetation period, gpp is con-
verted to net primary production (npp) after the subtraction
of growth and maintenance respiration. Maintenance respi-
ration is either considered as a proportion of gpp (depending
on the crown to stem diameter ratio) or calculated hourly for
each tree compartment by considering the living biomass,
the nitrogen concentration and a Q1o function for the tem-
perature dependency following Ryan (1991) as in Dufréne et
al. (2005). Carbon allocation is done once a year at the end
of the vegetation period, which allows an update of the tree
dimensions for the next yearly time step, during which tree
size does not change. Allocation of carbon to foliage and fine
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roots is prioritized and carried out by ensuring a functional
balance between carbon fixation and nutrient uptake through
a fine root to leaf biomass ratio that depends on the tree nu-
tritional status (Helmisaari et al., 2007). Allometric relation-
ships are then used to describe carbon allocation to structural
components (trunk, branches and structural roots) and to de-
rive tree dimensional growth (diameter at breast height, total
height, height to crown base, height of maximum crown ex-
tension and crown radii in four directions) while considering
competition with neighbouring trees (Fig. 1).

Knowing the chemical composition of the tree compart-
ments for a given tree nutrient status, HETEROFOR com-
putes the individual tree nutrient requirements based on the
estimated annual growth rate and deduces the tree nutrient
demand after a subtraction of the amount of retranslocated
nutrients. In parallel, the potential nutrient uptake (soil nutri-
ent supply) is obtained by calculating the maximum rate of
ion transport towards the roots (by diffusion and mass flow).
The actual uptake is then determined by adjusting the tree
nutrient status and growth rate so that tree nutrient demand
matches soil nutrient supply. The nutrient limitation of tree
growth is achieved through the regulation of photosynthesis,
maintenance respiration and through the effect of the tree nu-
trient status on fine root allocation.

The soil chemistry is characterized at the tree or stand
scale for the various soil horizons defined by the user. In each
soil horizon, the chemical composition of the soil solution is
in equilibrium with the exchange complex and the secondary
minerals. Soil receives nutrients coming from atmospheric
deposition, organic matter mineralization and primary min-
eral weathering and is depleted by root uptake and immobi-
lization in microorganisms. The chemical equilibrium within
the soil solution, with the exchange complex or the minerals,
is updated yearly with the PHREEQC geochemical model
(Charlton and Parkhurst, 2011) coupled to HETEROFOR
through a dynamic link library.

In this paper, we present a detailed description of the pro-
cesses regulating the carbon fluxes (Fig. 1), while the phenol-
ogy and water balance modules are presented in a companion
paper (de Wergifosse et al., 2019) and the nutrient cycling
and tree nutrition module will be described later in a third

paper.
2.2 Detailed model description
2.2.1 Initialization

To initialize HETEROFOR, the relative position (x, y, z) and
the main dimensions of each tree must be provided, includ-
ing the following: girth at breast height (gbh; in centime-
tres), height (h; in metres), height of maximum crown ex-
tension (hlce; in metres), height to crown base (hcb; in me-
tres) and crown radii in the four cardinal directions (cr; in
metres). During the initialization phase, the biomass of each
tree compartment is calculated according to the equations
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Figure 1. Conceptual diagram of the HETEROFOR model. The incident PAR radiation is absorbed by individual trees using a ray-tracing
model (Samsaralight library). Then, the absorbed PAR (aPAR) is converted into gross primary production (gpp) based on the PAR use
efficiency concept (first option) or with a biochemical model of photosynthesis (second option). The photosynthesis calculation depends on
the soil water potential, which is updated hourly thanks to the water balance module described in detail in de Wergifosse et al. (2019). The
net primary production (npp) is obtained using a npp to gpp ratio or by subtracting the growth and maintenance respiration (the latter being
temperature dependent). npp is first allocated to foliage using an allometric equation function of tree diameter (dbh) and crown radius (cr).
All of these processes (radiation interception, photosynthesis, respiration and evapotranspiration) depend on the foliage development stage,
which is determined based on the phenology module. The carbon allocated to fine roots is determined based on a fine root-to-foliage ratio,
dependent on the tree nutritional status. Fruit production is calculated with an allometric equation based on dbh and on light availability. The
remaining carbon is allocated to structural compartments (roots, trunk and branches) using a fixed proportion for the below-ground part. dbh
and height growth (Adbh and A#) are deduced from the change in aboveground biomass by deriving and rearranging an allometric equation.

Finally, crown extension is predicted with a distance-dependent or distance-independent approach.

used for carbon allocation (see Sect. 2.2.4. If available, site-
specific allometric equations can also be used to calculate
initial biomasses of tree compartments. When data on fruit
litterfall are available, a file providing the amount of fruit lit-
terfall per year and per tree species can be loaded and used to
adapt the allometric equations predicting fruit production at
the individual level. When the water balance module is acti-
vated, two additional files must be loaded, including a file
describing soil horizon properties and another one for the
hourly meteorology. Finally, the user must provide the nu-
trient concentrations of the current leaves (N, P, K, Ca and
Mg) for each tree species. These foliar concentrations are
then used to estimate the tree nutrient status for each major
nutrient. When the tree nutrition and nutrient cycling mod-
ule is not activated, these concentrations are kept constant
throughout the simulation.

2.2.2 Gross primary production

The annual gross primary production of each tree (gpp; in
kilograms of C per year) is calculated either based on a PAR
use efficiency (PUE) approach (Monteith, 1977) or using the
photosynthesis method of the CASTANEA model (Dufréne
et al., 2005). For the first option, the only input needed by
the model is the mean monthly global radiation. The second
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option requires hourly meteorological data and the activation
of the water balance calculation. In any case, a series of in-
termediate variables are needed to calculate gpp.

For the PUE approach, the model uses the solar radiation
absorbed by each tree during the vegetation period (aRAD;
in megajoules per year); aRAD is then converted in PAR
(aPAR; in moles of photons per year) by supposing that 46 %
of the solar radiation (RAD) is PAR and 1MlJ is equivalent
to 4.55 moles of photons. The diffuse and direct components
of aPAR are also considered (aPARgisr and aPARgj,; in moles
of photons per year). While all of the leaves receive diffuse
PAR, only sunlit leaves absorb direct PAR. To estimate the
sunlit-leaf proportion (Propy)) at the tree level, HETEROFOR
uses an adaptation of the classical stand-scale approach based
on the Beer—Lambert law (Teh, 2006):

1 —exp(—k - LAI)
. :

Propg = 1
with k, the extinction coefficient, and LAI, the leaf area index
(in square metres per square metre).

At the individual scale, the leaf area index is calculated
by dividing the tree leaf area (aje,f; in square metres) by the
crown projection area (cpa; in square metres). The value ob-
tained is then multiplied by the light competition index (LCI;
in megajoules per megajoule) to account for the shading ef-
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fect of the neighbouring trees as follows:

l—exp(—k~%
k

where LCI is the ratio between the absorbed radiation calcu-
lated with and without neighbouring trees in Samsaral.ight.
LCI ranges from 0 (no light reaching the tree) to 1 (no light
competition).

To adapt the PAR use efficiency (PUE) concept at the tree
level, we considered a distinct PUE for sunlit (sl) and shaded
(sh) leaves and calculated an average PUE weighted as fol-
lows:

Propy = ) -LCI, )

pue =
aPAR gifr - (Propsl - PUEy + Propy, - PUESh) + aPARg;, - PUEg
aPAR ’

3

This pue value is then used to calculate gpp based on aPAR
and a reducer accounting for water stress (redyater) as fol-
lows:

gpp = aPAR - pue - redyater- @

The default value of redywater i 1, but, when the water bal-
ance module is activated, it is set to the ratio between the
actual and the potential (i.e. considering no soil water limita-
tion) tree transpiration (facual and fpe; in litres per year). This
ratio estimates the fraction of the vegetation period during
which stomata are partially or totally closed due to a limita-
tion in soil water availability. Since this ratio is always lower
or equal to 1, a correction factor is applied to avoid introduc-
ing a bias.

Tactual
- CO

&)

redwater =
Tpot

gpp can also be estimated using the photosynthesis method
of CASTANEA (Dufréne et al., 2005). This method consists
in the biochemical model of Farquhar et al. (1980) analyt-
ically coupled with the approach of Ball et al. (1987) that
linearly relates stomatal conductance to the product of the
carbon assimilation rate by the relative humidity. The slope
of this relationship varies between 0 and 1, with the soil wa-
ter availability characterized in HETEROFOR based on a de-
creasing exponential function of the mean soil water poten-
tial (see eq. 55 in de Wergifosse et al., 2019). The formulation
of Ball et al. (1987) was slightly adapted to the tree level by
accounting for the influence of tree height. Indeed, leaf water
potential increases with leaf height and induces a decrease
in stomatal conductance (Ryan and Yoder, 1997; Schifer et
al., 2000). In eq. (55) in de Wergifosse et al. (2019), stomatal
conductance is inversely proportional to the height of maxi-
mum crown extension.

The photosynthesis routine requires, at an hourly time
step, the direct and diffuse PAR absorbed per unit leaf area.
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The direct PAR is intercepted only by sunlit leaves and is ob-
tained by multiplying the hourly incident PAR (micromoles
of photons per square metre per second) by the proportion of
direct PAR absorbed by sunlit leaves. For a tree, this propor-
tion is fixed by default for the whole vegetation period and
calculated as the ratio between the direct PAR absorbed per
unit sunlit-leaf area during the vegetation period (in moles
of photons per square metre per year) and the incident PAR
accumulated over the same period (in moles of photons per
square metre per year). A similar procedure is used for the
diffuse absorbed PAR, except that it is related to the total leaf
area. When using the detailed version of SamsaraLight, the
proportions of direct/diffuse PAR absorbed per unit leaf area
change every hour during the day and depending on the phe-
nological stage. The photosynthesis routine of CASTANEA
also requires the foliar nitrogen concentration to estimate the
maximal carboxylation rate (Dufréne et al., 2005).

2.2.3 Growth and maintenance respiration

The value of gpp is converted to annual net primary produc-
tion (npp; in kilograms of C per year) using either a ratio
depending on the crown to stem diameter ratio (Eq. 6) or,
after subtraction of growth (gr) and maintenance respiration
(mr) (Eq. 7), according to the theory of respiration developed
by Penning de Vries (1975).

npp = gPP - Fnpp_gpp (DdIndex) (6)
npp = gpp —mr — gr @)

Miikeld and Valentine (2001) showed that the npp to gpp ratio
changes with some tree characteristics (tree height and age).
Based on simulated gpp and npp reconstructed by using the
model in reverse mode (see Sect. 2.2.7), we tested the im-
pact of several variables characterizing tree dimensions and
shape (height, dbh, crown radius, crown volume, crown to
stem diameter ratio, and aboveground volume or biomass)
on the npp to gpp ratio. The best relationship was obtained
with the crown to stem diameter ratio (Dd; in metres per me-
tre), which had a negative effect on the npp to gpp ratio. This
indicates that the proportion of gpp lost by respiration in-
creases for trees with a large crown. Unfortunately, the crown
to stem diameter ratio not only varies with the tree shape
reflecting past competition conditions but also changes dur-
ing the course of the tree development for some tree species.
Therefore, we standardized it to remove the size effect in or-
der to obtain an index (DdIndex) that only characterizes the
tree shape. This index is particularly useful in accounting for
the large differences in the oak crown extensions according
to the silvicultural system (large crowns in former coppices
with standards vs. narrow crowns in dense high forests).

Fapp_gpp = @ + B - DdIndex, ®)
where o and 8 are parameters and DdIndex is defined as
Dd
DdIndex = , ©)
pred
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with Dd, the crown to stem diameter ratio determined from
the tree mean crown radius (Cryean; in metres) and diame-
ter at breast height (dbh; in metres), and Ddped, the crown
to stem diameter ratio predicted based on the girth at breast
height (gbh; in centimetres):
Dd bh ! 8 ! 10
pred =+ -8 +y'gbh+ .gbhz' (10
In Eq. (7), maintenance respiration is calculated for each tree
by summing the maintenance respiration of each compart-
ment, which is estimated from the nitrogen content of its
living biomass, and considering a Q¢ function for the tem-
perature dependency. During daytime, the inhibition of fo-
liage respiration by light is taken into account by considering
that this inhibition reduces respiration by 62 % (Villar et al.,
1995).

T—Tret
mr = Zcomp‘ (bcomp. * fiiving * [IN] - Ry - Qloigomp) , (1D

with beomp., the tree compartment biomass (kilograms of or-
ganic matter), fiiving, the fraction of living biomass, [N], the
nitrogen concentration (in grams per kilogram), Rr,, the
maintenance respiration per gram of N at the reference tem-
perature (15 °C), and T, the air temperature for aboveground
tree compartments or the soil horizon temperature for roots
(see Appendix A). Root maintenance respiration is estimated
for each soil horizon separately.

The fraction of living biomass is fixed to 1 for leaves
and fine roots or equals the proportion of sapwood for the
structural tree compartments. The sapwood proportion is de-
rived from the sapwood area (@sapwood; in square centime-
tres), which is determined based on an empirical function
of the tree compartment diameter (Dcomp.; in centimetres) as
follows:

2
Asapwood = @ + b Deomp. +C- gcomp,' (12)

Growth respiration (gr) is the sum of the tree compartment
growth respirations, which are proportional to their biomass
increments (see Sect. 2.2.4).

gr= Zcomp. (Rgr : Abcomp‘) > (13)

where Rg; is the growth respiration per unit biomass incre-
ment (in kilograms of C per kilogram of C).

2.2.4 Carbon allocation and dimensional growth

For each tree, the npp and the carbon retranslocated from
leaves and roots (rtiear and rtfne root; in kilograms of C per
year) are distributed among the various tree compartments
at the end of the year. rtjeor and rtape root are determined as
follows:

I'leaf or fine root =

bleaf or fine root * Oleaf or fine root * ITleaf or fine roots (14)
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where biear and bfine root are the tree leaf and fine root
biomasses (in kilograms of C), 8jear and Sfine root are the leaf
and fine root turnover rates (in kilograms of C per kilogram
of C per year), and rtriear and rtriipe root are the leaf and fine
root retranslocation rates (in kilograms of C per kilogram of
O).

bieat 1s estimated with an allometric equation based on the
stem diameter at breast height (dbh; in centimetres) and on
the crown to stem diameter ratio (Dd),

bieat = @ - dbh? - DAY . (15)

bfine root 18 deduced from the leaf biomass using the fine root
to leaf ratio (Ffine root_leaf) as follows:

bﬁne root = bleaf * T'fine root_leaf - (16)

Tfineroot_leaf takes a value between a minimum
(Ffine root_leaf_min) and maximum  (rfine root_leaf_max) Tatio,
depending on the tree nutritional status, in accordance with
the concept of functional balance (Mikela, 1986). This
means that a higher ratio (more carbon allocation to fine
roots) is used when tree suffers from nutrient deficiency. For
each nutrient, a candidate ratio is obtained based on a linear
relationship depending on the nutritional status. The ratio
increases when the nutritional status deteriorates, and this
effect is more pronounced for nitrogen (N), with nitrogen
(N) > phosphorus (P) > potassium (K) > magnesium (Mg)
> calcium (Ca). Among the candidate ratios, the maximum
is retained in order to account for the fact that the most
limiting nutrient has the dominant effect. For each nutrient,
the nutritional status is bounded between 0 and 1 and
calculated based on the foliar concentrations (provided in the
inventory file) and the optimum and deficiency thresholds
(Mellert and Géttlein, 2012).

. [Foliar Nutrient] — Deficiency
Status(Nutrient) = - - . (17)
Optimum-Deficiency

The leaf and fine root litter amounts (Siear and Sfine root; 1N
kilograms of C per year) are estimated based on the turnover
rate taking into account the retranslocation as follows:

Sleaf or fine root =

bleaf or fine root * Oleaf or fine root * (1 — I'jeaf or fine root) . (18)

Allocation priority is given to leaves and fine roots. The car-
bon allocated to leaves corresponds to the annual leaf pro-
duction (pjear; in kilograms of C per year), which is equal
to the fallen leaf biomass of the previous year plus the leaf
biomass change (Abje,t; in kilograms of C per year),

Dleaf = bieaf,_, - Sieaf + Abjeat, (19)
where Abjeyt 1s determined by

Ableaf = bleaft - bleaf,,l , (20)
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where biear, , and bjeqr, are the tree leaf biomasses corre-
sponding to the previous and the current years, respectively.

The fine root production is then estimated according to the
same logic.

Dfine root = Dfine root;_1 * Ot + Ab, 21)

where bfine root,_, 1S provided by Eq. (16).

When the carbon allocated to leaves and fine roots is
higher than the npp plus the retranslocated carbon (sup-
pressed trees with low gpp and npp for their size), the leaf
and fine root productions are recalculated so that they do not
exceed 90 % of the available carbon.

Then, the fruit production (pgi; in kilograms of C
per year) is estimated with an allometric equation similar
to Eq. (15) and is considered directly proportional to the
light competition index since fructification is known to be
favoured when tree crowns are exposed to the sun (Greene et
al., 2002; Davi et al., 2016). A threshold dbh (dbhhreghold; in
centimetres) is fixed, below which no fruit production occurs.

Ptruit = & - LCI - (dbh — dbhypyeshola)? (22)

In this equation, the parameter « takes a default value or is
adapted based on the fruit production of the year (when the
file with the amount of fruit litterfall per year and per tree
species is loaded).

Part of the carbon is also used to compensate for branch
and root mortality. The branch mortality (Spranch; in kilo-
grams of C per year) is described with an equation of the
same form as Eq. (15), while the structural root mortality
(Sroot; in kilograms of C per year) is obtained using a turnover
rate similar to that of the branches.

After subtracting the leaf, fine root and fruit productions
and the root and branch senescence, the remaining carbon is
allocated to structural tree compartment growth:

Abgtructural = NPP+Tt— Pleaf — Pfine root — Pfruit — Sbranch — Sroot -
(23)

At this stage, the remaining carbon is partitioned between
the above- and below-ground parts of the tree according to a
fixed root-to-shoot ratio (7root_shoot) as follows:

Abstructural
Abstructl.lral_.albove = < (24)
(1+r root_shoot)
Abstructural_below - Abstructural - Abstructural_above- (25)

The increment in aboveground structural biomass is then
used to determine the combined increment in dbh and total
height (; in metres) based on an allometric equation used
to predict aboveground woody biomass (Genet et al., 2011;
Hounzandji et al., 2015),

bstructural_above = @ + B (dbh2 -h)Y. (26)
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Deriving this equation and rearranging terms gives

Abgiuctural_above = By (dbh? - )Y "' A(dbh? - r) 27)
Abstructural_above

A(dbh? . p) = —STucraanove
( ) By (dbh? - h)yr =1

(28)
The development of the left term provides
A (dbh2 : h) — (dbh + Adbh)? - (i + Ah) —dbh® -,  (29)

which can be further developed (see Appendix B for details)
to isolate Ah:

_ A(dbh?-h) & - Adbh?
h= 5 — 5 (30)
dbh dbh
From Eq. (30), we know that the height increment can be ex-
2.
pressed as a function of A(dbhz h). In the following, we refer

to it as the height growth potential (Ahpo) since it corre-
sponds to the height increment if all of the remaining carbon
was allocated to height growth. Contrary to the other term

of Eq. (30) (%), which is unknown, this height growth

potential can be evaluated at this step by dividing the result of
Eq. (28) by dbh?. However, depending on the level of com-
petition for light and on the tree size, only part of this height
growth potential will be effectively realized for the height
increment. For each tree species, an empirical relationship,
predicting height growth from the height growth potential,
the light competition index and the tree size (dbh or height),
was therefore fitted based on successive inventory data (see
Appendix E).

Ah=a+b-dbh+c-h+d-LCI+e- Ahpy
2 3
+f- (Ahpot) +g- (Ahpot) (31

The dbh increment is then determined by rearranging
Eq. (29) as follows:

A (dbh* - h) + dbh* - h
Adbh = — dbh. (32)
(h+ Ah)

The increments in root, stem and branch biomasses are ob-
tained as follows:

Abroot = F'root_shoot * Abstructural_above (33)
Abstem =

£+ ((dbb+ AdbR) - (rger + Agen) — dbh? - hget) - (34)
Abbranch - Abstructural_above - Abstem7 (35)

where f is the form coefficient (in cubic metres per cubic
metre), p is the stem volumetric mass (in kilograms of C per
cubic metre) and Ay is the Delevoy height (in metres) cor-
responding to the height at which stem diameter is half the
diameter at breast height (see Appendix C).
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The branch and root biomasses are then distributed in three
categories, defined based on the diameter, which are as fol-
lows: small branches/roots < 4 cm, medium branches/roots
between 4 and 7 cm and coarse branches/roots > 7 cm. The
proportions of small, medium and coarse branches/roots are
determined based on equations of the same form as those
presented in Hounzandji et al. (2015) for oak branches. Un-
til we can adjust these equations on appropriate data sets,
the parameters of Hounzandji et al. (2015) are also used for
beech branches and for oak and beech roots. The distribution
in the root categories has no impact on the functioning of the
model since this information is not used elsewhere. This is
just a model output that the user can ignore or consider as a
whole.

2.2.5 Crown extension

Depending on whether the competition with the neighbour-
ing trees is taken into account or not, the crown dynamics can
be described by two different approaches. When local com-
petition is not considered (distance-independent approach),
changes in crown dimensions are derived from dbh or height
increment based on the following empirical relationships:

Ahlce = hlce% - Ah 36)

Ahcb = heb% - Ah 37

Acr = Ddyreg - 2000 (38)
200

where hcb% and hlce% are the proportions of the total height
corresponding to the height to crown base (hcb; in metres)
and to the height of largest crown extension (hlce; in metres),
respectively; Acr is the change in crown radius (in metres)
whatever the direction; Ddpreq is the crown to stem diameter
ratio estimated by Eq. (10).

Alternatively, the changes in crown dimensions can be de-
scribed based on the competition with the neighbouring trees
(distance-dependent approach). The space around a target
tree is divided into four sectors according to the four cardinal
directions (north between 315 and 45°, east between 45 and
135°, south between 135 and 225°, and west between 225
and 315°). In each sector, the tree that is the closest to the
target tree is retained as a competitor if its height is higher
than the hcb of the target tree. Beyond a certain distance (i.e.
2 times the maximal crown radius of 10 m), no competitor
is considered. For each main direction, the model calculates
an hlce at equilibrium (hlceeq; in metres) for the target tree.
This hlce at equilibrium is located between a minimum (hcb;
in metres) and a maximum (hlcepay; in metres). hlcenay is
obtained by determining the higher intersection between the
potential crowns of the target tree and the competitor. The
potential crown of a tree is the crown that this tree would
have had in absence of competition and is considered as hav-
ing the shape of a half-ellipsoid, centred on the tree trunk and
with the semi-axis lengths equal to the tree potential crown
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radius (Crpot; in metres; see below) and to the crown length
(h—hcb). hiceeq is positioned between the minimum and the
maximum values according to the competition intensity, es-
timated based on the target tree and the competitor heights
(Mtarget and hcomp; in metres), as well as the heb of the target
tree (Appendix D).

hlceeq =
h — heb
heb + (hlcemax — heb) - max <0, min (1, M))
htarget —hcb
(39)
The four values of hlceeq are then averaged (hlceeq mean)-

Finally, the change in hlce is determined as follows:
if hlce < hlceeq_means

Ahlce = min(Ahlcepax, hlceeq_mean — hlce) 40)
else,
Abhlce = max(— Ahlcemax, hlceeq_mean — hice), “1

where Ahlcep,x is the maximum change in hlce allowed by
the model.

The change in hcb is obtained with the same logic.
If heb < hebeg_means

Ahcb = min(Ahcbyax, hebeg mean — heb), 42)
else,
Ahcb = max(—Ahcbmax, hcbeq_mean — heb), 43)

where hcbeq_mean is the heb estimated from the tree height
based on hcb% (Eq. 37).

The changes in the four crown radii are calculated based
on crown radii at equilibrium (creq; in metres), which are es-
timated by considering the competitive strength of the target
and neighbouring trees. For a given direction, creq is cal-
culated based on the potential (free-growth) crown radius
of the target tree (Crpot_arget; in metres) and its competitor
(Crpot_comps in metres), the distance between the two trees (d;
in metres), and the crown overlap ratio (Foverlap; in metres per
metre) as follows:

CIpot_target

Cleq = d-r overlap_target - (44)

Clpot_target 1 Clpot_comp
The potential crown radius (crpot) of a tree if determined by

dbh

Clpot = 200 - Ddpreqd - sh, 45)
where Ddpreq is the crown to stem diameter ratio estimated
by Eq. (10), and sh is a coefficient allowing a shift from the
mean to the maximum Ddpreq.

The crown overlap ratio is estimated by considering neigh-
bouring trees of the same species two by two and then calcu-
lating the ratio between the sum of their crown radii and the
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distance between the corresponding tree stems. This overlap
ratio accounts for the capacity of a tree species to penetrate
in neighbouring crowns.

The change in crown radius is then determined for each
direction as follows:

if cr < cregq,

Acr = min(AcCrpxCreq — 1), (46)
else,

Acr = max(—ACrpyxCleq — CT), 47)

where Acrpin and Acrpyax are respectively the minimum and
the maximum change in cr allowed by the model. They are
obtained in a similar way as crpo, With

Adbh

——— -Dd-sh. (48)
200

ACTmax =

2.2.6 Tree harvesting and mortality

During the simulation, thinning can be achieved at each an-
nual step by (i) selecting the trees from a list or a map or ac-
cording to tree characteristics (tree species, age, dbh, height,
etc.), (ii) defining the number of trees to be thinned per di-
ameter class using an interactive histogram, or (iii) loading
a file listing the trees that must be thinned. In addition, the
thinning methods developed for GYMNOS and QUERGUS
are compatible with HETEROFOR. They allow one to reach
a target basal area, density or relative density index by thin-
ning from below or from above or by creating gaps (Ligot et
al., 2014).

When the npp of a tree is not sufficient to ensure a normal
leaf and fine root development (for suppressed trees and/or
after a severe drought), the leaf biomass is reduced and in-
duces a defoliation, which is estimated as follows:

Dieaf — Die:
Def — leaf leaf_corr ) 1007 (49)

bieaf
where Djear and Diear corr are, respectively, the leaf biomass
estimated with Eq. (15) and the leaf biomass corrected to
match the available carbon (see Sect. 2.2.4).

Tree mortality occurs when trees reach a defoliation of
90 %, considering that a tree with less than 10 % of its leaves
is in an advanced stage of decline and is unlikely to recover
(Manion, 1981). Hence, HETEROFOR takes into account
the mortality resulting from carbon starvation due to light
competition and/or water stress (stomatal closure).

2.2.7 Growth reconstruction

HETEROFOR was adapted to allow the user to run it in re-
verse mode by starting from the known increments in dbh
and / to reconstruct an individual npp using exactly the same
parameters and equations as in the normal mode. To achieve
a reconstruction, an inventory file with tree measurements
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must be loaded to create the initial step. From this initial step,
the reconstruction tools can be launched and require another
inventory file with tree measurements achieved one or sev-
eral years later. Based on these two inventories, HETERO-
FOR calculates the mean dbh and % increments for each tree
and uses the model equations to reconstruct each step and
evaluate among other individual npp’s. The npp is obtained
by rearranging Eq. (23), in which the carbon allocated to the
structural biomass is calculated from the dbh and 4 incre-
ments using Egs. (27), (25) and (24). The carbon allocated
to leaf, fine root and fruit production is determined, respec-
tively, with Egs. (19), (21) and (22), while the amount re-
translocated from leaves and roots before senescence is eval-
uated with Eq. (14). Finally, the terms of Eq. (23) accounting
for the leaf and fine root litter were determined with Eq. (18).
In addition to two stand inventories, the reconstruction tool
also requires a file listing the trees which were cut or died be-
tween the two inventory dates and the last year during which
they were present in the stand.

2.3 Input variables and parameter setting for a case
study

The model was tested in three stands that contrast in structure
and species composition. These stands were located close
to each other (< 1km) on the same tableland (300 m eleva-
tion) in the western part of the Belgian Ardennes at Baileux
(50°01’'N, 4°24’E). The average annual rainfall is slightly
above 1000 mm, and the mean annual temperature is 8 °C.
The forest (60 ha) consists of sessile oaks (Quercus petraea
Liebl.) and European beeches (Fagus sylvatica L..) and lies on
acid brown earth soil (Luvisol according to the FAO soil tax-
onomy) with a moder humus and an Ay, By, C profile. The soil
has been developed on a loamy and stony solifluction sheet in
which weathering products of the bedrock (Lower Devonian:
sandstone and schist) were mixed with added periglacial
loess.

By the end of the 19th century, the Baileux forest was
probably an oak coppice with a few standards. Taking ad-
vantage of the massive oak regeneration in the 1880s, the for-
est developed progressively into a high forest and was then
invaded by beeches. In 2001, the area was covered by even-
aged oak trees and heterogeneously sized beech trees. At that
time, three experimental plots were installed at the Baileux
site in order to study the impact of tree species mixing on
ecosystem functioning (Jonard et al., 2006, 2007, 2008; An-
dré et al., 2008a, b, 2010, 2011); two plots were located in
stands dominated by either sessile oak or beech, and the third
one was a mixture of both species (Table 1). In each plot, all
trees with a circumference higher than 15 cm were mapped
(coordinates) and measured (stem circumference at a height
of 1.3 m, total tree height, height of largest crown extension,
height to crown base and crown diameters in two directions)
at the end of the years 2001 and 2011.
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Table 1. Stand characteristics for the main tree species derived from stand inventories in 2001. Standard deviation is provided in parentheses.

Stand Tree species Tree density =~ Basal area gbh*  Dominant height

(Nha=l)  (mZha™ 1) (cm) (m)
Oak-dominated Sessile oak 187 16.2  100.6 (26.5) 21.9
(0.90 ha) European beech 118 4 46.4 (35.6) 15.5
Beech-dominated  Sessile oak 72 6.4 103.3 (18.1) 23
(1.44ha) European beech 217 16.5 87.5(41.5) 25
Mixed Sessile oak 118 129 115.5(21.0) 24.5
(1.80ha) European beech 352 17 91.2 (39.3) 25.7

* Girth at breast height.

Meteorological data were monitored with an automatic
meteorological station located in an open field that is 300 m
away from the forest site. Soil horizon properties were char-
acterized based on the soil profile description and the mea-
surements carried out by Jonard et al. (2011).

To run the simulations, the values of some model param-
eters were taken directly from the literature. Other parame-
ters involved in empirical relationships were fitted with either
data from previous studies or unpublished monitoring data
collected in the study site or in the International Co-operative
Programme on Assessment and Monitoring of Air Pollution
Effects on Forests (ICP Forests) level 1I plots of Wallonia
(Table 2). Potential explanatory variables in Eq. (31) used to
estimate height growth were selected by applying a stepwise
forward selection procedure based on the Bayesian informa-
tion criterion (BIC). A multivariate model was then adjusted
with the selected variables (Appendix E). The parameters of
the npp to gpp ratio relationship, the maintenance respiration
per gram of nitrogen at 15°C, and the PAR use efficiency
of sunlit and shaded leaves were adjusted with the nonlin-
ear minimization (nlm) function in R (R Core Team, 2013)
based on observed basal area increments (BAIs) using the
maximum likelihood approach. This calibration was com-
pleted only based on the data of the mixed stand, while the
model performances were evaluated with observations from
the three stands of the Baileux site.

All the simulations carried out in this study were run with
the default option for modelling phenology and water bal-
ance (de Wergifosse et al., 2019). In addition, since the tree
nutrition and nutrient cycling module was not activated, the
tree nutrient status remained constant during the simulations.

2.4 Statistical evaluation of model predictions

The quality of the model was evaluated for various combi-
nations of model options (i.e. photosynthesis model of CAS-
TANEA vs. PUE, npp to gpp ratio vs. temperature-dependent
maintenance respiration and distance-dependent vs. indepen-
dent crown extension) by comparing predicted and observed
BAIs using several statistical indices and tests such as the
normalized average error, the P value of the paired ¢ test, the
regression test, the root mean square error and the Pearson’s
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correlation (Janssen and Heuberger, 1995). For the regres-
sion test, the Deming fitting procedure (mcreg function of
the mcr package in R) was retained to account for the errors
in both the observations and the predictions. For all of the
simulations, the water balance module was activated. Some
option combinations were therefore not tested, such as the
PUE approach without activating the water balance.

The model quality was also evaluated based on its ability
to reconstruct the size—growth relationships for the sessile
oak and European beech in the three stands in Baileux. The
observed and predicted BAIs of the trees (calculated for the
2001-2011 period) were related to their girth at the begin-
ning of the assessment period. A segmented regression was
then applied to observations and predictions to determine the
girth threshold beyond which the basal area increment (BAI)
linearly increases with girth and to estimate the slope of the
linear relationship between the BAI and initial girth. The het-
eroscedasticity of the residuals was accounted for by mod-
elling their standard deviation with a power function of the
initial girth. The fitting was carried out using the nlm func-
tion in R.

2.5 Simulation experiment

To assess how the tree biomass production and its alloca-
tion to the different tree compartments were affected by cli-
mate conditions and management in the model, we simu-
lated the development of the mixed stand during a dry (2003,
with P = 948 mm and T,;; = 9.88 °C), a normal (2005, with
P = 1027 mm and T;; = 9.67 °C) and a wet year (2012, with
P =1117mm and Ty =9.37°C), and we repeated these
simulations after thinning this stand by reducing its basal
area by 25 %. The biomass production and its allocation were
assessed at the stand level as well as at the tree level for seven
cohorts (four beech cohorts and three oak cohorts), defined
based on the tree species and on the girth-class distribution.
For this first simulation experiment, we used the following
options: photosynthesis model of CASTANEA, npp to gpp
ratio and distance-independent crown extension.

A second simulation experiment was performed to illus-
trate how the model can be used to predict climate change im-
pacts on the functioning of the forest ecosystem. The growth
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Table 2. Description of model parameters for sessile oak and European beech and origin of their value.

Symbol Description Units Value Origin
Sessile oak European
beech
Carbon fixation
k extinction coefficient m~! 0.53 fitted with tree growth
data of the study site
PUE PAR use efficiency of sunlit leaves kg C per mole of photons  0.00006 0.000216 fitted with tree growth
data of the study site
PUE, PAR use efficiency of shaded leaves kg C per mole of photons  0.00105 0.000584 fitted with tree growth
data of the study site
Respiration
Asapwood parameters of the sapwood area 0.00/1.54/0.16 0.00/0.00/0.52 fitted with data from
function (a/b/c in Eq. 12) André et al. (2010)
Tnpp_gpp parameters of the npp to gpp ratio 0.997/—0.386 0.959/—0.408 fitted with tree growth
function (/b in Eq. 8) data of the study site
Rper maintenance respiration per gram moles CO, per gramof N 0.000079 0.000057 fitted with tree growth
of N at the reference temperature per hour data of the study site
(15°0C)
Rgr growth respiration per unit biomass kg C per kg C 0.2 Dufréne et al. (2005)
increment
Q10_leaf/fine root ~ temperature dependence coefficient — dimensionless 2.1 Vose and Bolstad
of leaf and fine root respiration (1999)
Q10_stem/root temperature dependence coefficient ~ dimensionless 1.7 Epron et al. (2001)
of stem and root respiration
010_branch temperature dependence coefficient ~ dimensionless 2.8 Damesin et al. (2002)
of branch respiration
Carbon allocation
bieaf parameters of the leaf biomass kgC 0.0026/1.96/ 1.469/2.00/ Jonard et al. (2006)
function («/b/y in Eq. 15) 1.96 0.00
bstructural_above ~ parameters of the aboveground kgC 0.000/263.4/ 0.056/292.8/ Hounzandj et al. (2015)
structural biomass («/b/y in 0.969 0.966 and Genet et al. (2011)
Eq. 26)
T'root_shoot root-to-shoot ratio kg CperkgC 0.18 Genet et al. (2010)
Tfr_leaf_min minimum fine root to leaf ratio kg C per kgC 0.5 literature data compila-
tion
Tfr_leaf max maximum fine root to leaf ratio kg C per kgC 2.5 literature data compila-
tion
Sleaf leaf relative loss rate kg C per kg C per year 1
Ofr fine root relative loss rate kg C per kg C per year 1 Grote and Pretzsch
(2002)
f stem form factor m3per m3 0.52 Hounzandj et al. (2015)
and Genet et al. (2011)
P stem volumetric mass kgC m~3 562.17 556 Hounzandj et al. (2015)
and Genet et al. (2011)
Itieaf leaf retranslocation rate kg C per kg C per year 0.4 0.45 determined based on
tree foliage data of the
study site
Itroot fine root retranslocation rate kg C per kg C per year 0.4 0.45 same values as leaves
Sbranch parameters of the branch mortality kg C 6.0E-9/3.064/ 5.00E-5/2.681/ fitted with data from
function («/b/y as in Eq. 15) 3.064 0.00 André et al. (2010)
Dfruit parameters of the fruit production kgC 9.50E-4/2.5 8.00E-4/2.5 fitted with litterfall data
function («/b in Eq.22) from level II plots
of Wallonia
dbhpreshold threshold dbh for fruit production cm 25 field observations

Geosci. Model Dev., 13, 905-935, 2020
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Symbol Description Units Value Origin
Sessile oak European
beech
Tree dimension increment
hlce% height fraction corresponding to the m per m 0.81 0.77 determined based on
largest crown extension height tree inventory data of
the study site
hcb% height fraction corresponding to the m per m 0.7 0.61 determined based on
crown base height tree inventory data of
the study site
Dd parameters of the crown to stem diame- m per m 16.20/0.0280/ 10.49/0.00/ determined based on
ter function («/b/y /§ in Eq. 10) 0.00/0.00 1379/—-2881 tree inventory data of
the study site
sh coefficient to shift the crown to stem dimensionless  1.25 1.5 determined based on
diameter ratio to its maximum tree inventory data of
the study site
Toverlapping ~ Mean crown overlapping ratio m per m 1 1.2 determined based on

Ahlcemax maximum annual change in the largest ~ myr
crown extension height

Ahcbmax maximum annual change in the crown m yr_1
base height

tree inventory data of
the study site

0.5 determined based on
tree growth data of
the study site

0.5 determined based on
tree growth data of the
study site

dynamics in the mixed stand in Baileux was simulated ac-
cording to three IPCC climate scenarios using the follow-
ing options: photosynthesis model of CASTANEA, npp to
gpp ratio and distance-independent crown extension. The cli-
mate scenarios retained for this study were obtained from
the global circulation model CNRM-CMS5 (Voldoire et al.,
2013) based on the representative concentration pathways
(RCPs) for atmospheric greenhouse gases described in the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (Collin et al., 2013). The representative con-
centration pathways (RCP2.6, RCP4.5 and RCP8.5) are char-
acterized by the radiative forcing in the year 2100 relative
to preindustrial levels (+2.6, +4.5 and +8.5W m~2). The
CNRM-CMS describes the earth system climate using vari-
ables such as air temperature and precipitation on a low-
resolution grid (1.4° in latitude and longitude). Although re-
liable for estimating global warming, such a model fails to
capture the local climate variations. Therefore, these climate
projections were downscaled by the Royal Meteorological
Institute of Belgium (RMI), using the regional climate model
ALARO-0 (Giot et al., 2016). The meteorological files that
were received from RMI are hourly values of the longwave
and shortwave radiation, air temperature, surface tempera-
ture, rainfall, specific humidity, zonal and meridional wind
speeds and atmospheric pressure with a 4 km spatial resolu-
tion. Specific humidity was converted into relative humidity
using the Tetens formula (Tetens, 1930). For a reference pe-
riod (1976-2005), we compared the models predictions with

www.geosci-model-dev.net/13/905/2020/

observed meteorological data and detected some biases, es-
pecially for precipitation (overestimation of 27 %). To cor-
rect these biases, we applied correction factors depending on
the month (Maraun and Widmann, 2018). An additive cor-
rection factor was used for the bounded variables (radiation,
precipitation, relative humidity and wind speed), and a mul-
tiplicative was used for the other variables (air and surface
temperatures).

For the simulations, two 24-year periods (100 years apart)
were considered. The period from 1976 to 1999 served as
a historical reference, while the rest of the simulations based
on climate projections were conducted for the 20762099 pe-
riod. The simulations were performed by either keeping the
CO; concentration of the atmosphere constant (i.e. 380 ppm)
or allowing it to vary yearly according to the climate sce-
narios. Each simulation started with the same initial stand
(mixed stand in Baileux in 2001) and lasted 24 years; a thin-
ning operation (25 % in basal area) was carried out in 1978 or
2078 and in 1990 or 2090 (12-year cutting cycle). The mean
basal area increments obtained with the various climate sce-
narios were compared using the Tukey multiple comparison
test.

Geosci. Model Dev., 13, 905-935, 2020
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Table 3. Statistical evaluation of predicted basal area increments (vs. observations) for various combinations of model options using nor-
malized average error (NAE), paired ¢ test, regression test, root mean square error (RMSE) or Pearson’s correlation (Pearson’s 7). Standard

deviation or confidence intervals are provided in parentheses.

Model options NAE  Paired 7 test Orthogonal regression RMSE  Pearson’s r
Tree species P value intercept slope

CASTANEA; npp to gpp ratio; distance-independent crown extension

European beech 0.159 0.00 1.59(£1.06) 0.75(£0.05) 8.64 0.87
Sessile oak —0.052 0.18 5.28(£2.85) 0.75(£0.14) 9.33 0.63
CASTANEA; npp to gpp ratio; distance-dependent crown extension

European beech 0.090 0.04 1.75(x1.36) 0.79(£0.07) 8.95 0.83
Sessile oak —0.020 0.61 4.54(£3.06) 0.77(£0.14) 9.11 0.63
CASTANEA; temperature-dependent maintenance respiration; distance-independent crown extension

European beech 0.426 0.00 3.55(£2.06) 0.53(£0.07) 17.97 0.74
Sessile oak —0.013 0.79  7.18(£3.02) 0.62(£0.13) 11.03 0.59
CASTANEA; temperature-dependent maintenance respiration; distance-dependent crown extension

European beech 0.544 0.00 2.89(£2.07) 0.53(£0.06) 18.60 0.77
Sessile oak 0.054 025 6.07(£3.42) 0.64(£0.14) 11.07 0.58
PUE; npp to gpp ratio; distance-independent crown extension

European beech 0.007 0.85 1.60(£1.19) 0.86(£0.06) 7.64 0.85
Sessile oak —0.181 0.00 2.93(£4.14) 1.02(£0.24) 9.04 0.54
PUE; npp to gpp ratio; distance-dependent crown extension

European beech  —0.110 0.01 1.84(%1.57) 0.96(40.09) 8.41 0.79
Sessile oak —0.223 0.00 1.76(£5.61) 1.16(£0.35) 9.67 0.45
PUE; temperature-dependent maintenance respiration; distance-independent crown extension

European beech 0.182 0.01 4.17(£2.37) 0.61(%£0.09) 1543 0.68
Sessile oak —0.172 0.00 4.65(£3.85) 0.90(£0.21) 9.31 0.55
PUE; temperature-dependent maintenance respiration; distance-dependent crown extension

European beech 0.223 0.00 3.36(£2.47) 0.64(£0.09) 14.73 0.71
Sessile oak —0.176 0.00 4.06(£5.02) 0.95(£0.28) 9.79 0.47

3 Results
3.1 Reconstructed npp vs. predicted gpp

Based on two successive stand inventories (2001 and 2011)
and using HETEROFOR in reverse mode (see Sect. 2.2.7),
the individual npp was reconstructed and related to the gpp
predicted with the photosynthesis method of CASTANEA.
The linear relationship between npp and gpp explained 79 %
and 83 % of the variability in sessile oaks and European
beeches, respectively (Fig. 2). The intercept was positive and
just significantly different from O but did not differ between
the two trees species. The slope of the relationship was higher
for the sessile oak (0.50) than for European beech (0.40).

Geosci. Model Dev., 13, 905-935, 2020

3.2 Model performance in predicting individual basal
area increment (BAI)

HETEROFOR was run with different combinations of op-
tions for describing photosynthesis (biochemical model of
CASTANEA vs. PUE), respiration (npp to gpp ratio vs.
temperature-dependent maintenance respiration) and crown
extension (distance-dependent vs. distance-independent).
The predictions carried out using the photosynthesis routine
of CASTANEA were generally slightly better correlated to
the observations than those obtained with the PUE approach,
which however displayed somewhat lower RMSE (Table 3).
For both of the photosynthesis calculation options, the use
of the maintenance respiration routine provided less accurate
predictions (higher NAE and RMSE and lower Pearson’s r)
than the npp to gpp ratio approach, and the degradation of

www.geosci-model-dev.net/13/905/2020/
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Figure 2. Relationship between the individual npp reconstructed
based on successive stand inventories (2001 and 2011) and the gpp
predicted with the process-based option (photosynthesis method of
CASTANEA) for the three stands. Values in parentheses are 95 %
confidence intervals for the intercept and the slope in the equations.
The Pearson’s correlation between npp and gpp is indicated on the
graph.

the model performance due to the maintenance respiration
option was more marked for the European beech than for the
sessile oak (Table 3). The option for describing crown exten-
sion had little effect on prediction quality. Depending on the
criterion considered, the options selected for calculating pho-
tosynthesis and respiration and the tree species, the distance-
independent approach was sometimes the best but not in all
cases (Table 3).

For the simulations using the CASTANEA photosynthe-
sis, we retained the npp to gpp approach and the distance-
dependent crown extension as the best combination of op-
tions since the associated predictions were on average not bi-
ased for oak and only slightly biased for beech (Table 3). For
this combination of options, the regression of the observed
BAIs on the predictions showed however a slight underes-
timation of the low BAIs and a small overestimation of the
high BAIs, which were more pronounced for the European
beech than for the sessile oak (Fig. 3). For the PUE method,
the npp to gpp ratio and the distance-independent crown ex-
tension provided the most accurate predictions (Table 3).

3.3 Reconstructing size-growth relationships

The size—growth relationships were very similar between ob-
servations and predictions for the mixed stand on which the
model was calibrated (Fig. 4). For the European beech in the
beech-dominated stand, the predicted increase in BAI with
the initial girth was steeper than the observed increase, re-
vealing a slight overestimation of the tree growth (Fig. 4).
The proportion of the BAI variance explained by the size—
growth relationship (R?) was higher for the European beech
than for the sessile oak for both observations and predictions
(Fig. 4).

www.geosci-model-dev.net/13/905/2020/
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3.4 Simulation of climate change impact on tree growth

In the first simulation experiment, the effect of thinning was
much more pronounced on the smallest trees than on the
biggest ones (Fig. 5). The smallest beech cohort (girth of 0
to 61 cm) almost doubled their annual biomass production
after the thinning (+85 %), while the thinning impact on the
biggest oak and beech trees was hardly noticeable (+4 % and
+2 %, respectively). When looking at the different tree com-
partments, one may notice that the thinning effect was more
pronounced on the structural compartments, i.e. roots, stem
and branches (+52 %), than on the functional ones, i.e. fine
roots, leaves and fruits (422 %). While thinning increased
the individual biomass production, it decreased the biomass
production at the stand level (—15 %).

The biomass production at the stand level was 11 % higher
for the normal year than for the dry year (Fig. 5). This ef-
fect was observed for all of the cohorts even if it was less
marked on the smallest trees (+2 % for the 0—61 cm beech
cohort) than on the biggest ones (413 % for oak and beech
trees with a girth larger than 140 cm). Whatever the scale
considered (tree or stand), there was nearly no difference in
biomass production between the normal and wet year. The
climate condition effects were marked only on the structural
compartment (425 %).

When the CO; concentration of the atmosphere was fixed,
no effect of the climate scenario was detected on stand BAI,
but a slight impact was observed on sessile oak BAI, which
was higher for the RCP2.6 than for the historical scenario
(Fig. 6). For the simulations with a variable atmospheric CO;
concentration, the differences in total, sessile oak and Euro-
pean beech BAIs were much more pronounced among cli-
mate scenarios. For the whole stand as well as for oak and
beech separately, BAIs increased the following order (1) his-
torical, (2) RCP2.6, (3) RCP4.5 and (4) RCP8.5, with the
stand BAI in each of these RCP scenarios being between
17 % and 72 % higher than that of the historical scenario. All
of the scenarios had BAIs that were significantly different
from each other, except RCP2.6 and RCP4.5 for the whole
stand and the two tree species and historical and RCP2.6 for
the European beech (Fig. 6).

4 Discussion

Few tree-level, process-based and spatially explicit models
have been developed, and these often contain only some of
the modules necessary to estimate resource availability (solar
radiation, water and nutrients). While descriptions of these
models are generally available in the literature, doing an
evaluation by making a comparison with tree growth mea-
surements is not always accessible, or such an evaluation
has been carried out based on stand-level variables. We have
therefore very little information to compare the performances
of HETEROFOR at the tree level with those of similar mod-

Geosci. Model Dev., 13, 905-935, 2020
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Figure 3. Comparison of observed and predicted basal area increments (BAls) for the simulation with the photosynthesis method of CAS-
TANEA, the npp to gpp ratio approach to account for tree respiration and the distance-dependent crown extension (see Table 3). The dashed
line represents the Deming regression between observations and predictions, with the shaded area indicating the 95 % confidence interval

and the solid line the 1 : 1 relationship.

els. Simioni et al. (2016) faced the same problem with the
NOTG 3-D model.

HETEROFOR first estimates the key phenological dates,
the radiation interception by trees and the hourly water bal-
ance (de Wergifosse et al., 2019). Then, based on the ab-
sorbed PAR radiation, individual gpp is calculated with a
PUE approach or with the photosynthesis routine of CAS-
TANEA (Dufréne et al., 2005). Whatever the option retained
for calculating tree respiration and crown extension, the pho-
tosynthesis routine of CASTANEA and the PUE efficiency
approach performed similarly (Table 3). It is quite encour-
aging that the process-based approach for estimating pho-
tosynthesis provided predictions of the same quality as the
empirical approach fitted with tree growth data taken on the
study site. If no extrapolation to future climate is required,
the PUE approach remains however still valuable, especially
when hourly meteorological data are lacking. For the three
stands in Baileux, we related the npp reconstructed from suc-
cessive tree inventories with the gpp predicted based on the
CASTANEA approach (Fig. 2). The good linear relationships
(Pearson’s correlation > 0.89) obtained for both oak and
beech make us confident in the adaptation of the photosyn-
thesis routine of CASTANEA to the tree level. Furthermore,
since the parameters of the photosynthesis routine were taken
directly from CASTANEA and not calibrated specifically for
HETEROFOR, one can expect that the agreement between
the predicted gpp and the reconstructed npp could still be
improved.

When comparing the two options available in HETERO-
FOR for converting gpp into npp, model performances were

Geosci. Model Dev., 13, 905-935, 2020

systematically better with the npp to gpp ratio approach than
with the temperature-dependent routine for the maintenance
respiration calculation (Table 3). This can be partly explained
because the error in the maintenance respiration calculation
results from various sources. At the tree compartment level,
uncertainties in the estimation of biomass, sapwood propor-
tion, nitrogen concentration and temperature are multiplied
(Eq. 11). Then, the errors made on all of the tree compart-
ments are summed up. Among these uncertainty sources, the
inaccuracy in the estimation of the sapwood proportion could
explain why the maintenance respiration routine provided
better results for the sessile oak than for European beech
(Table 3). Since the sapwood of sessile oak can easily be
distinguish from the heartwood based on the colour change,
we had a lot of sapwood measurements available to fit a re-
lationship. For the European beech, this was not the case;
instead, we used a sapwood relationship obtained based on
sap flow measurements (Jonard et al., 2011). This relation-
ship could certainly be improved by direct measurements of
sapwood made after staining the wood to highlight the liv-
ing parenchyma. Another way to improve these relationships
is to consider the social status of the trees since dominant
trees have a higher sapwood depth than the suppressed ones
(Rodriguez-Calcerrada et al., 2015). We tried to account for
this by estimating the sapwood area based on the tree growth
rate, but it did not significantly increase the quality of the
predictions. The poor performances obtained with the main-
tenance respiration option also indicate that the processes at
play are still poorly understood and that further research is
needed on this topic.

www.geosci-model-dev.net/13/905/2020/
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Figure 4. Reconstruction of the size—growth relationships for sessile oak and European beech in the three stands using the photosynthesis
method of CASTANEA, the npp to gpp ratio approach to account for tree respiration and the distance-dependent crown extension. The
predicted relationships between the individual BAI (calculated for the 2001-2011 period) and the initial girth are compared with observed
ones. The solid and dashed lines represent the segmented regression applied, respectively, to observations and predictions to determine the
girth threshold beyond which radial growth linearly increases with girth and to estimate the slope of the linear relationship between BAI and
initial girth. The 95 % confidence intervals for the intercept and the slope are provided as well as the R? of the model. No relationship was
fitted for the European beech in the oak-dominated stand given the lack of data.

The process-based approach for estimating maintenance
respiration explicitly accounts for the temperature effect
through a Q19 function. With the npp to gpp ratio approach,
temperature is considered more indirectly by assuming that it
affects respiration and photosynthesis in the same proportion,
which is valid only in a given range of temperature (< 20 °C)
and for non-stressing conditions. Indeed, the optimum tem-
perature for photosynthesis is between 20 and 30 °C, while
the optimum temperature for respiration is just below the

www.geosci-model-dev.net/13/905/2020/

temperature of enzyme inactivation (> 45 °C). Therefore, be-
tween 30 and 45 °C, photosynthetic rates decrease, but the
respiration rate could continue to increase (Yamori et al.,
2013). This reasoning however does not consider that the
base rate of respiration acclimate to new mean temperature
conditions and that this acclimation process tends to main-
tain the npp to gpp ratio more stably (Collalti and Prentice,
2019). In addition, while water stress reduces both photosyn-
thesis and respiration, its effect on the two processes is not

Geosci. Model Dev., 13, 905-935, 2020
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Figure 5. Effects of climate conditions and thinning on biomass production and its allocation to tree compartment in the mixed stand in
Baileux. The data used to make these graphs were obtained by simulations using the following options: photosynthesis model of CASTANEA,
npp to gpp ratio and distance-independent crown extension.
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Figure 6. Basal area increment (BAI) of the mixed stand in Baileux (and of its two main tree species) simulated with climate scenarios
produced with the general circulation model CNRM-CMS5, downscaled with ALARO-0 and corrected empirically for remaining biases. The
simulations were performed by using the CASTANEA method to calculate photosynthesis, the npp to gpp ratio approach and a distance-
independent description of crown extension. The CO; concentration of the atmosphere was either kept constant (left) or increased with time
according to the climate scenario considered (right). Two time periods were considered. The 1976—1999 period was used as a reference for
running the model with the historical climate scenario, while the simulations with future climate scenarios were carried out for the 2076-2099
period. The climate scenarios were based on the representative concentration pathways for atmospheric greenhouse gases that are described
in the fifth assessment report of IPPC. For a given tree species and CO, concentration modality, the scenarios with common letters have

BAISs not significantly different from each other (o = 0.05).

necessarily equivalent (Rodriguez-Calcerrada et al., 2014).
The main argument in favour of the npp to gpp ratio approach
is the tight coupling between respiration and photosynthesis
since the substrate for respiration originates from photosyn-
thesis. The npp to gpp ratio is unfortunately neither universal
nor constant. It may vary with tree development stage, cli-
mate, soil fertility and competition conditions (Collalti and
Prentice, 2019). The alternative option based on maintenance
respiration calculation is theoretically more appropriate to
simulate the impact of climate change, but this is at the ex-
pense of less accurate predictions at the tree level. The ideal
is to compare the two options to evaluate the prediction un-
certainty associated with the modelling of respiration. In the
future, the two approaches could be improved. Applying the
reconstruction procedure of HETEROFOR on a large diver-
sity of sites would allow us to estimate the npp to gpp ratio in
many different situations, to create a function predicting the
npp to gpp ratio based on its main drivers and to subsequently
use it in the model. In parallel, the respiration calculation
could be refined by accounting for thermal acclimation, such
as is done in 3D-CMCC (Collalti et al., 2018).

The differences in prediction quality between the two
methods of crown extension modelling (distance-dependent
approach vs. distance-independent approach) were quite
small, probably because the length of the simulation was
not sufficient to drastically affect the crown dimensions,
which had been initialized based on measurements. Describ-
ing mechanisms that govern crown development in interac-
tion with neighbours (mechanical abrasion and crown in-
terpenetration) is however crucial to capturing the nonaddi-
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tive effect of species mixtures (Pretzsch, 2014). By account-
ing for crown plasticity, our distance-dependent approach
could help us to better understand how uneven-aged and
mixed stands optimize light interception by canopy packing
and how they increase productivity (Forrester and Albrecht,
2014; Jucker et al., 2015). To better evaluate the relevance
of this approach, the predicted crown development should
be compared with precise crown measurements that are re-
peated over several decades and taken in a large diversity
of stand structures. When the model will be calibrated for
a larger number of tree species, long-term simulations could
also be performed to evaluate to what extent the model is able
to reconstruct the empirical relationships that describe tree
allometry variations in response to intra- and inter-specific
competition. Such relationships were established by del Rio
et al. (2019) using data from the Spanish National Forest In-
ventory.

Based on the current evaluation, the process-based vari-
ant performs similarly to the more empirical one for photo-
synthesis and crown extension but not for respiration; this
is probably because the processes are better known for pho-
tosynthesis. For the best combination of options using the
CASTANEA photosynthesis (npp to gpp ratio with distance-
dependent crown extension), the Pearson’s correlation be-
tween measurements and predictions of individual basal in-
crement amounted to 0.83 and 0.63 for European beech and
sessile oak, respectively. By comparison, Grote and Pret-
zsch (2002) obtained a correlation of 0.60 for the individ-
ual volume of beech trees with the BALANCE model. This
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lower correlation can partly be explained by the integration
of the uncertainty in tree height in the volume estimations.

Individual npp and retranslocated carbon are allocated first
to foliage and fine roots and then partitioned between above-
and below-ground structural compartments. Based on the
derivative and rearrangement of a biomass allometric equa-
tion, the increment in aboveground structural biomass is used
to estimate the combined increment in dbh and height. This
results in a system of one equation with two unknowns (in-
crement in dbh and height). We decided to resolve it by fix-
ing the height growth based on a relationship that takes into
account tree size (dbh or height), the height growth potential
(height increment if all of the remaining carbon was allocated
to height growth) and a light competition index. An interme-
diate level of sophistication was adopted to describe height
growth, between the simple height—dbh allometry and the
fine description of tree architecture of functional—structural
models. Height—dbh relationships provide a static picture in
which age and neighbour effects are confounded and are not
suitable to describe individual growth trajectories (Henry and
Aarsen, 1999). More sophisticated relationships considering
age and dominant height can be used for even-aged stands
(Le Moguédec and Dhote, 2012) but are hardly applicable in
uneven-aged stands for which tree age is unknown. On the
other hand, the functional-structural models that are based
on resource availability at the organ level and use a short time
step can only be applied to a limited number of trees given
the high computational demand (Letort et al., 2008).

Our individual height growth model was fitted with height
data measured 10 years apart (Appendix E). A large uncer-
tainty was however associated to these data. First, height
measurements were obtained to the nearest metre given the
difficulty to clearly identify the top of the trees in closed
canopy forests. Second, as the height increment was obtained
based on repeated height measurements, the error for this
variable is the sum of those made on the height measure-
ments. Consequently, the uncertainty was more or less of the
same order of magnitude as the expected height growth in
10 years. Despite these uncertainties, a substantial part of the
variability was explained by the model (72 % for European
beech; 43 % for oak). Among the variables tested, the height
growth potential had the main effect, which is not surpris-
ing since this height growth potential contains the informa-
tion on height increment. We were also able to depict the
effect of light competition. For a same-height growth poten-
tial, trees undergoing stronger light competition seem to in-
vest more carbon for height growth than for dbh increment
(Fig. E1 in Appendix E), which is corroborated by results
of other studies (e.g. Lines et al., 2012). This strategy aims at
minimizing overtopping by neighbours and maximizing light
interception (Jucker et al., 2015). Trouvé et al. (2015) found
similar results and showed the positive effect of stand den-
sity on height growth in the allocation between height and
diameter increment in even-aged stands of sessile oak trees.
The decrease in the red: far red ratio of incident light pro-
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motes apical dominance and internode elongation through
the phytochrome system (shade avoidance reaction; Henry
and Aarsen, 1999). By considering the light availability ef-
fect on height growth at the tree level, HETEROFOR adapts
tree allometry to intra- and inter-specific competition, which
is crucial to accounting for mixing effects in structurally
complex stands (del Rio et al., 2019).

A first simulation experiment was achieved to assess how
tree biomass production and its allocation to tree compart-
ments respond to climate conditions and thinning. The re-
sults of these simulations are in line with the basic princi-
ples of silviculture; thinning favoured individual tree growth
(especially that of the smaller trees) by redistributing stand
biomass production on a smaller number of trees. At the
stand level, thinning slightly reduced biomass production
since its intensity was substantial and the simulation lasted
only 1 year, which was not sufficient to allow the remain-
ing trees to fill the gaps by extending their crown. Drought
conditions reduced the biomass increment of structural com-
ponents, and this effect was more pronounced on big trees
than on small trees. Indeed, when soil water availability de-
creases, smaller trees maintain a higher stomatal conductiv-
ity because of their lower position in the stand canopy. Func-
tional compartments were less influenced by climate because
carbon is allocated to them in priority in the model. We could
improve the allocation routine by making the fine root to fo-
liage ratio and the root-to-shoot ratio dependent on the mean
soil water availability (Thurm et al., 2017).

We were also quite satisfied to observe that the model
was able to reproduce the size—growth relationship. This ap-
proach describes the growth partitioning among trees in a
stand, which is useful to estimate the mode of competition.
For the three studied stands and the two tree species, the com-
petition was partially size asymmetric, with a resource parti-
tioning in favour of the larger trees (Carl et al., 2018). Within
the studied stands, the European beech trees can be classified
in two groups: a group of small suppressed trees whose ra-
dial growth was close to 0 and which were just surviving and
the rest of the trees (beyond a girth threshold) whose radial
growth linearly increased with girth. Regarding sessile oaks,
nearly all of the trees were in the second group, which can
be related to the fact that sessile oak is a less shade-tolerant
species than European beech. In the this mixed stand, the
nearly perfect match between the predicted and observed re-
lationships indicates that the model was able to reproduce
growth partitioning among trees of different tree species and
size. These very good results can be ascribed to the fact that
the extinction coefficient and the respiration parameters were
calibrated with data from this stand. In the beech-dominated
stand, the model slightly underestimated the radial growth of
the small oak trees and overestimated that of the big beech
trees. In this case, the model seems to allocate too many
resources to the big beech trees which shade the small oak
trees. This could be improved by a model calibration partly
specific to this stand (for the npp to gpp ratio) or by a cali-
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bration with data covering a much larger range of stand struc-
tures.

To illustrate one possible application of HETEROFOR, a
second simulation experiment was completed and allowed us
to compare the radial growth predicted for 2076-2099 ac-
cording to three IPCC scenarios with that of the one sim-
ulated for an historical period (1976-1999). When the at-
mospheric CO, concentration was kept constant (380 ppm),
differences among scenarios remained nonsignificant, except
for sessile oak displaying a slightly higher basal area incre-
ment for the RCP2.6 scenario than for the historical scenario
(Fig. 6). Analysing the model outputs in depth, we found that
this lack of effects resulted from a balance between nega-
tive and positive impacts of climate change. While the in-
crease in air temperature (4-0.9 and 3.7 °C for RCP2.6 and
RCP8.5) and in the vegetation period length (48 and 37 days
for RCP2.6 and RCPS.5) favoured photosynthesis, the more
frequent and intense water stress negatively affected it (de
Wergifosse et al., 2020). The positive and negative effects
of climate change were of the same magnitude for both
tree species and offset each other. For the simulations with
a variable atmospheric CO; concentration, the differences
among scenarios were much larger, highlighting a strong
CO; fertilization effect for both sessile oak and European
beech (Fig. 6). These results are in agreement with Reyer et
al. (2014), which used the 4C model to predict productiv-
ity change in Europe according to a large range of climate
change projections. They found npp increases in most Euro-
pean regions (except a few cases in Mediterranean moun-
tains) when considering persistent CO, effects by using a
variable atmospheric CO, concentration. Assuming an ac-
climation of photosynthesis to CO, (by maintaining constant
atmospheric CO»), they predicted increases in northern Eu-
rope, decreases in southern Europe and ambivalent responses
elsewhere in Europe. Similar response patterns were also ob-
tained by Morales et al. (2007). Rétzer et al. (2013) used
the BALANCE model to compare the impact of future and
current climate conditions on the productivity of beeches in
Germany and showed a 30 % decrease in npp without consid-
ering the rise in atmospheric CO, concentration. After eval-
uating CASTANEA against eddy covariance and tree growth
data in a few highly instrumented sites, Davi et al. (2006)
simulated the trend in gpp and net ecosystem productivity
(NEP) in these sites from 1960 to 2100. For sessile oak and
European beech, they obtained a 53 % and 67 % increase in
gpp and NEP, respectively.

Given the magnitude of the CO; fertilization effect (lead-
ing to a 72 % increase in basal area increment in 100 years for
RCP8.5), we conducted retrospective simulations to check
that HETEROFOR reproduces well the increase in produc-
tivity observed by Bontemps et al. (2011) for beech forests
in the north-east of France (data not shown). Based on his-
torical atmospheric CO, concentrations, we simulated radial
growth during two periods (1879-1910 vs. 1979-2010) us-
ing the same climate data (obtained by reanalysis for 1979—
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2010). These simulations showed a productivity increase of
12 % over 100 years. By comparison, Bontemps et al. (2011)
reported productivity increases ranging from 10 to 70 % over
100 years, depending on the nitrogen status of the forest. The
increase in radial growth simulated with HETEROFOR for
the mixed stand in Baileux (Fig. 6) seems therefore plau-
sible but assumes unchanged nutritional status. Increased
productivity generates however higher nutrient demand by
trees, which is not systematically satisfied by larger soil nu-
trient supply, especially in the poorest sites. Consequently,
the augmentation of forest productivity will most likely be
constrained by nutrient availability and give rise to a dete-
rioration of the nutritional status as already observed across
Europe (Jonard et al., 2015). To improve our predictions, nu-
tritional constraints must be taken into account. From this
perspective, a mineral nutrition and nutrient cycle module
was incorporated in HETEROFOR. As it was developed in
parallel to the water balance, some adaptations are needed
for the coupling of the two modules (e.g. change from an
annual to a monthly time step for soil chemistry update). A
complete description and evaluation of the nutrient module
will be provided in a future study.

5 Conclusion and future prospects

Our ambition was to develop a model that is responsive to
both management actions and environmental changes and
would be particularly well adapted to mixed and uneven-aged
stands. We thought that this model had to be tree-level and
spatially explicit and had to consider radiation transfer, water
balance and nutrient cycling with a process-based approach.
Such models were very scarce in the literature. The only ex-
ceptions were BALANCE, iLand and more recently NOTG
3-D. To fill this gap, we elaborated the HETEROFOR model
based on concepts quite different from those used for BAL-
ANCE, iLand and NOTG 3-D. In this study, a first evaluation
of the model performances showed that HETEROFOR was
able to reproduce size—growth relationships in three oak and
beech stands in the Belgian Ardennes. We also noticed that
the npp to gpp ratio option for describing maintenance respi-
ration provides the best results, while the process-based and
empirical approaches perform similarly for photosynthesis
and crown extension. As this model evaluation was limited
to two tree species and one climate, it only provides a first
impression of the model potential.

Here, only the core of HETEROFOR was described. The
water balance and phenology modules are presented and
evaluated in a companion paper (de Wergifosse et al., 2019),
while the nutrient module will be described later. For the
next steps, we plan to couple HETEROFOR with existing
libraries such as the ones for regeneration, genetics and eco-
nomics. As HETEROFOR was developed within the Capsis
platform, it is continually improving thanks to the collabora-
tive dynamics among modellers.

Geosci. Model Dev., 13, 905-935, 2020
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A broader assessment of the model performances will be
carried out based on forest monitoring plots distributed all
over Europe. Indeed, HETEROFOR was designed to be par-
ticularly suitable for the level II plots of ICP Forests. The
processes were described at a scale that facilitates the com-
parison between model predictions and observations. Many
data collected in these plots can be used to initialize and run
the model or to calibrate and evaluate it. HETEROFOR can
also be seen as a tool for integrating forest monitoring data
and quantifying non-measured processes. While it is now cal-
ibrated for oak and beech forests, HETEROFOR will be pa-
rameterized for a large range of tree species in order to use it
for testing and reproducing identity and diversity effects.

Given all of the uncertainties related to climate change im-
pacts, it is unrealistic to believe that a model will accurately
predict the future dynamics of forest growth. However, mod-
els such as HETEROFOR can be very useful to compare sce-
narios. Among others purposes, HETEROFOR can be used
to select the management options that maximize ecosystem
resilience or to quantify uncertainty in the response of forest
ecosystem to climate change.

Geosci. Model Dev., 13, 905-935, 2020
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Appendix A: Description of the soil heat transfer
routine

The temperature of the mineral soil (7'; in degrees Celsius)
is calculated by soil depth increment (Az; in metres) using
a simplification of the soil heat transfer equation assuming a
constant thermal diffusivity (D; in square metres per second)
across the soil profile. The thermal diffusivity characterizes
the rate of heat transfer within the soil and corresponds to
the ratio of the thermal conductivity (K; in watts per metre
per kelvin) to the volumetric heat capacity (cy; in joules per
cubic metre per kelvin).

— —)=>—=D — Al
ot 0z - (AD

aT 1 9 T T 92T
= K
or 972

o S
Eq. (A1) can be rewritten according to Anlauf and Liu (1990)
and Baker and Don Scott (1998) as follows:

At
Tz,t—i—At = Tz,t +D- A_z2 . (Tz+Az,t + Tz—Az,t - 2Tz,t) . (A2)

The soil depth increment can be chosen by the user, but it
has to be smaller than one-third of the thinnest horizon. The
soil depth increment can be slightly modified by the model
to ensure that the soil depth is a multiple of the soil depth in-
crement. Then, a stability criterion is checked for each hour,
and if it is not respected, the temporal step is divided by two.

AT
K- A <0.5 (A3)
The thermal diffusivity is calculated for each soil horizon
based on the thermal conductivity and the volumetric heat
capacity and then averaged by weighing according the hori-
zon thickness. The thermal conductivity is obtained with the
empirical model of Kersten (1949) as follows:

K =0.1442- (0.9 - log (¥) — 0.2) x 106243

(for silt or clay soils) (A4)
K =0.1442- (0.7 - log (¥) + 0.4) x 106243
(for sandy soils)), (A5)

with ¢, the gravimetric soil water content (in grams per
gram), and py, the bulk density (in kilograms per cubic me-
tre)

The volumetric heat capacity of soils is approximated
through a separation of the soil constituents in solid and lig-
uid phases as follows:

¢y 836 pp+4180 -9 - pp - 1000 - py, (A6)

with py, the volumetric mass of water (in kilograms per cu-
bic metre).

To initialize the procedure, the top and bottom tempera-
ture during the whole simulation and the initial temperature
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at each soil depth must be known. The soil temperature at the
top of the mineral soil (just under the forest floor) is given by
Eq. (A7) adapted from van Wijk and de Vries (1963) and Ci-
chota et al. (2004). The bottom temperature is fixed and cor-
responds to the mean annual air temperature. This assump-
tion can be made as the soil depth largely exceeds 1 m. The
initial temperature is found through a simple interpolation of
the temperatures between the soil interface and the bottom.

— (Td,1 — Ty) Aair
t y+ A soil T ) redq
T Az
- sin t—t ——w—, A7
(w( Tm‘“) + 2 wDamping) (A7)

with Ty, mean annual air temperature (in degrees Celsius),
T ;—1, mean air temperature of the previous day (in degrees
Celsius), Aajr, annual air temperature amplitude correspond-
ing to the difference between the maximum and the mini-
mum mean daily temperature over the year (in degrees Cel-
sius), Agoil, @ parameter corresponding to the mean annual
soil temperature amplitude (in degrees Celsius), a,ir, daily
air temperature amplitude (Tiax — Tmin) calculated over the
24 h period centred on the considered time (°C), redy, pa-
rameter reducing the daily air temperature amplitude to the
daily soil temperature amplitude (fixed to 0.13), w, radial fre-
quency (per hour) is 22—71, IT,..x» hour of the day at which air
temperature is maximal (as the sinusoidal shape of the diur-
nal soil temperature cycle is not perfectly symmetric, 77, is
adapted so that the period between maximum and minimum
soil temperature is exactly 12h), Az, thickness of organic
horizons (in metres), and Damping, a parameter accounting
for the phase shift between the diurnal cycle of the air and
soil temperature (fixed to 0.0853 after calibration).

The temperature of the organic horizons was obtained as
the mean between air temperature and the temperature at the
interface between organic horizons and mineral soil.
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Appendix B: Development of Eq. (29)

Equation (29) can be developed in order to isolate Ah as fol-
lows:

A (dbh2 : h) —(dbh 4 Adbh)2- (h+ Ah) —dbh2 -k
A (dbh2 : h) = (dbh2 +2.dbh- Adbh + (Adbh)2>

-(h+ Ah) —dbh® - h (B1)
A (dbh2 : h) —dbh? - i +2 - dbh - Adbh - 4 (Adbh)>

-h +dbh?- Ah+2-dbh - Adbh

- Ah + (Adbh)? - Ah — dbh?

“hA (dbh2 : h)

=Adbh? - (h + Ah) + (Adbh)?
- (h+ Ah) +dbh® - Ah (B2)

A (dbh2 : h) —Ah - (Adbh? + (Adbh)? + dbh?) + h

: (Adbh2 + (Adbh)z) . (B3)

Considering (Adbh)? <« Adbh? « dbh, an approximation
can be done as follows:

A (dbh2 : h) =~ Ah -dbh? + h - Adbh? (B4)
Ah - dbh® = A (dbh2 : h) — h - Adbh? (B5)

_ A(dbh*-h) k- Adbh?
h — - —. (B6)
dbh dbh
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Table C1. Parameters of Egs. (C3) and (C4) for sessile oak and European beech according to Dagnelie et al. (1999).

a b c d e f
Sessile oak
Cl10%  3.9330 1.0284 —0.31611x1073 0.44036 x 10~® —0.33113  —0.28051 x 10~
CR60% 0.4838  14.667 —405.67
European beech
Cl10%  3.8541 1.0235 —0.36276 x 1073  0.40063 x 10~®  —0.30551 —0.20411 x 107>
CR60%  0.5286 0 0

Appendix C: Delevoy height estimation

The Delevoy height is the height at which stem diameter is
half the diameter at breast height and is calculated from taper
(in centimetres per metre) as follows:

dbh — dbh
hget = 1.3 + ——2,

(CDH
taper

where the taper is obtained based on the girth at 10 % of the
tree height (G10%) and the relative girth at 60 % of the tree
height (RG60%) for which empirical equations are provided
by Dagnelie et al. (1999) for several temperate tree species.

_(1—CR60%) -C10%

taper = , C2
aper 057 €2
with
Cl0% =a+b-7-dbh+c- (7 -dbh)> +d - ( - dbh)?
+e-h+ f-(r-dbh)?-h (C3)
C
CR60% = . C4
©=at C0% T clo%? ©
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Appendix D: Estimation of the height of largest crown
extension (hlce) at equilibrium

Estimation of hlce at equilibrium for a competitor of the same size

Intersection between
potential crowns

hice,.,  hice,,

Crown
at equilibrium,

hice,,,
=hcb

Potential crown
—_—
Clpot

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of higher size

Intersection between
potential crowns

hlcens,  hice.,

Crown
at equilibrium

Potential crown

CrPD(

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of lower size

Intersection between
potential crowns

hlce o Crown M
at equilibrium .‘
hice,, 1
hice,;, "
=hcb '

Potential crown

CrDD(

Target tree Competitor

Figure D1. Illustration of the routine used to determine the height of largest crown extension at equilibrium (hlceeq) of a target tree in three
contrasting situations of competition. A first step consists in determining the intersection between the potential crown of the target tree and
the competitor. Then, the hiceeq is fixed between the maximum hlce (corresponding to the intersection between potential crowns) and the

minimum hlce (which is the height to crown base) based on the relative height of the competitor.
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Appendix E: Height growth modelling results

The main factor explaining the height increment was the
so-called height growth potential (Ahpo), with a quadratic
effect for beech and a cubic effect for oak (Table E1 and
Fig. E1). For both tree species, the light competition index
(LCI) had a negative effect on the height increment, meaning
that, for a same-height growth potential, trees under stronger
competition for light had a higher height growth than trees
within better light conditions. For the European beech, the
variable selection procedure selected height (which had a
negative effect) to account for tree size, while dbh was re-
tained for sessile oak and had a positive effect. Even if
the root-mean-square error was slightly higher for European
beech (0.094) than for sessile oak (0.083), the height growth
model explained a much larger proportion of the variability
in European beeches (72 %) than in sessile oaks (43 %). This
is partly because the height growth range was higher for Eu-
ropean beeches.

Sessile oak
1.0 1
= Strong light competition
Lower light competition
0.8 4
T
5 0.6 A
E
<
0.4 A - -
< H u
T 7 173
0.2 A g e Lot
//' ol
0.0 A et . . . S
0.0 0.5 1.0 1.5 2.0

A(d?h)/d? (myr?)
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Table E1. Parameters, R2 and RMSE of the height growth model
(Eq. 31) for European beech and sessile oak.

European beech  Sessile oak

Intercept 0.0233 —0.0562
dbh (in centimetres) 0.0023
h (in metres) —0.0048

LCI —0.2556 —0.1874
(AdbhZhor) /dbh? (in metres) 0.6631 0.8183
[(AdbhZher) /dbh?]2 —0.1777 —0.9178
[(AdbhZher) /dbh?]3 0.4733
RMSE 0.09397  0.083017
R? 0.72 0.43

European beech

1.0 4 = Strong light competition
Lower light competition
0.8 -
5 0.6 4 .
£ e e
< e " /../ -
< 04 IS A e
g of My e
P
024 = f Fﬁ "4" S B
=-I4 % i
e Lo sl )
(L K
0.0 4 /—r—
0.0 0.5 1.0 15 2.0

A(d?h)/d? (m yr?)

Figure E1. Effect of the height growth potential on oak and beech height growth for two levels of light competition (strong light competition
= light competition index < 0.15, lower light competition = light competition index > 0.15). The solid lines represent the model predictions
obtained using Eq. (31) with parameter values of Table E1 and with mean values for dbh, height or the light competition index.
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Code availability. The source codes of Capsis and HETEROFOR
are accessible to all of the members of the Capsis co-development
community. Those who want to join this community are welcome
but must contact Frangois de Coligny (coligny @cirad.fr) and sign
the Capsis charter (http://capsis.cirad.fr/capsis/charter, last access:
29 February 2020). This charter grants access on all the models to
the modellers of the Capsis community. The modellers may dis-
tribute the Capsis platform with their own model but not with the
models of the others without their agreement. Capsis4 is a free soft-
ware (LGPL licence) which includes the kernel, the generic pilots,
the extensions and the libraries. For HETEROFOR, we also choose
an LGPL license and decided to freely distribute it through an in-
staller containing the Capsis4 kernel and the latest version (or any
previous one) of HETEROFOR upon request from Mathieu Jonard
(mathieu.jonard @uclouvain.be). The version 1.0 used for this pa-
per is available at http://amap-dev.cirad.fr/projects/capsis/files (last
access: 29 February 2020, Jonard et al., 2020). The end users can
install Capsis from an installer containing only the HETEROFOR
model, while the modellers who signed the Capsis charter can ac-
cess to the complete version of Capsis with all of the models.
Depending on your status (end user vs modeller or developer),
the instructions to install Capsis are given on the Capsis website
(http://capsis.cirad.fr/capsis/documentation, last access: 29 Febru-
ary 2020).

The source code for the modules published in Geo-
scientific  Model Development can be downloaded from
https://doi.org/10.5281/zenodo.3591348 (Jonard et al., 2019).

Data availability. The data used in this paper are available through
the input files for HETEROFOR which are embedded in the installer
(see Code availability).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-13-905-2020-supplement.
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