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Abstract

In the context of the ongoing climate and biodiversity crises, mixed forest stands are increasingly consid-
ered as a sustainable management alternative to monocultures. We developed a new individual-based and
process-based forest growth model, PDG-Arena, to simulate mixed forest functioning and test ecophysiological
interactions among trees in mixed stands. The model builds upon the validated ecophysiological stand-scale
model CASTANEA and integrates tree competition for light and water. We evaluated the performance of PDG-
Arena by comparing the simulated growth with annual dendrochronological growth data from 37 common beech
and silver fir monospecific and mixed plots in the French Alps. PDG-Arena showed a slightly better performance
than CASTANEA when simulating even-age and monospecific forests (> of 32.1 versus 29.5%). When using
structure-diverse and species-diverse inventories, PDG-Arena performed better than CASTANEA in pure beech
(38.3 versus 22.9%) and mixed stands (40.5 versus 36.3%), but not in pure fir stands (39.8 versus 42.0%).
The new model also showed a significant positive effect of species mixing on gross primary production (+5.5%),
canopy absorbance (+11.1%) and transpiration (+15.8%). Our results thus show that tree-level process-based
models such as PDG-Arena, formally simulating interspecific interactions, can serve as a valuable tool to under-
stand and simulate the carbon, light and water dynamics of mixed stands.

Keywords: ecophysiology, process-based modeling, mixed forest, competition, diversity, overyielding, drought,
ray-tracing, French Alps

1. Introduction rester and Bauhus, 2016). In particular, even though
species mixing seems on average to increase stand
productivity in comparison to monospecific stands (a
phenomenon known as overyielding) (Liang et al.,
2016; Zhang et al., 2012; Vila et al., 2007; Forrester
and Bauhus, 2016; Piotto, 2008), this trend depends
on stand structure and species composition (Zhang
et al., 2012; Raitcliffe et al., 2015), as well as abiotic
conditions (Ratcliffe et al., 2016; Toigo et al., 2015).
Regarding the effect of tree species richness on the
resistance of stands to drought episodes, the litera-
ture shows heterogeneous results (Grossiord, 2018).
Indeed, the direction of the effect seems to depend on
species composition - and particularly on the species
respective strategies in reaction to soil water deficit
(Pretzsch et al., 2013; Mas et al.,, 2024; Jourdan

Understanding how forest ecosystems function is a
crucial step for developing forest management strate-
gies adapted to the challenges of climate change (Bo-
nan, 2008; Lindner et al., 2010; Trumbore et al., 2015)
and more generally global change (Gonzalez de An-
drés, 2019). In this context, mixed forests, in compari-
son with monospecific stands, have received increas-
ing attention due to their documented ability to main-
tain key ecosystem services while enhancing stand
resilience (van der Plas et al., 2016; Seynave et al.,
2018; Messier et al., 2022; del Rio et al., 2022).

However, the ecophysiological functioning of mixed
stands is still poorly understood (Forrester, 2014; For-
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et al., 2020) - as well as on environmental conditions
(Grossiord et al., 2014; Forrester et al., 2016; Pardos
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et al., 2021).

Stand structure, particularly tree density and size
variability, can act as a confounding factor in the
diversity-functioning relationship (Metz et al., 2016;
Danescu et al., 2016; Cordonnier et al., 2019; Zeller
and Pretzsch, 2019). To better understand the pro-
cesses underlying these relationships, it is therefore
important to separate the effects of mixing related to
differences in stand structure (age, size, diameter)
from those related to differences in the physiologi-
cal functioning of species (crown architecture, wa-
ter strategy, nutrient use, etc. ; see Forrester and
Bauhus, 2016).

Furthermore, the interactions observed in a mix-
ture may be of various kinds (Forrester et al., 2016),
which could give rise to contradictory effects. For
example, an increase in the amount of light cap-
tured in mixtures - e.g., through crown complemen-
tarity and plasticity, see Jucker et al. (2015) - could
lead to an increase in gross primary production, but
also in transpiration, with a potentially negative effect
on available soil water (Jucker et al., 2014). For-
rester (2014) proposed a conceptual model to ac-
count for the mechanisms of interaction between di-
versity, functioning and environment. In this frame-
work, interspecific interactions resulting in reduced
competition for a given type of resource generate
beneficial effects for individuals when this resource
becomes scarce.

Assessing and predicting the functioning of mixed
stands therefore requires detailed knowledge of in-
terspecific interactions. This knowledge must be
based on interactions between individuals and on the
ecophysiological processes underlying these inter-
actions, i.e., the processes determining competition
for light, water and nutrients (Pretzsch et al., 2017;
Grossiord, 2018). This knowledge is all the more nec-
essary as abiotic and biotic conditions are and will be
transformed by global change (Ammer, 2019).

Although experimental and observational systems
are necessary for studying the diversity-functioning
relationship in forests, they are limited by their sam-
ple size, measurement completeness and number of
confounding factors that can be controlled (Bauhus
et al., 2017). Modeling can virtually overcome these
limitations, subject to the assumptions contained in
the model, which depend to a large extent on our
ecological knowledge as well as on the availability
of climatic, pedological, silvicultural and physiological
data. The modeling approach has been used to put
forward hypotheses to explain overyielding in mixing.
For example Morin et al. (2011) showed with sim-

ulations that overyielding could be explained by the
diversity of species traits related to shade-tolerance,
maximum height and growth rate (although other ex-
planations could not be ruled out). Simulations also
make it possible to virtually assess the stability of
the productivity of forest mixtures while testing nu-
merous community compositions (Morin et al., 2014),
even under unprecedented climatic conditions (Jour-
dan et al., 2021).

The literature (Korzukhin et al., 1996; Cuddington
et al., 2013; Morin et al., 2021) depicts a spectrum
ranging from empirical models, which are based on
relationships calibrated from observations between
final variables such as productivity and explanatory
variables (e.g., rainfall, sunshine), to process-based
models where final variables are computed using
explicit elementary processes (e.g., photosynthesis,
transpiration, phenology). For some authors (Fontes
et al., 2010; Cuddington et al., 2013; Korzukhin et al.,
1996), process-based models seem more relevant for
simulating ecosystem functioning undergoing climate
change because they can theoretically be applied to a
larger range of environmental conditions than empiri-
cal ones. As a result, they now play an important role
in research on the ecophysiological functioning and
prediction of forest dynamics (Gongalves et al., 2021;
Barbosa et al., 2023). However, compared to empir-
ical models, process-based models are more difficult
to parameterize and rely on more assumptions about
the ecological functioning of forests (e.g., the hypoth-
esis that growth is primarily driven by photosynthetic
activity, Fatichi et al., 2014). When it comes to sim-
ulating mixed stands, models that simulate elemen-
tary processes are expected to reproduce the mech-
anisms that lead to interspecific interactions, bring-
ing us closer to understanding them (Forrester and
Bauhus, 2016).

Among process-based models, a distinction is
made between individual-based models, e.g., Jonard
et al. (2020), and stand-scale models, e.g., Dufréne
et al. (2005). Several diversity-functioning studies
in forests have highlighted the importance of tree-
tree interactions in defining the nature of interspe-
cific interactions at stand level (Trogisch et al., 2021;
Jourdan et al., 2020; Guillemot et al., 2020; Jucker
et al., 2015). Thus, the individual scale appears rele-
vant for representing the key mechanisms that govern
the functioning of mixed forests (Porté and Bartelink,
2002). Finally, process-based and individual-based
models have the ability to distinguish the effects of
competition between individuals of different species
(mixing effect) and the effects of competition between



individuals of different sizes (structure effect). So
far, few models are able to simulate mixed stands by
taking advantage of both physiological mechanisms
and the individual scale (Reyer, 2015; Pretzsch et al.,
2015).

Here we present a new individual-based and
process-based forest growth model, PDG-Arena (the
arena represents the stand, a place where trees com-
pete and more generally interact). Our model was
developed to observe the stand scale properties that
emerge when trees of different species and size com-
pete in a given environment. It was therefore built:
(i) from elementary physiological processes using the
stand-scale model CASTANEA (Dufréne et al., 2005)
and (ii) by integrating interactions among trees, no-
tably competition for light and water.

The performance of PDG-Arena was evaluated us-
ing annual growth data from a monitoring network
of monospecific and multispecific stands of common
beech (Fagus sylvatica L.) and silver fir (Abies alba
Mill.). Firstly, we tested whether PDG-Arena, despite
increased complexity, accurately reproduces the per-
formance of CASTANEA when both models are run
under comparable conditions. Secondly, we eval-
uated PDG-Arena’s performance in different condi-
tions in terms of stand structure and species diversity.
Lastly, using PDG-Arena, we evaluated the effect of
species mixing on carbon, light and water processes.

2. Materials & Methods

2.1. Model description

2.1.1. From CASTANEA to PDG-Arena

PDG-Arena was designed as an extension of PDG
(which stands for Physio-Demo-Genetics, Oddou-
Muratorio and Davi, 2014), an individual-based and
spatially explicit model that combines: (1) the
process-based model CASTANEA to simulate tree
ecophysiology, (2) demographic processes allowing
to model tree survival and reproduction and (3) a
quantitative genetics simulation module accounting
for the heritability and intraspecific diversity of key life
history trait of the CASTANEA model. While PDG is
built with the idea of simulating the evolutionary dy-
namics of functional traits of importance for adaptive
forestry in regular monospecific stands (Lefévre et al.,
2014), PDG-Arena is designed to simulate ecologi-
cal interactions between trees in diverse, multispecific
stands.

CASTANEA is an ecophysiological forest growth
model that simulates the dynamics of homogeneous

stands (Figure 1a). Among others, it has been pa-
rameterized and validated on common beech (Fa-
gus sylvatica L., Dufréne et al., 2005) and silver fir
(Abies alba Mill., Davi and Cailleret, 2017). CAS-
TANEA is composed of five equal-sized leaf layers
that perform photosynthesis based on stomatal con-
ductance and on the level of radiation received by
each layer, which is determined using a horizontally
homogeneous multi-layer radiation model. The re-
sulting gross primary production, minus autotrophic
respiration, is then allocated into the leaf, fine root,
coarse root, branch, trunk and reserves compart-
ments (Davi et al., 2009). The amount of leaf transpi-
ration is determined by net radiation, stomatal con-
ductance as well as ambient temperature and vapor
pressure deficit. The stomatal conductance, limiting
photosynthesis and transpiration, is controlled by soil
water deficit (using the critical threshold of relative ex-
tractable water REW, in Granier et al., 1999). Lastly,
leaf surface growth is controlled by day length and
mean temperature. The temporal scale of the pro-
cesses in CASTANEA is the same as that of PDG-
Arena, as shown in Table 1.

The existing model PDG considers isolated ab-
stract trees, simulating the dynamics of each of
them using stand-scale processes of CASTANEA.
All quantitative physiological variables in CASTANEA
and in PDG are expressed on a per area basis: e.g.,
the gross primary production is expressed in gC/m?.
The firstimprovement of PDG-Arena over PDG is that
the physiological processes simulate tree functioning
instead of stand functioning (Figure 1b). To do so,
physiological processes are related to the projected
area of the individual crowns rather than to the stand
area. This paradigm shift implied changing the def-
inition of some variables. As depicted in Figure 2,
the Leaf Area Index (LAI) is now defined for each
tree as the amount of leaf surface of a tree per m?
of soil under its crown. While the stand LAl in CAS-
TANEA depends on gap fraction, individual tree LAl
in PDG-Arena does not: the LAI of a tree only ac-
counts for its leaf surface and its crown projection sur-
face. The same reasoning applies to other physiolog-
ical variables, such as carbon uptake, water transpi-
ration, absorbed radiation, etc. Also, the Leaf Mass
Area (LMA), as it depends on the amount of light in-
tercepted by neighboring trees, is computed at the
individual level in PDG-Arena according to the verti-
cal profile of the leaf area of neighboring trees (see
Appendix B.1).

The second improvement of PDG-Arena over PDG
is that it integrates mechanisms of competition for
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Figure 1: Conceptual diagram of the (a) CASTANEA and (b) PDG-Arena forest growth models input and functioning. CAS-
TANEA and PDG-Arena respectively simulate the growth of regular monospecific stands and (potentially) diverse multispecific
stands. In CASTANEA, all processes, including radiation balance, carbon fluxes, transpiration of trees and soil water budget
occur at the stand level, on horizontally homogeneous leaf layers. PDG-Arena takes advantage of CASTANEA carbon and
transpiration processes but performs them at the tree level, while a water budget is computed at the stand level. Its radiative
balance is handled by the SamsaraLight library which casts light rays through a 3D representation of tree crowns. Processes
involving competition between trees in PDG-Arena are shown in dashed boxes.



Table 1: Temporal and spatial scales of physical and physiological processes in PDG-Arena.

Tree level Stand level
Photosynthesis Ray casting
Respiration Soil evaporation
Hourly level -
Crown transpiration
Crown evaporation
Daily level Water interception Water balance
Leaf phenology
Carbon allocation
Yearly level Tree growth
a b.
Leave surface | 25 25 25 125 ¢ 125 ©i25
. 1100 : : : : : : :
Soil surface e —————— 25—: 25—, 25—,
Stand LAI Tree LAI Tree LAI Tree LAI
= 0.75 =1 =1 =1

Figure 2: Difference in the representation of Leaf Area Index (LAI) between (a.) the stand-scale model CASTANEA and (b.)
the individual-based model PDG-Arena. Values of leaf surface, soil surface and LAl are arbitrary.



light and water between neighboring trees (see Fig-
ure 1b) by: (i) making trees share the same stand soil
water pool and (ii) simulating irradiance at tree level
using a ray tracing model.

2.1.2. Competition for water

Competition for water is a crucial element in the dy-
namics of mixed stands. We modeled competition for
water symmetrically between individuals, i.e., trees in
the same plot all draw from the same water reservoir
without spatial differentiation, either horizontal (dis-
tance between individuals) or vertical (depth).

Every day of simulation, the stand-level volume of
precipitation is divided into a fraction that does not
interact with the canopy — i.e., that falls directly to
the ground — and another fraction that reaches the
canopy. The fraction that interacts with the canopy
is given by the proportion of soil that is directly un-
der any tree crown. Then, this fraction of precipi-
tation is distributed among trees according to their
respective leaf surface. For each tree, a calculation
of drip, runoff, and precipitation passing through the
crown is performed using the same equation as in
CASTANEA (Dufréne et al., 2005). Transpiration and
crown evaporation of trees are calculated individu-
ally at hourly time steps using the Penman-Monteith
equation (Monteith, 1965), taking into account the
energy absorbed by individual crowns (see section
2.1.3). Stand soil evaporation is computed hourly and
homogeneously along the plot, following equations of
CASTANEA (Dufréne et al., 2005). Evapotranspira-
tion from understorey vegetation is ommited.

Considering drip, runoff and water passing through
the crowns on the one hand, and tree transpiration,
canopy and soil evaporation and drainage on the
other, a water balance is computed each day at the
stand level (Table 1 and Figure 1b). Therefore, soll
water status (soil moisture, litter moisture and soil po-
tential) is the same for every tree within a plot on any
given day.

2.1.3. Competition for light

Competition for light in PDG-Arena is performed
using Samsaralight, a ray tracing library derived from
Courbaud et al. (2003) and maintained on the Cap-
sis modeling platform. The integration of Samsara-
Light with the physiological model CASTANEA (which
is partly inspired from the approach in the HETERO-
FOR model, Jonard et al., 2020) is described here.
Light conditions are evaluated both in the PAR (pho-
tosynthetically active radiation) domain and in the

NIR (near infrared radiation) domain. For each do-
main, Samsaralight generates a set of diffuse and
direct beams, and computes their interception by tree
crowns and soil cells. The simulated energy ab-
sorbed by crowns is then temporally distributed at the
hourly scale. The energy absorbed by a crown is dis-
tributed among its five leaf layers, which are part of
the CASTANEA model for each tree.

Definition of crowns.

Each tree is represented by a crown occupying a
volume in space and is defined by the following vari-
ables:

e the height of the tree k;
e its crown base height, hcb;
e its crown radius crownRadius;

e its shape, which is considered conical in the case
of silver fir and ellipsoidal in the case of common
beech (shapes are vertically bounded by % and
heb and horizontally bounded by crownRadius);

e its leaf area density at period of full vegetation,
denoted LAD, in m? of leaf per m® of crown vol-
ume;

e its attenuation coefficient k;

e its clumping index Q defining the aggregation of
the leaves inside the crown.

Tree h and hcb values are model inputs (see sec-
tion 2.2). Tree crown radius is estimated using an al-
lometric relationship based on species and diameter
at breast height (DBH):

crownRadius = Berown + Qcrown X DBH (1)

Aerown @NA Berown are species dependent parame-
ters estimated on site at Mont Ventoux (unpublished
data from one of the authors, H. Davi). Q is species
dependent and was measured on Mont Ventoux sites
by Davi et al. (2008b). The attenuation coefficient k
depends on species, radiation domain, type of radia-
tion (direct, diffuse) and beam height angle. Its value
is determined using reverse-engineering of SAIL (the
radiation sub-model in CASTANEA) as described in
Appendix B.2.

The LAD of a tree is the ratio of its leaf area to its
crown volume. The leaf area of a given tree i (de-
noted LA;) is determined using the stand leaf area
at full vegetation (LA 4.4, Which is a simulation input,



see section 2.2). For every tree, its fraction of leaf
area over stand leaf area is proportional to its theo-
retical leaf area LA,;:

LA (DBH;, species;)
2 LAw(DBH;, species )

LA; = LAgana X

LAy, is given by an allometric equation based on
DBH and species from Forrester et al. (2017b):

LA (DBH;, species;) = Bo(species;) x DBHP(species)
)
During the radiation balance computation, each
tree LAD is at its maximum. However, a fraction of
the absorbed radiations per tree is removed daily de-
pending on their current phenological state (see Ap-
pendix B.4).

Ray casting.

Samsaralight generates two sets of beams. Firstly,
diffuse rays are generated in all directions, using a
5° discretization. Secondly, direct rays are generated
to follow the hourly trajectory of the sun for one vir-
tual day per month. Each set of beams contains the
energy of the entire year for both diffuse and direct
radiations. The stand plot is subdivided into square
cells of 1.5 m width. All beams are replicated for each
ground cell, aiming at the center of the cell.

Once all the rays have been created, Samsara-
Light performs the ray casting as described in Cour-
baud et al. (2003). For each ray, its energy is attenu-
ated when it crosses a crown. The proportion of en-
ergy transmitted follows the formulation of the Beer-
Lambert law:

Ir = Ioe_kXQXLADXZ” (4)

where [, is the path length of the ray in the crown and
Iy is the energy of the beam before it intercepts the
crown. Then, the energy absorbed by a crown I, is
the complement of the transmitted energy:

Ihy=1-Ir (9)

Note that SamsaralLight does not take directly into
account the reflection of light - which causes a loss
of energy in the sky and a reabsorption of the energy
reflected on the ground. These phenomena are taken
into account when calculating the attenuation coeffi-
cient.

After interception by a crown, the ray continues
its course until it reaches either a new crown or a
ground cell to which the remaining energy is transmit-

ted. A proportion of absorbed radiation € is uniformly
removed from soil cells to represent the light extinc-
tion from trunks, assuming a random arrangement of

trees: S TS

=) ©)
where S is the stand area and }; T'S; is the sum of
the trunk shade surface of individual trees. TS, de-
pends on the DBH and height of each tree i (suppos-
ing a cylindrical shape of the trunk), as well as on the
hourly sun angle B(h):

€=1—exp(—

height,
tan(B(h))
At the end of the ray casting, we know for each

crown and each soil cell the amount of direct and dif-
fuse energy received over a year.

TS; =DBH; X (7)

Computation of hourly absorbed energy.

The hourly absorbed radiation of any element is
then computed using the ray casting on the one hand
and the hourly incident radiation on the other hand.

For each absorbing element i (a soil cell or a tree
crown) and for each type of radiation (direct/diffuse,
PAR/NIR), the energy it absorbs at hourly scale is
given by the hourly incident radiation gr(h) and the
fraction of energy absorbed annually by this element,
I4,(i), divided by the total energy absorbed by all ele-
ments j over the year:

IAy(i)
Zj IAy(j)

The value of I4(h,i) has then to be amended be-
cause the ray casting uses values of LAD that as-
sume trees are at their period of full vegetation. A sur-
plus of energy is then removed afterward from each
tree according to their daily level of leaf development.
This surplus is redistributed into other trees and soll
cells, as described in Appendix B.4.

Ia(h, i) = gr(h) X 8)

Distribution among layers.

Within a real-life tree, some leaves can receive
a large amount of light - which leads to a satu-
ration of the photosynthesis capacities - while oth-
ers are in the shade. The saturation phenomenon
(and more generally the concavity of the absorbed
light-photosynthesis relation) forbids calculating pho-
tosynthesis by considering an average level of light
absorption for the whole canopy: this would bias
upwards the estimation of photosynthesis (Leuning
et al.,, 1995). In CASTANEA, the energy absorbed



by the canopy is therefore distributed into five lay-
ers of leaves, in which the absorbed energy is as-
sumed to be relatively homogeneous. The layers are
themselves divided between leaves under direct light
(called sun leaves) and leaves in the shade. The
distribution of energy into the different layers is de-
scribed in Appendix B.3.

2.2. Data set

To evaluate the simulations, we used an existing
data set (GMAP forest plot design, Jourdan et al.,
2019, 2020) composed of 39 beech, fir and beech-
fir plots sampled between 2014 and 2016. Plots are
distributed on three sites from the French pre-Alps
(Bauges, Ventoux, Vercors), which are described in
Table 2. They consist in a 10 m radius area in which
the position, height, crown base height, age, diame-
ter and species of each tree with a DBH greater than
7.5 cm were collected once.

Out of 1177 stems, 731 were cored to assess the
growth dynamics over the 18-year period 1996-2013
(Jourdan et al., 2019). Growth of non-cored stems
was inferred on the assumption that basal area in-
crement over basal area was constant for a given
species and site. To be comparable with the model
output, basal area increments were converted into
wood volume increments. To do that, we inferred
past tree heights by using values of past DBH and
the relationship between measured height and DBH.
Past DBH were reconstructed using basal area incre-
ments and measured DBH. Then, a model was fitted
on trees of the same species and site to evaluate the
relationship between measured height and DBH (see
Appendix A). This model was used to compute past
height based on reconstructed past DBH.

Wood volume increments were computed by multi-
plying each tree basal area increment with its inferred
past height and ®, a form factor coefficients which
takes into account the non-cylindrical shape of the
trunks (Deleuze et al., 2014). On the one hand, PDG-
Arena was evaluated using wood volume increments
at individual scale. On the other hand, we used the
wood volume increments at stand scale to evaluate
both PDG-Arena and CASTANEA.

Hourly climate data (temperature, global radiation,
wind speed, precipitation and relative humidity) were
obtained from the 8 km scale SAFRAN reanalysis
data set (Vidal et al., 2010) for the three sites and
temperatures were adapted to each stand altitude us-
ing an adjustment of 0.6 °C/100m (Rolland, 2003).
Soil texture, depth and stone content were obtained

for every stand (data from one of the authors, X.
Morin, see section 2.5 for accessibility).

The LAl of the stands were retrieved using
each plot coordinates and the 1 km resolution
SPOT/PROBA-V remote sensing data set (Baret
et al., 2013). We computed the average value of the
yearly maximum LAl observed over the 1999-2013
period (see section 2.5 for accessibility)

2.3. Simulation plan

Using field inventories, we generated three sets of
virtual inventories for PDG-Arena, following three lev-
els of abstraction, denoted RM, R and O. The first
set represents regularized monospecific inventories
(RM): for each species of each stand, we generated a
new inventory with equally spaced trees of the same
species, age, diameter and height. For mixed stands,
the simulation results using RM inventories were as-
sembled relatively to the proportion of each species
basal area. RM inventories can then be used to sim-
ulate the growth of multispecific stands while ignor-
ing species interactions. The second set represents
regularized inventories (R), in which trees of differ-
ent species can coexist but trees of the same species
share the same age, diameter and height. Trees in
R inventories are regularly spaced in a random order,
independently of the species. Lastly, original inven-
tories (O) include the information of the real life data
set, that is: species, position, diameter and height of
every individual trees. For each type of inventories
representing the same stand (regularized or not, with
or without species interactions), the mean quadratic
diameter, volume per tree and tree age per species
and the basal area were conserved.

CASTANEA was used as a reference model to
evaluate the performance enhancement brought by
PDG-Arena. We used RM inventories for CAS-
TANEA'’s stand-scale simulations. It is to be noted
that, contrary to PDG-Arena, CASTANEA does not
account for the stand slope. Therefore, when com-
paring CASTANEA and PDG-Arena results (section
3.1), the slope was put to zero in PDG-Arena invento-
ries. In the other situations (sections 3.2 and 3.3), the
slopes of the inventories simulated using PDG-Arena
were those of the field data.

To sum up, we simulated the growth of 39 stands
over the 18-year period 1996-2013, considering four
situations: RM, R and O inventories with PDG-Arena
and RM inventories with CASTANEA. Tree reproduc-
tion and intraspecific diversity, which are characteris-
tics of PDG and therefore PDG-Arena, were switched
off for these simulations.



Table 2: Characteristics of the stands used to evaluate the model. Mean value and standard deviation for each site (Bauges,
Ventoux, Vercors) and composition (Mixed, Beech, Fir) are shown for variables: number of stands, altitude (in m), mean
diameter at breast height per stand (in cm), density (in stem/ha), basal area (in m?/ha), proportion of beech basal area (in

%), mean age per stand, Leaf Area Index (no unit).

Site / Composition N altitude mean DBH density basal area % beech mean age LAI

Bauges 10 1100 + 101 28.7+6.7 1030 + 685 72+ 14 53 +43 89+ 16 5.6+0.2
Vercors 14 1250+ 101 32.3+8.6 657 =275 56+ 14 53 +38 118+40 5.6+0.3
Ventoux 15 1250126 22.1+63 1450 +623 57+13 50 +40 105+47 3203
Mixed 13 1200+ 131 262+7.3 1080 =465 64 +13 46 + 10 101+29 47+05
Beech 14 1230+118 26.7+10.3 1200 + 794 56 + 14 97 +£5 119+ 35 47+12
Fir 12 1190 + 139 290.8+7.4 867 + 578 62 +18 5+7 94 + 50 47+1.3
All 39 1210+126 27.5+84 850 + 632 60+ 15 51 +39 105+39 29+12

2.4. Model evaluation

To evaluate the similarity between each model-
ing situation, we used the gross primary production
(GPP) as CASTANEA and PDG-Arena are carbon-
based models. We computed the coefficient of corre-
lation (r, from -1 to 1) for the simulated GPP per stand
between the four situations.

To evaluate the performance of the models against
field measurements, we used the simulated wood vol-
ume increment per stand. We computed the Mean
Absolute Percentage Error (MAPE) and the coeffi-
cient of determination (r2, from 0 to 1) between sim-
ulations and measurements. A low MAPE indicates
that simulated wood production is on average close
to measured production. An r? close to 1 shows a
good capacity of the model to predict stand produc-
tion variability. Additionally, PDG-Arena with O inven-
tories was evaluated at the individual scale, by com-
puting the r> and MAPE of the simulated versus mea-
sured wood volume increment per tree for each group
of the same site, type of stand (beech, fir of mixed)
and species.

Lastly, we computed the net mixing effect (NME)
to assess the extent of the simulated physiological
processes that can solely be attributed to species
mixing. Following the computation of the net biodi-
versity effect by Loreau (2010), we defined the NME
as the difference for a variable between its observed
value in mixed stands and its predicted value based
on the hypothesis that there is no complementar-
ity effect between species. Here, we compared the
value of a simulated variable with PDG-Arena us-
ing the R and RM inventories (i.e., with and without
species interactions). NME was evaluated on GPP,
canopy absorbance, transpiration rate and maximum
water shortage (defined as the maximum difference
reached during simulation between the current and

full useful reserve, in mm). We chose the maximum
water shortage because, in comparison to the rela-
tive extractable water (REW) because it is expressed
in absolute and is therefore independent of the site
depth. NME was tested against the null hypothesis
using a two-sided Wilcoxon signed rank test.

2.5. Access to model and data

The PDG-Arena model is part of the Capsis frame-
work, which aims to facilitate collaborative and shared
software development for forest science (Dufour-
Kowalski et al., 2012). PDG-Arena is an extension
of the Physio-Demo-Genetics model, whose code is
only accessible to members of the Capsis community
for testing purposes. PDG-Arena can be run through
Capsis either by script or via a graphical interface, us-
ing a formalized inventory (describing each tree of the
plot, the plot and soil characteristics and physiologi-
cal, demographic and genetic options), as well as a
CASTANEA-adapted climate file.

A repository is made accessible on the Zenodo
platform (Rouet et al., 2024), containing:

o the script used for the generation of inventories;
e the inventories used is the simulations;

e two data sets describing the LAl and soil textures
used in the simulations;

e the results data set (including formatted data of
simulations and measurements);

o the script used for the analysis of the result data
set;

Raw simulation results are accessible on demand.



3. Results

3.1. Comparison of PDG-Arena and CASTANEA

Using regular and monospecific inventories (RM),
CASTANEA and PDG-Arena showed similar predic-
tions for the stand-level GPP, with a coefficient of cor-
relation at 99.8%. However, the GPP simulated by
PDG-Arena was in average 4.2% greater than that of
CASTANEA (Figure 3). As shown in Table 3, which
compares the 4 modeling situations based on the co-
efficient of correlation, simulations from PDG-Arena
was closer to those of CASTANEA when using reg-
ularized inventories (R) on the one hand and when
using regularized monospecific inventories (RM) on
the other hand.

3.2. Model performance

The simulated versus measured stand wood vol-
ume increment for the 39 stands are reported for
the CASTANEA model using RM inventories and for
the PDG-Arena model using O inventories in Fig-
ure C.6. Two fir stands from the Bauges site, de-
noted haut_sp_2 and bas_sp_4, stand out from the
point cloud, with measured growths of 1995 and 1562
cmd/m?/year, while the simulated growth did not ex-
ceed 973 cm®/m?/year for CASTANEA and PDG-
Arena. In addition, simulations using values of LAl
measured in 2022 using Terrestrial Laser Scanning
(unpublished data from one of the author, C. Rouet)
were done and showed the same discrepancy with
growth measurements for these two stands, indicat-
ing that the LAl measurement is not the problem. As
the inclusion of these two stands in the analysis af-
fects the overall results, they were discarded from the
following analysis (see Table C.6 for the performance
analysis that includes all stands).

Simulation performances of CASTANEA and PDG-
Arena against measured wood volume increments
per stand are reported in Table 4. The MAPE was
close between models and types of inventories, rang-
ing from 30.1 to 33.1% in mixed stands, 53.9 t0 57.9%
in beech stands and 29.6 to 33.7% in fir stands. Con-
sidering the 37 stands, performances were close be-
tween CASTANEA and PDG-Arena on comparable
inventories, i.e., RM inventories, with a slight advan-
tage for PDG-Arena (r? 32.1% vs 29.5%). Using O
inventories, PDG-Arena performed better than CAS-
TANEA on RM inventories (r? 34.2 vs 29.5%).

Activation of species interactions in PDG-Arena
(R vs RM inventories) slightly decreased the perfor-
mance for mixed stands (r> 36.3% vs 37.6%, MAPE
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33.1% vs 30.7%). Using original instead of regular-
ized inventories (O vs R), PDG-Arena displayed an
improved performance on mixed (r?> 40.5 vs 36.3%,
MAPE 31.5 vs 33.1%) and beech (r? 38.3 vs 24.7%,
MAPE 53.9 vs 57.9%) stands but a lower perfor-
mance on fir stands (r> 39.8 vs 50.1%, MAPE 39.8
vs 33.0%).

Figure C.7 shows the simulated versus measured
wood volume increment at the tree scale using PDG-
Arena and original inventories (O). The r? ranged
from 20 to 64% depending on the set of trees, with
a mean at 47%. The MAPE ranged from 50 to 146%,
with a mean of 82% (Table C.7).

3.3. Mixing and structure effects

GPP and canopy absorbance simulated by PDG-
Arena in mixed stands are represented in Figure 4
for RM, R and O inventories. Additionally, Figure C.8
shows the yearly transpiration rate and maximum wa-
ter shortage. Comparison of simulations with R and
RM inventories showed a positive net mixing effect
of 5.5% on GPP (1665 vs 1578 gC/m2/year; p-value
< 0.001), of 11.1% on canopy absorbance (0.452 vs
0.407; p-value < 0.001), of 15.8% on canopy tran-
spiration (234 vs 202 mm/year; p-value < 0.001) and
of 13.7% on maximum water shortage (92.5 vs 81.3
mm; p-value < 0.001).

The structure effect (evaluated by comparing O and
R inventories on all 39 stands, not shown here) de-
creased the GPP by 3.7% (1603 vs 1665 gC/m2/year;
p-value < 0.001) and the canopy absorbance by 5.2%
(0.428 vs 0.452; p-value < 0.001). Transpiration
showed a decrease of 3.2% (226 vs 234 mm; p-value
< 0.001) and maximum water shortage a decrease of
1.9% (90.8 vs 92.51 mm; p-value < 0.05).

4. Discussion

Given the paucity of forest growth models sim-
ulating ecophysiological processes at the individ-
ual scale, we developed the individual-based model
PDG-Arena from the stand-scale model CASTANEA
in order to simulate the carbon, water, and radiation
dynamics of mixed forests. PDG-Arena was built with
the idea of observing and understanding the proper-
ties that emerge in multispecific stands, by integrat-
ing tree-level competition and without assuming the
presence of positive interactions between heterospe-
cific trees. It uses on the one hand a physiological
model parameterized for monospecific stands and on
the other hand an individual scale structure that al-
lows trees to interact - the interaction being more or
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Figure 3: Gross primary production (GPP) per stand simulated by PDG-Arena and CASTANEA. Regularized monospecific
inventories (RM) were used. r is the correlation coefficient.

Table 3: Matrix of similarity between simulated GPP from CASTANEA and PDG-Arena using different types of inventories:
'RM’ (regularized and monospecific, i.e., without species interactions), 'R’ (regularized, but with species interactions) and 'O’
(original inventories). Similarity is expressed using the correlation coefficient (in %) of the simulated gross primary production
for the 39 stands over the 1996-2013 period.

CASTANEA PDG-Arena PDG-Arena PDG-Arena

(RM) (RM) (R) (O)
CASTANEA (RM) 100.0 - - -
PDG-Arena (RM) 99.8 100.0 - -
PDG-Arena (R) 99.3 99.5 100.0 -
PDG-Arena (O) 97.7 98.5 99.0 100.0
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Table 4: Evaluation of the performances of PDG-Arena and CASTANEA on the 37 stands. Coefficient of determination (r?,
in %) and Mean Absolute Percentage Error (MAPE, in %) were computed for the simulated versus measured yearly wood
volume increment per stand over the period 1996-2013. Inventories are characterized as: 'RM’ (regularized and monospecific,
i.e., without species interactions), 'R’ (regularized, but with species interactions) and 'O’ (original inventories).

Set Model Inventories r? MAPE
CASTANEA RM 29.5 40.6

Al stands PDG-Arena RM 32.1 40.5
PDG-Arena R 32.5 41.8

PDG-Arena 0 34.2 40.4

CASTANEA RM 36.3 30.1

Mixed PDG-Arena RM 37.6 30.7
PDG-Arena R 36.3 33.1

PDG-Arena O 40.5 31.5

CASTANEA RM 22.9 55.3

Beech pure PDG-Arena RM 25.0 574
P PDG-Arena R 247 579
PDG-Arena O 38.3 53.9

CASTANEA RM 42.0 33.7

Fir pure PDG-Arena RM 51.9 29.6
P PDG-Arena R 501 304
PDG-Arena 0O 39.8 33.0

GPP (gC/m2/yr) Absorbance (no unit)
ILW ILW
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2100- Fkk Kk
1 1
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Figure 4: Gross primary production (GPP) and canopy absorbance simulated by PDG-Arena for 13 mixed stands. Three
types of inventories were used: regularized monospecific inventories (RM), regularized inventories with species interactions
(R) and original inventories (O). Two-sided Wilcoxon signed rank test was used (**: p-value < 0.01, ***: p-value < 0.001).
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less competitive depending on the functional traits of
the individuals and species.

We showed that PDG-Arena was able to reproduce
the behavior of CASTANEA when simulating regular-
ized inventories with no species interactions. Thus,
the increase in complexity of PDG-Arena, required in
order to simulate the functioning and interactions of
distinct trees, was not at the cost of decreased per-
formance at stand scale. Even when using original
inventories (i.e., integrating the diversity in structure
and species), the stand scale results of PDG-Arena
were highly correlated to those of CASTANEA. This is
explained by the fact that both models are based on
LAI, which remains identical for each stand between
simulations. Still, PDG-Arena, in comparison to CAS-
TANEA, showed better performance when compared
to measurements, in particular on beech (r> +15.4
percentage points) and mixed stands (12 +4.2 per-
centage points). As shown by the simulations using
different types of inventories, the improvement in sim-
ulating stand growth is largely explained by the use of
original stand structures, letting PDG-Arena simulate
the growth of trees of various sizes.

At the individual scale, PDG-Arena explained half
of the variability of tree growth, showing that it can
capture the competitive status of each tree based on
their leaf surface, height and position. However, the
mean absolute error was often large and systematic,
indicating that the model lacks calibration for each
site.

Interestingly, a positive and significant net mixing
effect was observed in PDG-Arena simulations on
gross primary productivity by comparing simulations
with interacting species to equivalent simulations with
species in isolation. The simulated overyielding
can be attributed to an improvement of canopy ab-
sorbance due to species mixing (Figure 4). LAl be-
ing equal between each inventory for the same stand,
the increased light absorption is hence explained by a
greater occupation of the aerial space due to species
interactions. This effect, known as canopy pack-
ing, has been observed on a variety of mixed forests
across Europe (Jucker et al., 2015; Pretzsch, 2019).
Canopy packing is commonly decomposed into two
mechanism: the phenotypic plasticity of the shape
and size of crowns and the vertical stratification (i.e.,
the occupation by crowns of different vertical strata).
Although it is likely to play a role in the functioning of
mixed stands (Pretzsch, 2019; Dieler and Pretzsch,
2013), phenotypic plasticity is not yet implemented in
PDG-Arena. Thus, our model can only simulate the
vertical stratification of crowns, but not their morpho-
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logical adaptation to their local competitor (see, for
example, Jonard et al., 2020 and Morin et al., 2021),
potentially leading to an underestimation of overyield-
ing.

The observed overyielding in the French National
Forest Inventory for beech-fir mixtures (20%, Toigo
et al., 2015) is greater than the one we simulated. In
addition to canopy packing, the real-life overyielding
in mixed stands can also be explained by reduced
competition for nutrients. Indeed, nutrient content in
above-ground biomass and the nitrogen concentra-
tion of leaves are likely to be increased by species
mixing (Richards et al., 2010). However, competition
for nutrients was not integrated in PDG-Arena since
its main objective was to build an individual-based
model upon the physiological processes that already
exist in CASTANEA.

In addition, species mixing increased the yearly
water shortage due to increased transpiration (Fig-
ure C.8) at equivalent LAI. This confirms the idea that
the nature of the diversity-functioning relationship in
forests strongly depends on the considered resources
(Forrester, 2014). According to our simulations, pro-
moting diverse stands could maximize light intercep-
tion and growth but would also increase transpiration,
which would be detrimental in sites with limited water
reserves. In reality, an increase in water use in mixed
stands could be counter-balanced by a reduced com-
petition for water between trees of different species
(Schume et al., 2004). Although an interspecific dif-
ferentiation between the water uptake depth has been
observed for some species (Schwendenmann et al.,
2015), our model cannot simulate this mechanism
yet. A comprehensive knowledge of each species
water uptake depth is still in construction but could
be integrated in process-based models in the near
future (Bachofen et al., 2024). Concerning the hori-
zontal distance of tree water uptake, little data exist at
the moment. The assumption of a horizontally homo-
geneous water uptake in our model is justified by the
small surface area of the simulated plot.

One limit of this study was the nature of the data
used to evaluate the model. Tree growth is an inte-
grative measure that results from carbon, water and
light uptake, whereas CASTANEA is calibrated using
COs, fluxes (Dufréne et al., 2005). Moreover, the mod-
eling of carbon allocation, which plays a decisive role
in simulating wood growth, is a potential source of er-
ror (Davi et al., 2009; Merganicova et al., 2019). Ad-
ditionally, climate was parameterized at the site scale
using an 8 km resolution data set instead of at the
stand scale, although climatic variables such as pre-



cipitation could vary between stands due to local to-
pography.

5. Conclusion

The new individual-based model PDG-Arena we
developed is able to simulate the interactions be-
tween trees in monospecific and mixed stands and
predict their productivity based on an explicit tree
inventory. Compared to CASTANEA, PDG-Arena
showed improved predictive capability for beech and
mixed beech-fir forests. The model can simulate the
growth of small-sized stands (less than 1 ha), of reg-
ular or irregular structure, and composed of trees of
similar or different species (given that the species
ecophysiological properties are parametrized in CAS-
TANEA). As PDG-Arena simulates the competition for
water and light between trees with no preconceived
ideas about the direction of interspecific interaction
(from competition to complementarity), it can be used
to test specific hypotheses about mixed forests and
better understand the diversity-functioning relation-
ship in forests under contrasted scenarios. For ex-
ample, the model could be used to explore the fol-
lowing open questions, keeping in mind that the an-
swers are largely species-specific and environment-
dependent (Ratcliffe et al., 2015; Forrester et al.,
2017a): is overyielding more likely to occur in less
productive sites (Toigo et al., 2015)? Can overyield-
ing increase water stress in mixed stands (Forrester
et al., 2016)? Are mixed stands more resilient to
drought (Grossiord, 2018)? Lastly, being built on the
basis of a physio-demo-genetics model, PDG-Arena
is suitable to evaluate the evolutionary dynamics of
functional traits of a population under various biotic
(stand composition, density and structure) and abi-
otic (soil, climate) constraints, as intraspecific diver-
sity is a major adaptive force in natural tree popu-
lations (Lefevre et al., 2014; Oddou-Muratorio et al.,
2020; Fady et al., 2020).

6. Declarations

6.1. Author contributions

Camille Rouet: Conceptualization, Methodology,
Software, Visualization, Writing - Original Draft. Hen-
drik Davi: Conceptualization, Supervision. Arséne
Druel: Methodology, Writing - Review. Bruno Fady:
Project administration, Supervision, Writing - Review.
Xavier Morin: Methodology, Data Curation, Supervi-
sion, Writing - Review.

14

6.2. Declaration of competing interest

The authors of this publication declare that they
have no conflicts of interest.

6.3. Funding source

This work was financed by ADEME, the French
Agency for Ecological Transition, and ONF, the
French National Forests Office.  The observa-
tion design used in this study is part of the
GMAP network, partly funded by the OSU OREME
(https://oreme.org/observation/foret/gmap/).

6.4. Credits

Figures 1 and 2 were designed using images from
flaticon.com.

6.5. License

For the purpose of Open Access, the authors have
applied a CC BY-NC 4.0 public copyright licence to
any Author Accepted Manuscript (AAM) version aris-
ing from this submission.

Appendix A. Height-diameter relationship

For each group of trees of the same species and
site, a linear model (Equation A.1) was fitted on the
logarithms of their measured height (in m) and DBH
(in cm) as shown in Figure A.5. The slope and in-
tercept parameter a and b as well as the coefficients
of determination r? are shown in Table A.5 for each

group.

log(height) = a X log10(DBH) + b (A.1)

Appendix B. Supplementary description of PDG-
Arena

Appendix B.1. Computing Leaf Mass per Area

The Leaf Mass per Area (LMA) is a leaf-level trait
defined as the mass per unit area of leaves (g/m?).
LMA varies both in time during leaf growth and in
space: leaf mass gain is indeed favored by local irra-
diance, resulting in an exponentially decreasing dis-
tribution of LMA across the canopy from top to bot-
tom. This section describes how the spatial variation
of LMA is accounted in PDG-Arena.

In the CASTANEA model, which assumes that the
stand is homogeneous and monospecific, the LMA
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Figure A.5: Relationship between measured height and DBH. The red line indicates the model fitted on logarithmic values.

Table A.5: Parameters of the height-DBH model described in Equation A.1.

Site Species a b r?

Bauges Beech 0.69 0.33 0.78
Bauges  Fir 0.81 0.065 0.86
Ventoux Beech 0.62 0.31 0.62
Ventoux  Fir 0.72 0.097 0.81
Vercors  Beech 0.78 0.13 0.87
Vercors  Fir 0.83 0.033 0.90
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follows a exponentially decreasing function (Davi
et al., 2008a):

LMA(LAlLppye) = LMAg x e FEMAXLALboe (B 1)

LAl is the Leaf Area Index that accounts only
for the leaves that are above the considered leaf.
LMA, and kLMA depend on the species and de-
scribe the decrease in LMA within the canopy, which
is related to the decrease in light intensity within the
canopy. Then, the average LMA within a layer is ob-
tained by integrating LMA(LAI,,y.) Within the layer’s
vertical boundaries.

In the case of PDG-Arena, the canopy is more
structurally complex than in CASTANEA and can in-
clude several species. The LMA at a given position of
a tree is defined taking all trees into account and us-
ing the same formula as in Equation B.1. LAy is
computed by counting only the leaves of the canopy
that are located above the considered leaf. It should
be noted that the model is not completely accurate
given that the parameter kLMA and LMA, are those
of the species of the considered leaf, although the
leaves taken into account in LAI,,,. potentially come
from another species. However, this method does
represent the phenomenon of light attenuation which
is specific to each individual.

Appendix B.2. Estimation of the attenuation coeffi-
cient with reverse-engineering

In order to know the value of the attenuation coeffi-
cients of each species in PDG-Arena, a preliminary
simulation is carried out following the CASTANEA
model to take advantage of SAIL, its radiation sub-
model (Dufréne et al., 2005). The preliminary simula-
tion is performed for each species on a monospecific
and regularized inventory (RM inventory, see section
2.3). We define the attenuation coefficient k; at a
given time as a function of the incident energy I, the
energy transmitted by the vegetation I;, and the Leaf
Area Index LAI, following a Beer-Lambert model:

I, = Iyexp *<tAl (B.2)
which is equivalent to:
1 Iy
ki = — X log(— B.
=TT og( I{) (B.3)

where I; is defined at any time as the difference be-
tween the incident energy and the energy absorbed
by the vegetation.
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The coefficient of attenuation which is used in Sam-
saralight, denoted k,, is not of the same nature as k;.
Indeed, in Equation B.2, we multiply k; by the LAI
(considering an infinite, horizontally homogeneous,
leaf layer) while Samsaralight multiplies k, to the
Leaf Area Density LAD and the beam path length
within a finite, volumetric crown (see Equation 4).
Then, to go from one to the other, we must multiply
ki by sin(B) (with 8 the angle of height of the sun):

1
ky = sin(B) X ky = sin(B) X —

Iy
— B.4
7a1 > log( 7 ) (B4)

The coefficient k, depends on the height of the sun,
but also on the frequency domain of the radiation. In-
deed, the attenuation coefficient takes into account
both the extinction of the rays (defined by the leaf and
crown geometry) and the absorption by the leaves
which depends on the light frequency. In the following
calculations, we distinguish the PAR (photosyntheti-
cally active radiation) domain and the NIR (near in-
frared radiation) domain. It is assumed that these two
domains represent the bulk of the incident radiation.
To sum up, the attenuation coefficient depends on the
species (leaf angle distribution and absorbance rate),
the type of radiation (PAR/NIR, direct/diffuse) and the
height angle (8).

Based on the results of the preliminary CASTANEA
simulation, which executes a radiation balance using
the SAIL model, we can infer the value of the attenu-
ation coefficients of the plot for direct and diffuse ra-
diations using Equation B.4. In the preliminary simu-
lation, we know for direct rays the value of the height
angle B at any hour. For diffuse rays, by definition 8
takes every value between 0 and x/2 at any hour, so
we can'’t use the height angle information.

Direct Rays.

For direct radiation, we estimate an attenuation co-
efficient for each species by discriminating the PAR
and NIR and defining 20 classes of attenuation coef-
ficients corresponding to classes of the height angle
B, equally distributed between 0 and n/2. For each
class i of 8, we performed an average on the attenua-
tion coefficients observed during the preliminary sim-
ulation for direct radiations:

o o Toair(hy) 1
kdir(l) - Z |:Sln(ﬁl) X LAI(h,) lOg( Itdir(hi)) 8 n(h’)
(B.5)

where kg4, (i) is the mean attenuation coefficient com-
puted from the preliminary simulation results, for di-



rect radiation of the height angle class i (which in-
cludes n(h;) hours). For a given hour of the year
h;, LAI(h;) is the daily Leaf Area Index of the plot,
Loair(h;), is the incident direct energy and I,y (h;) is
the direct energy transmitted through the canopy.

Diffuse Radiation.

For diffuse radiation, we discriminate the attenua-
tion coefficient according to the species and radiation
domain only. The attenuation coefficient for diffuse
light k4; is assumed to be constant for any sun height
angle. To switch from one formulation of the Beer-
Lambert law to the other (Equation B.4), a value of
B is nevertheless needed. Considering that the dis-
tribution of diffuse rays along the g height angles is
uniform, we simplify the equation by using an aver-
age computation. Then, we use sin(B), the average of
sin(B) for 8 going from 0 to /2 (which is about 0.637).
For a species and a radiative domain, we compute an
average on every day of year of the observed attenu-
ation coefficient during the preliminary simulation:

R 1
kaif = Z [sin(ﬁ)x LAIG) Xlog

B.6)

Toair () 1
(]tdif(j) )}X% (

with, for day j, LAI(j) the Leaf Area Index, Io4ir(j) the
incident diffuse energy and I,4;7(j) the diffuse energy
transmitted through canopy.

Appendix B.3. Distribution of radiations into canopy
layers and into sun and shade leaves

In CASTANEA, the energy absorbed by the canopy
is distributed into five layers of leaves, which are
themselves divided into leaves in direct light (called
sun leaves) and leaves in the shade. We present
here how PDG-Arena operates the distribution of the
absorbed energy by individual crowns.

Proportion of sun leaves of a tree.

The proportion of sun leaves of a crown, i.e., of its
leaves subjected to direct radiation, is given by a for-
mula borrowed from the HETEROFOR model (Jonard
et al., 2020). Two factors define the shading received
by the leaves of a tree: on the one hand, the external
shading provided by the competing trees, giving the
proportion of sun leaves pSun,,;; on the other hand,
the internal shading provided by the own leaves of a
tree, giving the proportion of sun leaves pSun;,,.

The shading provided by the competitors is given
by the ratio of the direct incident energy above the
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tree 1y(aboveTree) to the potential direct incident en-
ergy Ij(potential), which is computed by Samsara-
Light by ignoring neighbors trees:

_ go(aboveT ree)
ext — ~ 1 . . .. N

pSun (B.7)

Lyo(potential)

The second quotient to be evaluated is the propor-
tion of the leaves of the tree shaded by its own leaves.
The shading by the leaves of the tree itself follows
the same relationship as the direct radiation within the
tree, that is to say a Beer-Lambert law:

harl (B.8)

pSunip(l) = exp
where pSun;,(l) is the proportion of sun leaves re-
maining after the radiation passes through the crown,
with [ the cumulative LAl encountered by the passing
beam and k,; the tree extinction coefficient for direct
PAR. The proportion of sun leaves at the crown en-
trance is supposed to be 1, ignoring leaves shaded
by neighboring trees.

We can compute LA, _;,;, the amount of leaves
that are not shaded by leaves of the same tree. To do
this, we need to integrate pSun;,(I) for [ ranging from
0to LAI, the Leaf Area Index of the tree:

LAI
LATLy—ine = f PS unint(l)dl
0

LAl
= f e karld]
0

[e_kdirl ]LAI
—kair 0
1- e*ktlirLAI

kdir

Thus, pSun;,, = LAlLy,—in/LAI represents the pro-
portion of leaf remaining in the light when shaded by
the tree’s own leaves.

Finally, the proportion of sun leaves of a tree is
pS UNtree = PS UNexr X PS UNjp;.

Distribution of radiations by layer.

If SamsaraLight allows us to know the amount of
energy absorbed per tree according to each domain
(PAR/NIR) and type of energy (direct/diffused), noted
E, ., it does not allow us to distribute this amount
between layers, differentiating leaves with high inter-
ception and leaves with low interception. To do so,
we firstly divide the leaf surface of a tree into n equal-
sized layers, and we assume that the radiative char-



acteristics are homogeneous within a layer. We de-
fine a distribution function f;, that determines E;, the
amount of energy that is absorbed by layer i:

i
2nfi

We assume that the distribution f; is affected by
the light interception from leaf surface that is located
above the layer (whether it belongs to other trees or to
the same tree). Then, we define a simple stand-scale
model that describes the level of energy transmitted
through the stand using the Beer-Lambert law. At
any level of height located under a quantity of leaves
LAl v, the proportion of light transmitted through
these leaves is:

E; = Ejree X (810)

—ktXLAlapove

plight(LAIabove) =e (B1 1)

with k, the stand level attenuation coefficient.
LAl is calculated by counting the amount of
leaves above the leaf layer under consideration,
knowing the position and shape of each individual. A
homogeneous distribution of leaf density within each
individual crown is assumed. We do not consider the
plot slope in this calculation, i.e., only tree height de-
fines whether the leaves of one tree are higher than
those of another.

Finally, to calculate f;, the fraction of energy ab-
sorbed by any layer i of a crown, we compute the
average value of pj,, inside the layer by integrating it
within its boundaries LAILpov.(i — 1) and LAIpove(i):

LALbowe® e LALye
f = LoD e dLAIapove
I LAIabove(i) - LAIabOVe(i — 1)
— (B.12)
e KstLAlupove(i=1) _ p=kstLAlupove(i)
fi

" kot (LALupore(i) — LALpove(i — 1))

The proportion f; is computed for each type of
radiation (direct/diffuse and PAR/NIR).

Appendix B.4. Reduction of absorbed radiations in
Samsaralight

In SamsaralLight standard mode, the foliage is as-
sumed to be at its maximum during the whole pro-
cess. Thus, the energy absorbed by the trees when
their leaf area is in reality lower must be revised
downwards, especially for deciduous trees, which
lose all their leaves in autumn. For each individual,
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a ratio depending on its LAl is computed each day to
represent the evolution of its absorption level from 0
to 1. The level of absorption is supposed to follow the
dynamic of the Beer-Lambert law:

) 1- e—kXLAI
ratiora; =

Py (B.13)

For each radiation domain, k is the attenuation co-
efficient of a tree and ratiors; is applied to its ab-
sorbed energy to take off the surplus. Nevertheless,
the removed energy must be redistributed, because
if it had not been intercepted, this energy would have
been distributed among the other absorbing elements
(crowns or soil cells). At this point, it is no longer
possible to know to which element the energy should
be distributed. Then, the extracted energy is redis-
tributed to all absorbing elements, proportionally to
their level of absorbed energy (after reduction accord-
ing to LAI), which represents their relative interception
capacity.

Appendix C. Supplementary results

Figure C.6 shows the simulated versus measured
wood volume increment per stand for the 39 stands
(including the outliers) using the CASTANEA model
(with RM inventories) and the PDG-Arena model (with
O inventories). Table C.6 shows the performance of
the models at stand scale based on the r? and MAPE
coefficients, computed without discarding the two sil-
ver fir outlier stands.

Figure C.7 shows the simulated versus measured
wood volume increment per tree for the 37 stands
using the PDG-Arena model with O inventories. Ta-
ble C.7 shows the individual-scale performances in
terms of r> and MAPE .

Figure C.8 shows the maximum water shortage
during an average year (i.e., the maximum difference
reached during a year between the current and full
useful reserve, in mm) and yearly transpiration simu-
lated by PDG-Arena for 13 mixed stands using RM, R
and O inventories.
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Table C.6: Evaluation of the performances of PDG-Arena and CASTANEA without discarding outliers. Coefficient of deter-
mination (r2, in %) and Mean Absolute Percentage Error (MAPE, in %) were computed for the simulated versus measured
yearly wood volume increment per stand over the period 1996-2013. Inventories are characterized as: 'RM’ (regularized and
monospecific, i.e., without species interactions), 'R’ (regularized, but with species interactions) and 'O’ (original inventories).

Set Model Inventories  r?  MAPE
CASTANEA RM 25.7 41.7

Al stands PDG-Arena RM 26.5 41.6
PDG-Arena R 26.4 42.8

PDG-Arena O 24.0 41.7

CASTANEA RM 36.3 30.1

Mixed PDG-Arena RM 37.6 30.7
PDG-Arena R 36.3 33.1

PDG-Arena O 40.5 31.5

CASTANEA RM 22.9 55.3

Beech pure PDG-Arena RM 25.0 57.4
P PDG-Arena R 247 579
PDG-Arena 0O 38.3 53.9

CASTANEA RM 18.0 38.4

Fir pure PDG-Arena RM 24.8 349
P PDG-Arena R 237 356
PDG-Arena O 19.1 38.6

Table C.7: Performance at the individual scale of the PDG-Arena model using original inventories (O). r> and MAPE, ex-
pressed in %, were computed on set of trees of the same site, type of stand and species.

Site Standtype  Species r?> MAPE
Bauges  Mixed Beech 36 70
Bauges  Mixed Fir 62 68
Bauges Pure beech Beech 64 63
Bauges  Pure fir Fir 20 73
Ventoux  Mixed Beech 40 95
Ventoux Mixed Fir 59 50
Ventoux Pure beech Beech 40 69
Ventoux  Pure fir Fir 43 95
Vercors  Mixed Beech 51 146
Vercors  Mixed Fir 49 68
Vercors  Pure beech Beech 51 115
Vercors  Pure fir Fir 48 67
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Figure C.7: Simulated versus measured wood volume increment for every cored trees using the PDG-Arena model and
original inventories (log scale).
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regularized monospecific inventories (RM), regularized inventories with species interactions (R) and original inventories (O).
Two-sided Wilcoxon signed rank test was used (*: p-value < 0.05, ***: p-value < 0.001).
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