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Abstract.

Given the multiple abiotic and biotic stressorsutitsg from global changes, management systemspaactices must be
adapted in order to maintain and reinforce thdieesie of forests. Among others, the transformatémonocultures into
uneven-aged and mixed stands is an avenue to imdarest resilience. To explore the forest respdoséhese new
silvicultural practices under a changing environtnene need models combining a process-based agpwath a detailed
spatial representation, which is quite rare.

We therefore decided to develop our own model (HRDEOR for HETEROgeneous FORest) according to dadlyatxplicit
approach describing individual tree growth basedresource sharing (light, water and nutrients). HRDFOR was
progressively elaborated through the integrationvafious modules (light interception, phenology, tavacycling,
photosynthesis and respiration, carbon allocatimngral nutrition and nutrient cycling) within CARS(Computer-Aided
Projection for Strategies in Silviculture), a cblmative modelling platform devoted to tree groatid stand dynamics. The
advantage of using such a platform is to use comteelopment environment, model execution systesex;-lnterface and
visualization tools and to share data structurkgats, methods and libraries.

This paper describes the carbon-related procesddE BEROFOR (photosynthesis, respiration, carbdocation and tree
dimensional growth) and evaluates the model perdioces for three broadleaved stands of contrasetespcomposition
(Wallonia, Belgium). This first evaluation showekdat HETEROFOR predicts well individual radial gromgPerson’s
correlation of 0.83 and 0.63 for European beech sesbkile oak, respectively) and is able to repredsize-growth
relationships. We also noticed that the most emglidption for describing maintenance respiraticovjgles the best results
while the process-based and empirical approachekady perform for photosynthesis and crown extensTo illustrate how
the model can be used to predict climate changadisn forest ecosystems, the growth dynamidssrstand was simulated
according to four IPCC climate scenarios. Accordimthese simulations, the tree growth trendslvélgoverned by the GO

fertilization effect with the increase in vegetatjperiod length and in water stress also playimgebut offsetting each other.
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1 Introduction

Forest structure and composition result from sod alimate conditions, management and natural diances. All these
drivers of forest ecosystem functioning are rapieNplving due to global changes (Aber et al., 2Q0adner et al., 2010;
Campioli et al., 2012). While environmental andistad changes make no doubt, their magnitude amavtty they will occur
locally remain largely uncertain (Lindner et alg12). Designing silvicultural systems and selectileg species adapted to
future conditions seems therefore a risky bet (Bretial., 2019). Messier et al. (2015) proposedhen@pproach recognizing
that forests are complex adaptive systems whosesfutynamics is inherently uncertain. To mainthim ability of forests to
provide a large range of goods and services whatkeduture conditions, their resilience and adhjity must be improved
by favouring uneven-aged structure and tree speatigasire (Thompson et al., 2009; Oliver et al., 2DJAs the combinations
of site conditions, climate projections, stand &tiites and tree species compositions are nearhitsfall the management
options that could potentially enhance the resigeand adaptive capacity of forests cannot bedastsitu (Cantarello et al.,
2017). Furthermore, such silvicultural trials wopldvide results only in the long run given the If#pan of trees. Scenario
analysis based on model simulations are therefegéulito select the most promising managementesfied and to evaluate
their long-term sustainability. To explore fores$ponse to new silvicultural practices and to urerpced climate conditions
in a realistic way, one needs new process-basecisadle to deal with mixed and structurally compéands and to
incorporate uncertainties in future conditions (Bseh et al., 2015).

In connection with the traditional forestry viewifgyests as a stable system that can be contratiady empirical models
were developed to predict tree growth in monocekuwonsidering that past conditions will remainharged in the future.
On the other hand, scientists developed processdbaso-physiological models to better understamtsiand long-term
forest ecosystem response to multiple and intergatnvironmental changes (Dufréne et al., 2005) Tan indeed not be
done through direct experimentation because théisiteland multifactorial experiments required éiming so would be too
complex and too expensive (Aber et al., 2001; Bmise and Running, 2006). Most experiments of enwient manipulation
focus on single or few factors during a limited ipdrof time, which precludes to properly take igitcount interactions,
feedbacks and acclimation. To simplify the mathérahtformalization of eco-physiological processesg(, radiation
interception) and limit the calculation time, thggecess-based models were first designed forguer-aged stands without
considering the spatial heterogeneity of standcsira.

With the increasing interest for uneven-aged staamtd tree species mixtures, cohort and tree-levadels were also
developed. Pretzsch et al. (2015) reviewed 54 fgmsvth models to show how they represent spenigsg. Among those
models, 36 were process-based with 9 at the sfidndt the cohort and 16 at the tree level. Whiltocomodels allow to
describe the vertical structure of the stand, kegel models are generally necessary to consigesphatial heterogeneity in
the horizontal dimensions. To represent stand tstrei¢n three dimensions, the model must not oplyrate at the individual
level but also consider the tree position. In thaew of Pretzsch et al. (2015), 11 process-basmteta were individual-based

and spatially explicit but only three of them acatmd simultaneously for radiation transfer, wataling and phenology (i.e.,
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BALANCE, EMILION and MAESPA). Since it describesregpy and water balance processes using a state-afrt
approach (based on a fine crown discretization) B8RA is a very useful tool for analysing outcomesam-physiological
experiments (Duursma and Medlyn, 2012). MAESPAawdver not suitable for multi-year simulations griccontains no
routine for carbon allocation, respiration and w@aensional growth. EMILION is also restrictedane-year simulation (no
organ emergence) and is specific to pine specigsamjuite detailed structural approach (Bosc.e2800). In contrast, tree
dimensional growth is well described in BALANCE whipossesses a fine representation of tree steuguote and Pretzsch,
2002). In BALANCE, radiation interception by treaad water cycling are based on simpler eco-phygicéd concepts
compared to MAESPA and photosynthesis is calculafitid a 10-day time step using the routine of Hareland Prentice
(1996). As the Forest v5.1 model (Schwalm and EH42, BALANCE has the advantage of merging two itrads,
conventional growth and yield models together wittocess-based approaches, providing outputs famdigforesters
(classical tree and stand measurements obtainedftn@st inventory) as well as carbon fluxes amdlst. Among the three
models, BALANCE is the only one that considers mahautrition through the impact of nitrogen (N)adlability on tree
growth. The approach used for modelling nutrierdiog is however very simple. Soil is not partitéezhinto horizons and the
soil chemistry processes (e.g. ion exchange, nlinazathering) are not described although they asemtial to estimate
bioavailability of the major nutrients other thar(l K, Mg, Ca). Not considered in the review oét2sch et al. (2015), iLand
is another individual-based model describing the-gtysiological processes with an intermediate ll@fedetail using
simplified eco-physiological concepts (such asrtftBation use efficiency approach) in order sinmifarest dynamics also at
the landscape scale. Later, Simioni et al. (2018)etbped the NOTG 3D model to study water and carthaxes in
Mediterranean forests using an individual-baseda@ggh to account for the spatial structure of thed. This model is more
suited for short-term (a few years) rather thargierm (a rotation) simulations since tree dimensiare updated based on
fixed empirical relationships between diameterratbt heightdbh) and tree height or crown radius.

As the models accounting for both the functional apatial complexity are rare, we developed a nedeh(HETEROFOR)
using a spatially explicit approach to describeniitial tree growth based on resource use (liglttewand nutrients) in
HETEROgeneous FORrests. While the BALANCE and iLaratlel existed and responded roughly to our expens we
decided to build a new model for several reasoiust, Rve thought that another model of this pattictlype would not be
redundant if based on other concepts. Instead lotileéing an index of light availability, we chose estimate radiation
interception for all trees using a ray tracing agmh. For calculating photosynthesis and tree pieation, we selected the
Farquhar model with shorter time step than in BAL@#in order to account for hourly variations imudite and soil water
conditions. While we used a slightly more complppraach for the water balance module (Darcy apprastead of bucket
model for soil water dynamics, rainfall partitiogirvhen passing through the canopy), our model resta simpler
representation of tree structure than BALANCE. ®elcave aimed at incorporating a detailed tree tiotriand nutrient
cycling module since we realized the necessityitegrate nutritional constraints in forest growthdalling, especially for
predicting the response to climate change (Ferrahtietinez et al., 2014; Jonard et al., 2015). Bmave wanted to develop

the model in a collaborative modelling platform watled to tree growth and stand dynamics. Among/énmus platforms,
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CAPSIS was the only one allowing multi-model ingyn and providing a user-friendly interface (Dufdowalski et al.,
2012). HETEROFOR was therefore progressively ekiedr through the integration of various modulegh(linterception,
phenology, water cycling, photosynthesis and rasipin, carbon allocation, mineral nutrition andriarit cycling) within
CAPSIS. The advantage of such a platform is toamamon development environment, model executiotesysuser-
interface and visualization tools and to share datactures, objects, methods and libraries.

To simulate the response of forests to managemeintizanging environmental conditions, integratestnetture the existing
knowledge into process-based models is essentiaidisufficient. These models must also be docteaeand evaluated in
order to know exactly their strengths and limitsewlanalysing their outputs. The objectives of faper are (i) to describe
the carbon-related processes of HETEROFOR (phothssyis, respiration, carbon allocation and treeedisional growth),
(ii) evaluate the model ability in reconstructimge growth in three broadleaved stands of conttagiecies composition and
compare various options for describing photosynghesspiration and crown extension and (iii) ithase its potentialities by

simulating tree growth dynamics in an oak and bestahd under various IPCC climate scenarios.
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2. Materials and methods
2.1 Overall operation of the HETEROFOR model

HETEROFOR is a model integrated in the CAPSIS (CampAided Projection for Strategies in Silvicuktlirplatform
dedicated to forest growth and dynamics modellbgf¢ur-Kowalski et al., 2012). CAPSIS provides t& FEROFOR the
execution system and the methods necessary toimuriasions and display the results. When runningusations with
HETEROFOR, CAPSIS creates a new project in whiehveriables describing the forest state are stairad/early time step,
starting from the initial forest characteristicrifjal step). Though some data structures and ndstlame shared with other
models integrated in CAPSIS, the initialisation &vwdlution procedures are specific to HETEROFOR.

For the initialization, HETEROFOR loads a seriedilels containing tree species parameters, inptd da tree (location,
dimensions and chemistry), soil (chemical and patgiroperties) and open field hourly meteorologitzta. These data are
used to create trees and soil horizons at thalmstep. Then, HETEROFOR predicts tree growthyaaly time step based
on underlying processes modelled at finer timesstaql at different spatial levels.

After the initialization step, and at the end ofleauccessive yearly time step, the phenologicabge for each deciduous
species (leaf development, leaf colouring and simegicare defined for the next step from meteoralagdata. When no
meteorological measurements are available, thetatge period is defined by the user who provides thudburst and the
leaf shedding dates. Knowing the key phenologieaés and the rates of leaf expansion, colouringfaltidg, the foliage
state of the deciduous species is predicted atiargyduring the year (de Wergifosse et al., ineeni It is characterized by
the proportions of leaf biomass and of green leaglasively to complete leaf development, whichlkeg variables to simulate
energy, water and carbon fluxes within the foresisgstem. The proportion of green leaves impactégslynthesis, leaf
respiration and tree transpiration, as these psesagre not active anymore on discoloured leaveshvlowever still intercept
solar radiation and rainfall. Based on a ray trg@pproach, the SAMSARALIGHT library of CAPSIS (Cbaud et al., 2003)
calculates the solar radiation absorbed by thektamnd the crown of each individual tree and theatizh transmitted to the
ground. This allows HETEROFOR to estimate the pripas of incident radiation absorbed by the tramkl the crown of
each tree and the part transmitted to the groutimtreon average over the whole vegetation periodp{gfied budget) or
hourly for several key dates (detailed budget).sehgroportions and the incident radiation measurdtde meteorological
station are used during the next step to compatédndiurly global, direct and diffuse radiation alsat per unit bark or leaf
area. Predicting how solar energy is distributethiwithe forest ecosystem is necessary to estifoditge, bark and soil
evaporation, tree transpiration and leaf photosgith

Every hour, HETEROFOR performs a water balanceuptthtes the water content of each horizon. Raiiffgdartitioned in
throughfall, stemflow and interception (Andre ef @008a; 2008b and 2011). Part of the rainfalthea directly the ground
(throughfall) while the rest is intercepted by &gje and bark. These two tree compartments bothdageain water storage
capacity which is regenerated by evaporation. Wthenfoliage is saturated, the overflow joins theotlghfall flux whose

proportion increases. As the bark saturates, vitaes along the trunk to form stemflow. Foliage dmatk storage capacity
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as well as stemflow proportion are determined attthe level and then upscaled to the stand lexele evaporation from
these surfaces is evaluated at the stand scaleudthfiall is also determined at the stand levehaslifference between incident
rainfall and the abovementioned fluxes. Throughdalll stemflow supply the first soil horizon (forélebr) with water while
soil evaporation and root uptake deplete it. Théewavaporation from the soil (as well as from fbieage and the bark) is
calculated at stand scale with the Penman-Monégjttation based on the solar radiation absorbe@dly @mponent. Using
the same equation, individual tree transpiraticesiimated by determining the stomatal conductéoce tree characteristics,
soil extractable water and meteorological conddiofhe distribution of root water uptake among gb# horizons is done
according to the water potential and the vertidatridbution of fine roots. Water exchanges betweseil horizons are
considered as water inputs (capillary rise) or otgdrainage). This soil water transfers are dated based on the water
potential gradients according to the Darcy law asihg pedotransfer functions to determined soilréytic properties. All
these soil water fluxes are considered at the dtared (de Wergifosse et al., in review).

The gross primary production of each trgpf) is either obtained based on a radiation useieffay approach distinguishing
sunlit and shaded leaves or calculated hourly ugiad-arquhar et al. (1980) model. The latter &lyaitally coupled to the
stomatal conductance model proposed by Ball €18B7). The photosynthesis is computed using theaty CASTANEA
also present in CAPSIS (Dufréne et al., 2005). Thlsulation requires the proportions of sunlit ahdded leaves, the direct
and diffuse photosynthetically active radiati®AR) absorbed per unit leaf area and the mean sodnpatentialgppis then
converted to net primary productiomp) after subtraction of growth and maintenance rasipn. Maintenance respiration is
either considered as a proportion gp (depending on the crown to stem diameter ratiocalculated for each tree
compartment by considering the living biomass ritrgen concentration and a Q10 function for #ragierature dependency
following Ryan (1991) as in Dufréne et al. (2006arbon allocation is made in priority to foliageddine roots by ensuring
a functional balance between carbon fixation anient uptake through a fine root to leaf biomaatiordepending on the
tree nutritional status (Helmisaari et al., 20@\Mometric relationships are then used to desccérdon allocation to structural
components (trunk, branches and structural roots}@derive tree dimensional growth (diameterasabt height, total height,
height to crown base, height of largest crown esitam crown radii in 4 directions) while considericompetition with
neighbouring trees (Fig. 1).

Knowing the chemical composition of the tree cormipents for a given tree nutrient status, HETEROF®Rputes the
individual tree nutrient requirements based oretftemated growth rate and deduces the tree nutteanaind after subtraction
of the amount of re-translocated nutrient. On asmottand, the potential nutrient uptake is obtaibgdcalculating the
maximum rate of ion transport towards the roots diffusion and mass flow). The actual uptake isntldetermined by
adjusting the tree nutrient status and growth satghat tree nutrient demand matches soil nutsepply. The nutrient
limitation of tree growth is achieved through tegulation of maintenance respiration and througleffect of the tree nutrient
status on fine root allocation.

The soil chemistry is characterized at the staatedor the various soil horizons defined by therutn each soil horizon, the

chemical composition of the soil solution is in #ipuium with the exchange complex and the secopdamerals. This
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compartment receives the nutrients coming from apheric deposition, organic matter mineralizatiod garimary mineral

weathering, and is depleted by root uptake and iniimation in micro-organisms. The chemical equilitm within the soil

solution, with the exchange complex or the mineisalgpdated yearly with the PHREEQC geochemicaleh{@harlton and
Parkhurst, 2011) coupled to HETEROFOR through adya link library.

In this paper, we present a detailed descriptiath@fprocesses regulating the carbon fluxes (Figihlle the phenology and
water balance modules are presented in a compaaioer (de Wergifosse et al., in review) and theient cycling and tree

nutrition module will be described later in a thpdper.

Evapo-
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Figure 1. Conceptual diagram of the HETEROFOR model. Thk incident PAR radiation is absorbed by individual trees using aay
tracing model (SAMSARALIGHT library). Then, the absorb ed PAR (aPAR) is converted into gross primary production ¢pp) based
on the PAR use efficiency concept or with a biochemical modeif photosynthesis (coupling with the CASTANEA librar). The
photosynthesis calculation depends on the soil wateontent which is updated hourly thanks to the wagr balance module described
in details in de Wergifosse et al. (in review). Theet primary production (npp) is obtained using anpp to gpp ratio or by subtracting
the growth and maintenance respiration (the lattebeing temperature dependent)npp is first allocated to foliage using an allometric
equation function of tree diameter @bh) and crown radius (cr). All these processes (radiation interception, phosynthesis and
respiration as well as evapotranspiration) dependothe foliage development stage which is determindohsed on the phenology
module. The carbon allocated to fine roots is deterined based on a fine root to foliage ratio dependéon the tree nutritional status.
Fruit production is calculated with an allometric equation based ondbh and on light availability. The remaining carbon isallocated
to structural organs (roots, trunk and branches) ugg a fixed proportion for the below-ground part. dbh and height growth (Adbh,
Ah) are deduced from the change in aboveground biomashy deriving and rearranging an allometric equatio. Finally, crown
extension is predicted with a distance-dependent emdependent approach.
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2.2 Detailed model description
2.2.1 Initialization

To initialize HETEROFOR, the relative positioq ¥, 2) and the main dimensions of each tree must bagedvgirth at breast
height gbhin cm), height It in m), height of maximum crown extensidnige in m), height to crown basédb in m) and
crown radii in the four cardinal directionsr jn m). During the initialization phase, the biormad each tree compartment is
calculated according to the equations used forozaatiocation (see sect. 2.2.4). If available -sjtecific allometric equations
can also be used to calculate initial biomassa&efcompartments. When data on fruit litterfall available, a file providing
the amount of fruit litterfall per year and perdrgpecies can be loaded and used to adapt theetiomquations predicting
fruit production at the individual level. When thvater balance module is activated, two additioihes fmust be loaded: a file

describing soil horizon properties and anotherfon¢he hourly meteorology.

2.2.2 Gross primary production

The annual gross primary production of each tegg (n kgC yr?) is calculated either based o?ARuse efficiency PUE)
approach (Monteith, 1977) or using the photosyrnthe®thod of the CASTANEA model (Dufréne et al.03D Whatever
the option retained, a series of variables areecbéal calculatgpp.

For thePUE approach, the model uses the solar radiation bbddry each tree during the vegetation peradADin MJ yr

1. aRADis then converted iRAR (aPARin mol photons yt) by supposing that 46% of the solar radiati@AD) is PARand
that 1 MJ is equivalent to 4.55 moles of photort®e diffuse and direct componentsadfARare also consideredRPARi« and
aPARy: in mol photons yt). While all the leaves receive diffuB&R only sunlit leaves absorb dirdeAR To estimate the
sunlit leaf proportionRrops) at the tree level, HETEROFOR uses an adaptafidheoclassical stand-scale approach based
on the Beer-Lambert law (Teh, 2006):

1—exp(—k-LAI)
Prop, = Z2RCKLAD ()

with

k, the extinction coefficient,

LAI, the leaf area index (m2
At the individual scale, the leaf area index ixafdted by dividing the tree leaf areg4 in n?) by the crown projection area
(cpain m2). The value obtained is then multiplied hg tight competition indexCl in MJ MJ?) to account for the shading
effect of the neighbouring trees:

Qeaf

1—exp(—k cpa ) LCI (2)

Propg = -

where LCI is the ratio between the absorbed raafiattalculated with and without neighbouring trees i
SAMSARALIGHT. LCI ranges from 1 (no light competiti) to O (no light reaching the tree).
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To adapt thé®ARuse efficiency concepPUE) at the tree level, we considered a distiRdtE for sunlit §l) and shadeds{)

leaves and calculated an aver&y¢E weighted as follows:

aPARgjff(Props;"PUEs+PTopsp PUEsp)+aPARgi"PUEs)

pue = aPAR (3)
This pueis then used to calculagppbased omPARand a reducer accounting for water stresd (e ):
gpp = aPAR - pue - red,qrer (4)

The default value afed,, ;. is 1 but, when the hydrological module is actidaieis set to the ratio between the actual and
the potential (i.e., considering no soil water taion) tree transpiratiort {..,,o; andt,,, in | per year). This ratio estimates
the fraction of the vegetation period during whitomata are partially or totally closed due to tation in soil water

availability. Since this ratio is always lower @ual to 1, a correction factor is applied to avioioducing a bias.

t
red,qrer = ‘;L”‘” corr (5)
pot

gppcan also be estimated using the photosynthestsothetf CASTANEA (Dufréne et al., 2005). This metramhsists in the
biochemical model of Farquhar et al. (1980) anedyty coupled with the approach of Ball et al. (I®&at linearly relates
stomatal conductance to the product of the carlssmdlation rate by the relative humidity. The sopf this relationship
varies with the soil water availability characteddzn HETEROFOR based on the mean soil water patéste de Wergifosse
et al., in review). The formulation of Ball et §1.987) was slightly adapted to the tree level Igoaating for the influence of
tree height. Indeed, leaf water potential increas#ts leaf height and induces a decrease in stdroataluctance (Ryan and
Yoder, 1997; Schéfer et al., 2000).

The photosynthesis method requires, at an hounlyg step, the direct and diffuB@\Rabsorbed per unit leaf area. The direct
PARIs intercepted only by sunlit leaves and is oletdiby multiplying the hourly incidefAR (umol photons M s?) by the
proportion of directPAR absorbed by sunlit leaves. For a tree, this ptopois by default fixed for the whole vegetation
period and calculated as the ratio between thetdAR absorbed per unit sunlit leaf area during the taggm period (in
mol photons.m.yr?) and the incidenPAR cumulated over the same period (in mol photorisyrt). A similar procedure is
used for the diffuse absorbd®AR except that it is related to the total leaf arédthen using the detailed version of
SAMSARALIGHT, the proportions of direct/diffudeAR absorbed per unit leaf area change every houngltie day and

depending on the phenological stage.

2.2.3 Growth and maintenance respiration

gpp is converted to annual net primary productiapg(in kgC yrY) using either a ratio depending on the crown &mst
diameter ratio (Eq. 6) or after subtraction of gtto\gr) and maintenance respiratiann (Eq. 7) according to the theory of
respiration developed by Penning de Vries (1975).
npp = g * tapp_gpp(Ddl) (6)
npp = gpp —mr — gr (7

10
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Makeld and Valentine (2001) showed that thpg to gpp ratio changes with tree size. Based on simulgigaand npp
reconstructed by using the model in reverse moee ¢ect. 2.2.7), we tested the impact of severablas characterizing
tree size (heightlbh, crown radius, crown volume, crown to stem diameato, aboveground volume or biomass) onrthp
to gpp ratio. The best relationship was obtained withdt@mwvn to stem diameter rati®@q in m n') which had a negative
effect on thenppto gppratio. This indicates that the proportiongpiplost by respiration increases for trees with gdaarown.
As the crown to stem diameter ratio changes dutirgourse of the tree development for some treeieg, we standardized
it to obtain a crown to stem diameter ind&xi{ndex).

Tupp_gpp = @ + B+ DdIndex (8)

where a and pare parameters amitl/ndex is defined as :

Dd
dered

DdIndex =

9
with
Dd, the crown to stem diameter ratio determined ftoertree mean crown radius;f,.,,in m) and diameter

at breast heightdphin m),

Ddreq, the crown to stem diameter ratio predicted basethe girth at breast heiglglthin cm):

1
gbh?

1
dered=a+ﬁ-gbh+y-gm+6- (20)

In Eqg. (7), maintenance respiration is calculatedeiich tree by summing the maintenance respirafieach organ estimated
from the nitrogen content of its living biomass aoedsidering a € function for the temperature dependency. Duringidee,
the inhibition of foliage respiration by light iaken into account by considering that this inhiliitreduces respiration by 62%
(Villard et al., 1995).

T_Tref
mr = Zorgan <borgan ' fliving - [N]- RTTef ' QlOforgan 0 > (11)

with

borgan, the organ biomass (kg of organic matter),
fiiving» the fraction of living biomass,

[N], the nitrogen concentration (g-Kg

Ry, or the maintenance respiration per g of N at theregfce temperature (15°C),

T, is the air temperature for aboveground organthersoil horizon temperature for roots (see Appe’d. Root
maintenance respiration is estimated for eachhewizon separately.
The fraction of living biomass is fixed to 1 forakes and fine roots or equals the proportion ofvsagl for the structural

organs. The sapwood proportion is derived fromdapwood areaatq,..q i cM?) determined based on an empirical

function of organ diametep(, 4., in cm):

2
Asapwood = 4 +b- Q)organ +c Qorgan (12)

11
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Growth respiration is the sum of the organ growetpiration which is proportional to the organ biemacrement (see sect.
2.2.4):
97 = Zorgan(Rgr - Aborgan) 13)
whereR,, is the growth respiration per unit biomass increnfkgC kgC").

2.2.4 Carbon allocation and dimensional growth

For each tree, thepp and the carbon retranslocated from leaves and 0}, andrts,e ro0¢in kgC yr?) are distributed

among the various tree compartments at the erfteofdarrt,.,; andritsie rooc are determined as follows :

Ttieaf or fine root = Dieaf or fine root * Oleaf or fine root * TtTieaf or fine root (14)
whereb,q.r andby;n. roor are the tree leaf and fine root biomasses (k§fdy anddyine o0 are the leaf and fine
root turnover rates (kgC kgQyr?), andrtr.q; andrtryiye ro0¢ are the leaf and fine root retranslocation rake€(
kgCH?).

bieqr is estimated with an allometric equation basedhenstem diameter at breast heigtttt{in cm) and on the crown to
stem diameter ratidd):

bieas = @ - dbh¥ - DAY (15)

bfine root 18 deduced from the leaf biomass using the fire t leaf ratio €ine root to fotiage):

bfine root — bleaf *Trine root_leaf (16)
Trine root_teay 1@KES a value between a miNiMWALL root tear min) AN MAXIMUMHine root 1eaf max) FaALIO depending on the
tree nutritional status, in accordance with thecemt of functional balance (Méakela 1986). This nsedmat a higher ratio is
used (more carbon allocation to fine roots) whee suffers from nutrient deficiency. For each utti a candidate ratio is
obtained based on a linear relationship dependmthe nutritional status. The ratio increases wtennutritional status
deteriorates and this effect is more pronouncechimogen (N) > phosphorus (P) > potassium (K) >grmesium (Mg) >
calcium (Ca). Among the candidate ratios, the maxinis retained in order to account for the fact the most limiting
nutrient has the dominant effect. For each nutrigsat nutritional status is bounded between 0 aaddlcalculated based on
the foliar concentrations (provided in the invegtfile) and on the optimum and deficiency threskdelellert and Gottlein,

2012).

[Foliar Nutrient]-Deficiency

Status(Nutrient) = an

Optimum-—Deficiency
The leaf and fine root litter amounts;{; andsg;,e 00¢ iN kgC yr?) are estimated based on the turnover rate takitw i

account the retranslocation:

sleaf or fine root — bleaf or fine root 5leaf or fine root ° (1 - rtleaf or fine root) (18)
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In the allocation, priority is given to leaves diiite roots. The carbon allocated to leaves cormedpdo the annual leaf
production p.qf in kgC yr') which is equal to the amount of leaves fallenihevious year plus the leaf biomass change

(Abyeqs in kgC yr?):

Piear = bleaft_1 '(Sleaf + Ableaf (19)
whereAb,. . is determined by :
Ableaf = bleaft - bleaft_1 (20)

with bleaft—l andbleaft being the tree leaf biomasses corresponding tpidous and the current years,

respectively.

The fine root production is then estimated accardinthe same logic:

Pfine root = bfineroot, | * Opr + Absy (21)

wherebyye roo¢, 1S Provided by Eq. (16).

When the carbon allocated to leaf and fine rodtigher than thepp plus the retranslocated carbon (suppressed trites w
low gpp andnpp for their size), the leaf and fine root productaare recalculated so that they do not exceed Y08teo
available carbon.
Then, the fruit productionpg,.;; in kgC yr') is estimated with an allometric equation simtiaEq. (15) and is considered
directly proportional to the light competition indeA thresholddbh (dbhipresnoiq I €M) is fixed below which no fruit
production occurs.

Pfruic = @ LCI - (dbh — dbRnreshora)” (22)
Part of the carbon is also used to compensaterforch and root mortality. The branch mortality,, {,,c, in kgC yr) is
described with an equation of the same form agEx).while the structural root mortality,{,, in kgC yrl) is obtained using
a turnover rate similar to that of the branches.
After subtracting the leaf, fine root and fruit dractions and the root and branch senescence,ritta@niag carbon is allocated
to structural organ growth:

Abgstrycturar = MPP + Tt — Diear — Dfine root — Pruit — Sbranch — Sroot (23)
At this stage, the remaining carbon is partitiobetiveen the above- and below-ground parts of #eedccording to a fixed

root to shoot ratiorf,o¢ snoot):

_ Abstructural
Abstructural?above - (24)
(1+7ro0t shoot)

Abstructural_below = Abgtructural — Abstructural_above (25)
The increment in aboveground structural biomasiseis used to determine the combined incremedbhrand total heighth(
in m) based on an allometric equation used to pteaboveground woody biomass (Genet gt2011; Hounzandji et al.,
2015):
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bstructural?above =a+ .B( dbh® - h)]/ (26)

Deriving this equation and rearranging terms gives:
Abstructural?aboue = ,3)/( dbh? - h)y_lA( dbh® - h) (27)

2, _ Abstructural_above
A(dbh? - h) = =i (28)

The development of the left term provides:
A( dbh? - h) = (dbh + Adbh)? - (h + AR) — dbh? - h (29)
which can be further developed (see Appendix Biftails) to isolatéh:

A(dbh*h)  h-Adbh?

Ah =
dbh? dbh?

(30)

2.
From Eg. (30), we know that the height incrememt loa expressed as a functioné%?i%h). In the following, we refer to it

as the height growth potentidlX,,,.) since it corresponds to the height incremenil the remaining carbon was allocated to

h-Adbh?
dbh?

height growth. Contrary to the other term of Ecp)(&( )which is unknown, this height growth potential da@

evaluated at this step by dividing the result of €8) bydbh2 However, depending on the level of competitionlifght and
on the tree size, only part of this height growtitemtial will be effectively realised for heightiement. For each tree species,
an empirical relationship predicting height grovirim the height growth potential, the light compieti index and the tree

size @bhor height) was therefore fitted based on succesaientory data (see Appendix E):
Ah=a+b-dbh+c-h+d LCI+e- Ay, + f - (Ahpoe) + g+ (Bhpee)’  (31)
Thedbhincrement is then determined by rearranging E®): (2

Adbh = |A(dbhZh)+dbh®h o (32)
\ (h+Ah)

The increments in root, stem and branch biomass are obtained as follows:

Ab‘root = rroot_shoot ' Abstructural_above (33)
Abgen, = f + p - ((dbh + Adbh)? - (hge; + Ahge) — dbh® - hyep) (34)
Abbranch = Abstructural?above - Abstem (35)

with
f is the form coefficient (Fim),
p is the stem volumetric mass (kgCmn
hge; is the Delevoy height (m) corresponding to thegheat which stem diameter is half the diametéraast height
(see Appendix C).
The branch and root biomasses are then distridat@dcategories defined based on the diameter:ISmaches/roots < 4
cm, medium branches/roots between 4 and 7 cm,ebaasiches/roots > 7 cm. The proportions of smalium and coarse

branches/roots are determined based on the egsati¢gtounzandji et al. (2015).
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2.2.5 Crown extension

Depending on whether the competition with the nle@hring trees is taken into account or not, thevardynamics can be
describe by two different approaches. When locatpetition is not considered (distance-independppt@ach), change in

crown dimensions are derived frathh or height increment based on empirical relatigoshi

Ahlce = hlce% - Ah (36)
Ahch = heb% - Ak (37)
Acr = Ddyreq - o (38)

wherehcb% andhlce% are the proportions of the total height corresprogdb the height to crown baskcp in m)

and to the height of largest crown extensiblré in m), respectively;

Acr is the change in crown radius (in m) whateverdinection;

Dd,,.q is the crown to stem diameter ratio estimated ¢y(EO).
Alternatively, the changes in crown dimensions tandescribed based on the competition with thehheigring trees
(distance-dependent approach). The space arowardet tree is divided into 4 sectors accordinghto4 cardinal directions
(North between 315° and 45°, East between 45° 85d, South between 135° and 225°, West between 226°315°). In
each sector, the tree which is the closest todiget tree is retained as a competitor if its heighigher than thiacb of the
target tree. Beyond a certain distance (i.e., imes the maximal crown radius: 10 m), no competgaonsidered. For each
main direction, the model calculatesidoe at equilibrium flce,, in m) for the target tree. Thidce at equilibrium is located
between a minimumhgb in m) and a maximumi{ce,, ., in M). hlce,,,, iS obtained by determining the higher intersection
between the potential crowns of the target treethadcompetitor. The potential crown of a treehis trown that this tree
would have had in absence of competition and isidened as having the shape of a half ellipsoidredron the tree trunk
and with the semi-axis lengths equal to the treem@l crown radiusct;,,. in m, see below) and to the crown length~
hcb). hlce,q is positioned between the minimum and the maxinvafues according to the competition intensity eated

based on the target tree and the competitor hefaihts,.. andh.,,, in m) as well as thiecb of the target tree (Appendix D):

hlcegq = heb + (hlceyay — heb) - max (o, min (1M)> (39)

Rtarget—hcb
The four values oklce,, are then averagedice., mean)-
Finally, the change ihice is determined as follows:
if hlce < hlceqq mean:
Ahlce = min(Ahlceyqx, hlceeq mean — hice) (40)
else,
Ahlce = max(—Ahlcemqgy, hiceeq mean — hice) (41)

whereAhlce,,,, is the maximum change iice allowed by the model.
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The change icb is obtained with the same logic:
if heb < hebeg mean
Ahcb = min(Ahchp gy, hcbeg mean — heb) (42)
else,
Ahcb = max(—Ahcbp gy, hebeg mean — heb) (43)
wherehcbeg mean is thehcb estimated from the tree height basecob% (Eq. 37).

The change in the four crown radii is calculateddahon crown radii at equilibriunert, in m) which are estimated by
considering the competitive strength of the taeget neighbouring trees. For a given directioy, is calculated based on the
potential (free growth) crown radius of the targee €r,,o; ¢arge: iN M) and of its competitort, o comp iN M), the distance

between the two treed {n m) and the crown overlap ratig, {4, in M n):

CTpot_target

CTeq = CTpot_target+CTpot_comp - Toverlap_target (44)
The potential crown radiugx,,,) of a tree if determined by:
dbh
CTpot = S50 " dered " sh (45)

whereDdyreq is the crown to stem diameter ratio estimated ty(EO) andshis a coefficient allowing to shift from

the mean to the maximuBdyrea.
The crown overlap ratio is estimated by considenieghbouring trees of the same species two byatwbby calculating the
ratio between the sum of their crown radii anddistance between the corresponding tree stems.oVkitap ratio accounts
for the capacity of a tree species to penetrateighbouring crowns.
The change in crown radius is then determined l&safs for each direction:
if cr < crygq,

Acr = min(Actipay, CTeq — €T) (46)

else,

Acr = max(—Achyay, Cleq — CT) (47)

with Acry,;, @andAcry,,, being respectively the minimum and the maximummgleancr allowed by the model. They

are obtained similarly as;,,,

__ Adbh

Acrygx = ——+Dd - sh (48)
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2.2.6 Tree harvesting and mortality

During the simulation, thinning can be achieve@&ath annual step either (i) by selecting the tfiema a list or a map or
according to tree characteristics (tree species,dian height,...), or (ii) by defining the number of tse® be thinned per
diameter class using an interactive histogramijipfy loading a file listing the trees that mus# thinned. In addition, the
thinning methods developed for GYMNOS and QUERGUScmpatible with HETEROFOR. They allow to readiarget
basal area, density or relative density index lnyniihg from below or from above or by creating gélpgot et al, 2014).
When thenpp of a tree is not sufficient to ensure a normal & fine root development (for suppressed treesoa after a

severe drought), the leaf biomass is reduced ahetas a defoliation which is estimated as follows:

Def = Zieaf~Vieaf corr ;’:Z‘;f <o 100 (49)

whereby.qr andbie,r o are respectively the leaf biomass estimated with(E5) and the leaf biomass corrected to
match the available carbon (see sect. 2.2.4).
Tree mortality occurs when trees reach a defolatib90%, considering that a tree with less tha¥ 1 its leaves is in an
advanced stage of decline and is unlikely to recéM=anion, 1981). Hence, HETEROFOR takes into antdue mortality

resulting from carbon starvation due to light cotitfws and/or water stress (stomatal closure).

2.2.7 Growth reconstruction

HETEROFOR was adapted to allow the user to run ifeverse mode starting from the known incremamttbh andh to
reconstruct individuatppusing exactly the same parameters and equationstesnormal mode. To achieve a reconstruction,
an inventory file with tree measurements must beéal to create the initial step. From this inii@lp, the reconstruction tools
can be launched and requires another inventorwitletree measurements achieved one or severed jstar. Based on these
two inventories, HETEROFOR calculates the mdah and h increments for each tree and use the model eaqatio
reconstruct each step and evaluate among othesidndi npp. Thenppis obtained by re-arranging Eq. (23) in which the
carbon allocated to the structural biomass is tatled from thelbhandh increments using Eq. (27), (25) and (24). The @arb
allocated to leaf, fine root and fruit productiendetermined respectively with Eq. (19), (21) a2®) (while the amount re-
translocated from leaves and roots before senesésmvaluated with Eq. (14). Finally, the termdeqf (23) accounting for

the leaf and fine root litter were determined vitdp. (18).

2.3 Input variables and parameter setting for a cas study

The model was tested in three stands contrastiagunture and species composition. These standsleeated close to each
other (< 1km) on the same tableland (300 m elemafiothe western part of the Belgian Ardennesaitdsix (50° 01’ N, 4°

24’ E). The average annual rainfall is slightly a®d 000 mm and the mean annual temperature is®i€forest (60 ha)
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consists of sessile oal@ercus petraediebl.) and European beeckagus sylvaticd..) and lies on acid brown earth soil
(luvisol according to the FAO soil taxonomy) witmeader humus and anB,C profile. The soil has been developed on a
loamy and stony solifluxion sheet in which weathgrmproducts of the bedrock (Lower Devonian: sanustnd schist) were
mixed with added periglacial loess.

By the end of the T@century, the Baileux forest was probably an ogkpéce with a few standards. Taking advantage of the
massive oak regeneration in the 1880s, the fomstldped progressively into a high forest and wias invaded by beech.
In 2001, the area was covered by even-aged oak arekheterogeneously sized beech trees. At that three experimental
plots were installed at the Baileux site in ordestudy the impact of tree species mixing on edesysunctioning (Jonard et
al., 2006, 2007, 2008; André et al., 2008a, 20@810, 2011): two plots were located in stands daieith either by sessile
oak or by beech and the third one was a mixtufgotti species (Table 1). In each plot, all trees witircumference higher
than 15 cm were mapped (coordinates) and measstea Circumference at a height of 1.3 m, total treight, height of
largest crown extension, height to crown base, nrdi@meters in two directions) at the end of thery001 and 2011.
Meteorological data were monitored with an automateteorological station located in an open fidd® & away from the
forest site. Soil horizon properties were charéoter based on the soil profile description andrtfeasurements carried out
by Jonard et al. (2011).

To run the simulations, the values of some modelipaters were taken directly from the literaturthed parameters involved
in empirical relationships were fitted either withta from previous studies or with unpublished rwoirig data collected in
the study site or in the ICP Forests level Il plotshallonia (Table 2). Potential explanatory vatés of Eq. 31 used to
estimate height growth were selected by applyistepwise forward selection procedure based on gyefan Information
Criterion (BIC). A multivariate model was then asligd with the selected variables (Appendix E). paemeters of thepp

to gppratio relationship, the maintenance respiratiangpef N at 15°C and thieARuse efficiency of sunlit and shaded leaves
were adjusted with the nlm function of R (R Coreaife 2013) based on observed basal area increnighits (ising the
maximum likelihood approach. This fitting was ackiid only based on the data of the mixed stand withiée model

performances were evaluated on the tree stands.

2.4 Statistical evaluation of model predictions

The quality of the model was evaluated for varicoisibinations of model options (i.e., photosynthesislel of CASTANEA

vs PUE, npp to gpp ratio vs temperature-dependent maintenance respiratiotandis-dependent vs -independent crown
extension), by comparing predicted and observedsBing several statistical indices and tests asathe normalized average
error, theP value of the pairetttest, the regression test, the root mean squaoe &nd the Pearson’s correlation (Janssens
and Heuberger, 1995). For the regression testD#maing fitting procedure (mcreg function of the nperckage in R) was

retained to account for the errors on both the masiens and the predictions.
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The model quality was also evaluated based orbitiyato reconstruct the size - growth relationshifor sessile oak and
European beech in the three stands of Baileux.oblserved and predictd&®Als of the trees (calculated for the 2001 — 2011
period) were related to their girth at the begignaf the assessment period. A segmented regressisrthen applied to
observations and predictions to determine the ¢imtéshold beyond whicBAl linearly increases with girth and to estimate
the slope of the linear relationship betwd®hl and initial girth. The heteroscedasticity of tksiduals was accounted by
modelling their standard deviation with a powerdiion of the initial girth. The fitting was carriexdit using the nlm function

in R.

2.5 Simulation experiment

To illustrate how the model can be used to predichate change impacts on forest ecosystem funiagprthe growth
dynamics in the mixed stand of Baileux was simulaecording to three IPCC climate scenarios ugieddllowing options:
photosynthesis modehpp to gpp ratio and distance-independent crown extensio®. diimate scenarios retained for this
study were obtained from the global circulation lo@NRM-CM5 (Voldoire et al., 2013) based on thepRsentative
Concentration Pathways for atmospheric greenhoasesgdescribed in the Fifth Assessment Reporedhtiergovernmental
Panel on Climate Change (Collin et al., 2013). Representative Concentration Pathways (RCP2.6, BEOR@P8.5) are
characterized by the radiative forcing in the y2800 relative to preindustrial levels (+2.6 WA m4.5 W n?, +8.5 W ).
The CNRM-CM5 describes the earth system climatagusariables such as air temperature and predgitibn a low-
resolution grid (1.4° in latitude and longitude)thdugh reliable for estimating global warming, Bicmodel fails to capture
the local climate variations. Therefore, these at@nprojections were downscaled by the Royal Melegical Institute of
Belgium (RMI), using the regional climate model AR®-0 (Giot et al., 2016). The meteorological fitkat were received
from RMI are hourly values of the longwave and shave radiations, air temperature, surface temperatainfall, specific
humidity, zonal and meridional wind speeds and apheric pressure with a 4 km spatial resolutiorec8iz humidity was
converted into relative humidity using the Tetemsrfula (Tetens, 1930). For a reference period (32@05), we compared
the models predictions with observed meteorologidata and detected some biases, especially forippegmns
(overestimation of 27%). The biases were correbieddding to the predictions (or by multiplying thevith) a correction
factor specific to the month (Maraun and Widmar01.8). An additive correction factor was used fa& Bounded variables
(radiations, precipitation, relative humidity, wirspheed) and a multiplicative one for the otheralags (air and surface
temperatures).

For the simulations, two 24-year periods (100 yepest) were considered. The period from 1976 89X#&rved as a historical
reference while the rest of the simulations basedlomate projections were conducted for the 20082 period. The
simulations were performed either by keeping the @centration of the atmosphere constant (i.€ @8n) or by allowing
it to vary according to the years and climate sdesaEach simulation started with the same ingtaind (mixed stand of
Baileux in 2001) and lasted 24 years; a thinningrafon (25% in basal area) was achieved in 1978@8 and in 1990 or
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2090 (12-year cutting cycle). The mean basal arg@ment obtained with the various climate scesasiere compared using

the Tukey multiple comparison test.
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3. Results
3.1 Reconstructechpp vs predictedgpp

Based on two successive stand inventories (20012ahdl) and using HETEROFOR in reverse mode (see 3€c7), the
individual nppwas reconstructed and related togpe predicted with the photosynthesis method of CASEANThe linear
relationship betweenppandgppexplained 79 and 83 % of the variability for skseiak and for European beech, respectively
(Fig. 2). The intercept was positive and just digantly different from 0 but did not differ betwee¢he two trees species. The

slope of the relationship was higher for sessile (@e560) than for European beech (0.40).

120 ¢ « Beech
100 L y = 2.92(+2.77) + 0.50(+0.04) x o B o Oak
r=0.89 e
80 | 00 g -

40

y = 1.86(+1.31) + 0.40(+0.02) x
° r=0.91
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Predicted gpp (kgC tree yr?)

20

Reconstructed npp (kgC tree ! yr1)
(o))
o

Figure 2. Relationship between the individuahpp reconstructed based on successive stand invent@i€2001 and 2011) and thepp

predicted with the process-based option (photosynésis method of CASTANEA) for the three stands. Valuem parentheses are
95% confidence intervals for the intercept and thelope in the equations. The Pearson’s correlatiordweennpp and gpp is indicated

on the graph.

3.2 Model performance in predicting individual bas& area increment BAI)

HETEROFOR was run with different combinations oftiops for describing photosynthesis (biochemicaldeioof
CASTANEA vsPUE), respiration iipp to gpp ratio vs temperature-dependent maintenance respirationgraweh extension
(distance-dependenfs -independent). The predictions carried out usimg photosynthesis routine of CASTANEA were
generally slightly better correlated to the obstoves than those obtained with the PUE approaclkthvhowever displayed
somewhat lower RMSE (Table 3). For both optiongleétosynthesis calculation, the use of the maimesaespiration
routine provided less accurate predictions (high®E and RMSE and lower Person’s r) than tipp to gppratio approach
and the degradation of the model performance dtheetmaintenance respiration option was more mdidkeluropean beech
21



than for Sessile oak (Table 3). The option for dbsty crown extension had little effect on prediatquality. Depending on
the criterion considered, on the options selectedcélculating photosynthesis and respiration amdhe tree species, the
distance-independent approach was sometimes théudttesot systematically (Table 3).
For the simulations using the CASTANEA photosynthewe retained thappto gpp approach and the distance-dependent
5 crown extension as the best combination of opt&inse the associated predictions were on averagbiaged for oak and
only slightly for beech (Table 3). For this comtina of options, the regression of the observed Baéw the predictions
showed however a slight underestimation of the B¥s and a small overestimation of the high BAIdigh were more
pronounced for European beech than for Sessile(leigk 3). For the PUE method, timpp to gpp ratio and the distance-
independent crown extension provided the most ateyredictions (Table 3).
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Figure 3. Comparison of observed and predicted bakarea increments BAIs) for the simulation with the photosynthesis methoaf

CASTANEA, the npp to gpp ratio approach to account for tree respiration andthe distance-dependent crown extension (see Table

3). The dashed line represents the Deming regressibatween observations and predictions with the shadl area indicating the 95%
15 confidence interval and the solid line the 1:1 rel@onship.

3.3 Reconstructing size — growth relationships

The size - growth relationships were very similetvieen observations and predictions for the mixaadson which the model
was calibrated (Fig. 4). For the European beedhdrbeech dominated stand, the predicted increaB&l with the initial

20 qirth was steeper than the observed one revealtigla overestimation of the tree growth (Fig. Bhe proportion of thBAl
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variance explained by the size - growth relatiopstiR?) was higher for European beech than for kessik for both

observations and predictions (Fig. 4).
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Figure 4. Reconstruction of the size - growth relanships for sessile oak and European beech in théree stands using the
photosynthesis method of CASTANEA and the distance-gendent crown extension. The predicted relationship between the
individual BAI (calculated for the 2001-2011 period) and the in#l girth are compared with observed ones. The solidnd dashed
lines represent the segmented regression appliedsggectively to observations and predictions to detemine the girth threshold

23




10

15

20

beyond which radial growth linearly increases withgirth and to estimate the slope of the linear relabnship betweenBAIl and initial
girth. The 95% confidence intervals for the intercep and the slope are provided as well as the R2 dfie¢ model. No relationship was
fitted for the European beech in the oak dominatedtand given the lack of data.

3.4 Simulation of climate change impact on tree greth

When the C@concentration of the atmosphere was fixed, nocefféthe climate scenario was detected on sihdbut a
slight impact was assessed on sessileByakwhich was higher for the RCP2.6 than for the histd scenario (Fig. 5). For
the simulations with a variable atmospheric @0ncentration, the difference in total, sessilk aad European bee®Al
were much more pronounced between climate scen&isthe whole stand as well as for oak and beeglaratelyBAI
increased in the order - historical, RCP2.6, RCRdb RCP8.5 -, with the stafAl of these RCP scenarios being between
17 and 72% higher than that of the historical sdenall scenarios had BAI significantly different from each other, except

RCP2.6 and RCP4.5 for the whole stand and theraeospecies and historical and RCP2.6 for Europeanh (Fig. 5).
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0.90 - O historical (1976-1999) = RCP2.6 (2076-2099) O historical (1976-1999) & RCP2.6 (2076-2099)
: RCP4.5 (2076-2099)  m RCP8.5 (2076-2099) 0.90 RCP4. 5 (2076-2099) W RCP8.5 (2076-2099)
=080 =080
;0 B3
7 070 7 0.70 |
s 0.60 s 0.60
E E
z 0.50 |- 2050 | C A
-
g 0.40 g 0.40 |
o o 1
£030 £030 |
© ©
(9] (9]
50.20 | 5020 -
© ©
2010 £0.10 |
0.00 0.00
Stand Sessile Oak European Beech Sessile Oak European Beech

Figure 5. Basal area incrementBAl) of the mixed stand in Baileux (and of its two mai tree species) simulated with climate scenarios
produced with the GCM model CNRM-CM5, downscaled wh ALARO-0 and corrected empirically for remaining biases. The
simulations were performed by using the CASTANEA methd to calculate photosynthesis, thepp to gpp ratio approach and a
distance-independent description of crown extensiorThe COz concentration of the atmosphere was either kept astant (left) or
increased with time according to the climate scen& considered (right). Two time periods were consided. 1976-1999 was used as
a reference period for running the model with the fstorical climate scenario while the simulations wh future climate scenarios
were achieved for the 2076-2099 period. The climatscenarios were based on the representative concextion pathways for
atmospheric greenhouse gases described in the fiftlssessment report of IPPC. For a given tree spesiand CQ concentration
modality, the scenarios with common letters have BAI not significantly different from each other @=0.05).
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4. Discussion

Few tree-level, process-based and spatially expticidels have been developed and these often oomtdy some of the
modules necessary to estimate resource availagstiar radiation, water and nutrients). While aatption of these models
is generally available in the literature, their lexaion by comparison with tree growth measuremsnt®t always accessible
or was carried out based on stand-level variablés have therefore very few information to compéwe performances of
HETEROFOR at the tree level with those of similardels. Simioni et al. (2016) faced the same probiétimthe NOTG 3D
model.

HETEROFOR first estimates the key phenological sldtee radiation interception by trees and the lgouater balance (de
Wergifosse et al., in review). Then, based on thepebedPAR radiation, individuabppis calculated with # UE approach
or with the photosynthesis routine of CASTANEA (E&rfe et al., 2005). Whatever the option retaineccédculating tree
respiration and crown extension, the photosynthesiine of CASTANEA and th@UE efficiency approach performed
similarly (Table 3). This is quite encouraging thhe process-based approach for estimating phatossis provided
predictions of the same quality than the empir@pproach fitted with tree growth data taken on shely site. If no
extrapolation to future climate is required, BIgE approach remains however still valuable, espgcigitien meteorological
data are lacking. For the three stands in Bailewexyelated thepp reconstructed from successive tree inventoriel thi¢
gpp predicted based on the CASTANEA approach (Fig.TBe good linear relationships (Pearson’s corratat: 0.89)
obtained for both oak and beech make us confidethtel adaptation of the photosynthesis routineASTANEA for the tree
level. Furthermore, since the parameters of thégayathesis routine were taken directly from CAST2MNand not calibrated
specifically for HETEROFOR, one can expect thatageeement between the predictggh and the reconstructegp could
still be improved.

When comparing the two options available in HETER®-for convertinggpp into npp, model performances were
systematically better with thapp to gpp ratio approach than with the temperature-dependauine for maintenance
respiration calculation (Table 3). This can be aipd since the error in the maintenance respirai@culation results from
various sources. At the tree compartment levelertamties in the estimation of biomass, sapwoampprtion, nitrogen
concentration and temperature are multiplied (By. Then, the errors made on all tree compartnaetsummed up. Among
these uncertainty sources, the inaccuracy in thimatson of the sapwood proportion could explainywthe maintenance
respiration routine provided better results fors8esak than for European beech (Table 3). Sineesapwood of sessile oak
can easily be distinguish from the heartwood basethe colour change, we had a lot of sapwood nneasnts available to
fit a relationship. For European beech, this watstim® case; instead, we used a sapwood relationghgined based on sap
flow measurements (Jonard et al., 2011). Thisicelahip could certainly be improved by direct measwents of sapwood
made after staining the wood to highlight the liyiparenchyma. Another way to improve these relatiges is to consider
the social status of the trees since dominant traes a higher sapwood depth than the suppresse(Rodriguez-Calcerrada

etal., 2015). We tried to account for this byrastiing the sapwood area based on the tree grotetbuait did not significantly
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increased the quality of the predictions. The gmformances obtained with the maintenance respiraption also indicates
that the processes at play are still poorly undestand that further research are needed on thi. to

The process-based approach for estimating maintenaspiration accounts explicitly for the temperateffect through a
Q1o function. With thenpp to gpp ratio approach, temperature is considered moreeicitly by assuming that it affects
respiration and photosynthesis in the same prapurtvhich is valid only in a given range of temgara (<20°C) and for
non-stressing conditions. Indeed, the optimum teatpee for photosynthesis is between 20 and 30°@ewhe optimum
temperature for respiration is just below the terapge of enzyme inactivation (>45 °C). Therefdretween 30 and 45°C,
photosynthetic rates decrease, but respirationc@iéd continue to increase (Yamori et al., 2018)addition, while water
stress reduces both photosynthesis and respird$oetfect on the two processes is not necessagijvalent (Rodriguez-
Calcerrada et al., 2014). Compared to rtipp to gpp ratio approach, the maintenance respiration caticul seems more
appropriate to simulate the impact of climate cleslogt this is at the expense of less accurateqireas at the tree level. The
ideal is to compare the two options to evaluate ghediction uncertainty associated with the modgllbf respiration.
Alternatively, one can choose one or the otherooptiepending on the aim of the simulation. In thkre, we could also
implement a third option accounting for thermallemation such as in 3D-CMCC (Collalti et al., 2018)

The differences in prediction quality between th® tmethods of crown extension modelling (distanepethdentvs —
independent approach) were quite small, probabdalee the length of the simulation was not sufficte drastically affect
the crown dimensions which had been initializedeblasn measurements. In addition, describing meshanthat governs
crown development in interaction with neighbourg¢manical abrasion, crown interpenetration) is éaderucial to capture
non-additive effect of species mixtures (Pretz&,4). By accounting for crown plasticity, our diste-dependent approach
could help better understand how uneven-aged axeldnsitands optimize light interception by canopgkireg and how they
increase productivity (Forester and Albrecht, 2Qluhcker et al., 2015). To fully evaluate the iagtrof this approach, the
predicted crown development should be compared pvithise crown measurements repeated over sevsradies and taken
in a large diversity of stand structures.

Based on the current evaluation, the process-bzamiaht perform similarly than the more empiricakdor photosynthesis
and crown extension but not for respiration, prdpalecause the processes are better known for gitfeesis. For the best
combination of options using the CASTANEA photosyadis (npp to gpp ratio/distance-dependent crovtension), the
Pearson’s correlation between measurements andctwed of individual basal increment amounted t830and 0.63 for
European beech and sessile oak, respectively. Bypagdson, Grote and Pretzsch (2002) obtained @ledion of 0.60 for the
individual volume of beech trees with the BALANCBdel. This lower correlation can partly be explaify the integration
of the uncertainty on tree height in the voluménestions. The HETEROFOR performances in termsed growth are quite
good and could still be improved by a Bayesiarbtation of the parameters.

Individualnppand retranslocated C are allocated first to faiagd fine roots and then partitioned between atane below-
ground structural compartments. Based on the derévand rearrangement of a biomass allometric timuathe increment

in aboveground structural biomass is used to estitiie combined increment dbhand height. This results in a system of
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one equation with two unknowns (incrementibhand height). We decided to resolve it by fixing treight growth based on
a relationship taking into account tree sidbHor height), the height growth potential (heightrement if all the remaining
carbon was allocated to height growth) and a lagimhpetition index. An intermediate level of sopiestion was adopted to
describe height growth, between the simple heifgitallometry and the fine description of tree arattitee of functional-
structural models. Heightbh relationships provides a static picture in whigle @nd neighbour effects are confounded and
are not suitable to describe individual growth dcépries (Henry and Aarsen, 1999). More sophigitatklationships
considering age and dominant height can be use@ven-aged stands (Le Moguédec and Dhéte, 2012adeuhardly
applicable in uneven-aged stands for which treesagaknown. On the other hand, the functionaleitmal models based on
resource availability at organ level and using @tstime step can only be applied to a limited nemtif trees given the long
computing times (Letort et al., 2008).

Our individual height growth model was fitted witkight data measured ten years apart (AppendiA Egrge uncertainty
was however associated to these data. First, heighsurements were obtained to the nearest meem the difficulty to
clearly identify the top of the trees in closed aay forests. Second, two errors were added siredeight increment was
obtained by the difference between two height mesgsents. Consequently, the uncertainty was moilessr of the same
order of magnitude than the expected height gramvtén years. Despite these uncertainties, a suliistpart of the variability
was explained by the model (72% for European bet®¥, for oak). Among the variables tested, the litaggowth potential
had the main effect, which is not surprising sitigis height growth potential noisily contains timormation on height
increment. We were also able to highlight the dftédight competition. For a same height growthgmdial, trees undergoing
stronger light competition seem to invest more oarfor height growth than fadbh increment (Fig. E1 in Appendix E),
which is corroborated by results of other studig.( Lines et al., 2012). This strategy aims atimizing overtopping by
neighbours and maximizing light interception (Juokeal., 2015). Trouvé et al. (2015) found simil@sults and showed the
positive effect of stand density on height growtlitie allocation between height and diameter inerdgrimn even-aged stands
of sessile oak. The decrease in the red:far red ddtincident light promotes apical dominance amigrnode elongation
through the phytochrome system (shade avoidanctioeaHenry and Aarsen, 1999).

We were also quite satisfied to observe that thdahwas able to reproduce the size-growth relatignd his relationship is
characterized by two parameters: the threshold iwtigfines the girth beyond which radial growth &g increases with
girth and the slope providing the theoretical maximgrowth efficiency (Le Moguédec and Dhote, 20F)r European
beech, the observed threshold was 49 cm and wgdedstect visually since there were many tredh wigirth inferior to
that exhibiting nearly no basal area increment. d&ssile oak, the observed threshold was moreblariban for European
beech (41 and 60 cm) and nearly all trees had lzehigirth. This can be related to the fact thasige®ak is a less shade-
tolerant species than European beech.

To illustrate one possible application of HETEROF@Rimulation experiment was achieved and allowsethb compare the
radial growth predicted for 2076-2099 accordinghieee IPCC scenarios with that simulated for atohisal period (1976-

1999). When atmospheric G@oncentration was kept constant (380 ppm), diffees among scenarios remained non-
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significant, except for sessile oak displaying ighgly higher basal area increment for the RCPB&hntfor the historical

scenario (Fig. 5). Analyzing in-depth the modelputis, we found that this lack of effects resulteshf a balance between
negative and positive impacts of climate changeil&\the increase in air temperature (+0.9 and 3f6fQRCP2.6 and 8.5)
and in the vegetation period length (+8 and 37 dayRCP2.6 and 8.5) favoured photosynthesis, theenfrequent and

intense water stress negatively affected it (dediftesse et al., in review). The positive and negaéffects of climate change
were of the same magnitude for both tree speci@fset each other. For the simulations with dalde atmospheric CO

concentration, the differences among scenarios meich larger highlighting a strong Gertilization effect for both sessile
oak and European beech (Fig. 5). These results argreement with Reyer et al. (2014) who used4tbanodel to predict

productivity change in Europe according to a laiege of climate change projections. They found NRReases in most
European regions (except a few cases in Meditearam®untains) when considering persistent Effects by using variable
atmospheric C@ concentration. Assuming an acclimation of phottisgsis to CQ@ (by maintaining atmospheric GO
constant), they predicted increases in Northeraradses in Southern and ambivalent responses asewhEurope. Similar
response patterns were also obtained by Moralais @007). Rotzer et al. (2013) used the BALANCE&d®l to compare the
impact of future and current climate conditionstio@ productivity of beech in Germany and showe@% 8ecrease in NPP
without considering the rise in atmospheric Q©Oncentration. After evaluating CASTANEA againdtdg covariance and
tree growth data in a few highly instrumented siteavi et al. (2006) simulated the trend in GGP aedl ecosystem
productivity (NEP) in these sites from 1960 to 2180r sessile oak and European beech, they obtairg®Po and 67%
increase in GPP and NEP, respectively.

Given the magnitude of the G@rtilization effect (leading to a 72% increaséasal area increment in 100 years for RCP8.5),
we conducted retrospective simulations to checkiEel EROFOR reproduces well the increase in praditigiobserved by
Bontemps et al. (2011) for beech forests in theéhreast of France (data not shown). Based on hisicatmospheric CO
concentrations, we simulated radial growth during fperiods (1879-1910s 1979-2010) using the same climate data
(obtained by re-analysis for 1979-2010). These Eitiuns showed a productivity increase of 12% ov@80 years. By

comparison, Bontemps et al. (2011) reported pradticincreases ranging from 10 to 70% over 100rgeiepending on the
nitrogen status of the forest. The increase inalagtiowth simulated with HETEROFOR for the mixedrst in Baileux (Fig.

5) seems therefore plausible but assumes unchamgfeitional status. Increased productivity genesatewever higher
nutrient demand by trees, which is not systemayicsltisfied by larger soil nutrient supply, espdlgiin the poorest sites.
Consequently, the augmentation of forest produgtivill most likely be constrained by nutrient aledility and give rise to
a deterioration of the nutritional status as alyeabiserved across Europe (Jonard et al., 2015npoove our predictions,
nutritional constraints must be taken into accolmtthis perspective, a mineral nutrition and reriticycle module was
incorporated in HETEROFOR. As it was developedarafiel to the water balance, some adaptationeegded for a perfect
coupling of the two modules (e.g., change from anual to a monthly time step for soil chemistry am@j. A complete

description and evaluation of the nutrient moduié bve provided in a future study.
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5. Conclusion and future prospects

Our ambition was to develop a model responsivedih Imanagement actions and environmental changésambuld be
particularly well adapted to mixed and uneven-agfadds. We thought that this model had to be treekl spatially explicit
and process-based. Except BALANCE, iLand and mecently NOTG 3D, no such a model existed in thegditure and took
simultaneously the radiation transfer, the watdaf@e and the nutrient budget into account. Tatii$ gap, we elaborated
the HETEROFOR model based on concepts quite diffdrem those used for BALANCE, iLAND and NOTG 3D this
study, a first evaluation of the model performansleswed that HETEROFOR predicts well individualishdrowth and is
able to reproduce size-growth relationships. We alsticed that the most empirical option for ddsiag maintenance
respiration provides the best results while thecess-based and empirical approaches perform skynftar photosynthesis
and crown extension.

Here, only the core of HETEROFOR was described. Waier balance and phenology modules are presantéévaluated
in a companion paper (de Wergifosse et al., inew@yiwhile the nutrient module will be describeclafor the next steps, we
plan to couple HETEROFOR with existing librarielsias regeneration, genetics and economics. As REOHOR was
developed within the CAPSIS platform, it is contifiy improving thanks to the collaborative dynamaesong modellers.

A broader assessment of the model performancesbeiltarried out based on forest monitoring plosdrithuted all over
Europe. Indeed, HETEROFOR was designed to be phatig suitable for the level Il plots of ICP FotesThe processes
were described at a scale that facilitates the ewisgn between model predictions and observatidasly data collected in
these plots can be used to initialize and run thdehor to calibrate and evaluate it. HETEROFOR a@an be seen as a tool
for integrating forest monitoring data and quantifynon-measured processes. While it is now caklrfor oak and beech
forests, HETEROFOR will be parameterised for adarange of tree species in order to use it foirtgsind reproducing
identity and diversity effects.

Given all the uncertainties related to climate gmimpacts, it is an illusion to believe that a elodill predict accurately the
future dynamics of forest growth. However, modelstsHETEROFOR can be very useful to compare saehafimong
others, HETEROFOR can be used to select the marageoptions that maximise ecosystem resilienceooguantify

uncertainty in the response of forest ecosystedinmte change.
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6. Code availability

The source code of CAPSIS and HETEROFOR is acdedsilall the members of the CAPSIS co-developrenimunity.

Those who want to join this community are welconu fmust contact Francois de Coligny (coligny@ciiracor Nicolas

Beudez (nicolas.beudez@inra.fr) and sign the CARSB#Bter (http://capsis.cirad.fr/capsis/chartehisTcharter grants access
5 on all the models to the modellers of the CAPSI&munity. The modellers may distribute the CAPSI&fpkm with their

own model but not with the models of the otherdaiiit their agreement. CAPSIS4 is a free softwat@HL licence) which
includes the kernel, the generic pilots, the exterssand the libraries. For HETEROFOR, we also shaan LGPL license
and decided to freely distribute it through anaiist containing the CAPSIS4 kernel and the latession (or any previous
one) of HETEROFOR upon request from Mathieu Joeuathieu.jonard@uclouvain.be). The version 1.0 dsethis paper

10 is available at http://amap-dev.cirad.fr/projecp&is/files. The end-users can install CAPSIS faormstaller containing only
the HETEROFOR model while the modellers who sigtihedCAPSIS charter can access to the completeovea$iCAPSIS
with all the models. Depending on your status (eser vs modeller or developer), the instructioriastall CAPSIS are given
on the CAPSIS website (http://capsis.cirad.fr/cafdsicumentation).

The source code for the modules published in Gensic Model Development can be downloaded from

15 https://github.com/jonard76/HETEROFOR_LGPL_PLUS (00.5281/zenodo.3403280).
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7. Data availability

The data used in this paper are available throlglnput files for HETEROFOR which are embeddethainstaller (see
sect. 6).
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8. Appendices
8.1 Appendix A — Description of the soil heat trarfer routine

The temperature of the mineral soil (T in °C) ikcatated by soil depth incrememt4 in m) using a simplification of the soil
heat transfer equation assuming a constant thediffaivity (D in m2 s!) across the soil profile. The thermal diffusivity
characterizes the rate of heat transfer withirstsieand corresponds to the ratio of the thermabaativity K in W ntt K1)

to the volumetric heat capacity, (@ J m® K1),

E_cv 0z

Eq. (50) can be rewritten as follows according tdafif and Liu (1990) and Baker and Don Scott (1998)

At
Tz,t+At =T, + D- 2 (Tz+Az,t + Tz—Az,t - ZTz,t) (51)

The soil depth increment can be chosen by thelugét has to be smaller than one third of theidsnhhorizon. The soil depth

aT _ 1 @ ( 6T) aT 82T
0z

0z2

increment can be slightly modified by the modektsure the soil depth is a multiple of the soiltddpcrement. Then, a

stability criterion is checked for each hour and i§ not respected, the temporal step is dividgdwo.

K15 <05 (52)
The thermal diffusivity is calculated for each dudrizon based on the thermal conductivity andvitiemetric heat capacity
and then averaged by weighing according the hotizickness. The thermal conductivity is obtainethwiie empirical model
of Kersten (1949):
K =0.1442 - (0.9 - log(d) — 0.2) - 10°96243pb (for silt or clay soils) (53)
K = 0.1442 - (0.7 - log(d) + 0.4) - 10°6243Pv (for sandy soils) (54)
with 9, the gravimetric soil water content (d)g
py, the bulk density (kg ).
The volumetric heat capacity of soils is approxiedathrough a separation of the soil constituensolid and liquid phases:
¢y =836+ p, +4180 -9+ py - 1000 - p,, (55)
with P, the volumetric mass of water (kg3n
To initialize the procedure, the top and bottomgerature during the whole simulation and the ihtéanperature at each soil
depth must be known. The soil temperature at theofathe mineral soil (just under the forest floa)given by Eq. (56)
adapted from van Wijk and de Vries (1963) and Cialat al. (2004). The bottom temperature is fixed eorresponds to the
mean annual air temperature. This assumption canduke as the soil depth largely exceeds 1 meteririitial temperature
is found through a simple interpolation of the temgtures between the soil interface and the bottom.

Az
Damping

= Tq-1—-T . )
T, =T, + ( dA;r v) Agoil + % -redg - sin (u) (t—tr,,)+ g - w

) (5
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with Ty, mean annual air temperature (°C),
T4—1, Mean air temperature of the previous day (°C),
A,;., annual air temperature amplitude corresponditgealifference between the maximum and the minirmean
daily temperature over the year (°C),
A.i1, parameter corresponding to the mean annualesopérature amplitude (°C),
a,ir, daily air temperature amplitud®&,,.x — Truin) Ccalculated over the 24 hour period centered orctimsidered
time (°C),
redy, parmeter reducing the daily air temperature ampdi to the daily soil temperature amplitude (fixed.13)
w, radial frequency (R = 2—:,
tr..» hour of the day at which air temperature is maditas the sinusoidal shape of the diurnal soilpeerature
cycle is not perfectly symmetricty . is adapted so that the period between maximum ramimum soil
temperature is exactly 12 hours),
Az, thickness of organic horizons (m),
Damping, parameter accounting for the phase seiftiéen the diurnal cycle of the air and soil terapge (fixed to
0.0853 after calibration).

The temperature of the organic horizons was obtisd@isehe mean between air temperature and the tetapeat the interface

between organic horizons and mineral soil.
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8.2 Appendix B — Development of Eq. (29)

Equation (29) can be developed in order to isdlate
A( dbh? - h) = (dbh + Adbh)? - (h + AR) — dbh? - h (57)
A( dbh? - h) = (dbh? + 2 - dbh - Adbh + (Adbh)?) - (h + Ah) — dbh? - h
5 A( dbh? - h) = dbh?-h + 2-dbh- Adbh-h + (Adbh)? - h + dbh? - Ah + 2 - dbh - Adbh - Ah + (Adbh)? - Ah — dbh? -
hA( dbh? - h) = Adbh? - (h + Ah) + (Adbh)? - (h + Ah) + dbh? - Ak
A(dbh?-h) = Ah- (Adbh? + (Adbh)? + dbh?) + h - (Adbh? + (Adbh)?) (58)

Considering(Adbh)? « Adbh? « dbh, the following approximation can be done:

10 A(dbh? - h) = Ah - dbh? + h - Adbh? (59)
Ah-dbh? = A( dbh? - h) — h - Adbh? (60)
AR = A(dbh®h)  h-Adbh?

(61)

dbh?2 dbh?
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8.3 Appendix C - Delevoy height estimation

The Delevoy height is the height at which stem ditenis half the diameter at breast height andlsutated as follows from
taper (cm m):

dbh—@

hae = 13 +— 2 (62)
5
where the taper is obtained based on the girtl@%t af the tree height (G10%) and the relative gaitl60% of the
tree height (RG60%) for which empirical equations jgrovided by Dagneliet al. (1999) for several temperate tree
species:
taper = —(1_6?50.(;?3;610% (63)
10 with

C10% =a+b-m-dbh+c-(r-dbh)? +d-(mw-dbh)®+e-h+f-(x-dbh)®-h  (64)

b c

0% =
CR60% = a + C10% + 1092

(65)

15 Table C1. Parameters of Egs. (64) and (65) for selesbak and European beech according to Dagnelie &t (1999)

a b c d e f
Sessile oak
C10% 3.9330 1.0284 -0.3161130  0.44036 16 -0.33113 -0.28051 10
CR60% 0.4838 14.667 -405.67
European beech
C10% 3.8541 1.0235 -0.3627610  0.40063 16 -0.30551 -0.20411 10
CR60% 0.5286 0 0
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8.4 Appendix D — Estimation of the height of largdscrown extension flce) at equilibrium
Estimation of hice at equilibrium for a competitor of the same size

Intersection between
potential crowns

hlceq,  hice,,

Crown
at equilibrium,

hice I’
=hcb

Potential crown

crvm

Target tree Competitor

Estimation of hice at equilibrium for a competitor of higher size

Intersection between
potential crowns

hlce,,,  hice,,

Crown
at equilibrium
hlce,;, !
=hcb

Potential crown
—_—

“vat

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of lower size

Intersection between
potential crowns

Crown

at equilibrium

Potential crown

Clor

Target tree Competitor

Figure D1. lllustration of the routine used to detemine the height of largest crown extension at eglibrium ( hlce) of a target tree

in three contrasted situations of competition. A fist step consists in determining the intersectiondtween the potential crown of the

target tree and the competitor. Then, thehlcey is fixed between the maximumhlce (corresponding to the intersection between
5 potential crowns) and the minimumbhlce (which the height to crown base) based on the relae height of the competitor.
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8.5 Appendix E — Height growth modelling results

The main factor explaining the height increment wesso-called height growth potentiah,,.) with a quadratic effect for
beech and a cubic effect for oak (Table E1, Fig. Er both tree species, the light competitioreid.Cl) had a negative
effect on height increment, meaning that, for aeséight growth potential, trees under strongerpetition for light had a
higher height growth than trees within better ligbhditions. For European beech, the variable seleprocedure led to
select height (which had a negative effect) to antdor tree size whilelbh was retained for sessile oak and had a positive
effect. Even if the root mean square error wash#iighigher for European beech (0.094) than fosie®ak (0.083), the
height growth model explained a much larger praporbf the variability for European beech (72%)rtHar sessile oak
(43%), partly because the height growth range vigiselh for European beech.

Table E1. Parameters, R2 and RMSE of the height growatmodel (Eq. 31) for European beech and sessile oak.

European beech Sessile oak
intercept 0.0233 -0.0562
dbh (in cm) 0.0023
h (in m) -0.0048
LCI -0.2556 -0.1874
(Adbheheoer)/dbl? (in m) 0.6631 0.8183
[(AdblPhor)/dbt?]? -0.1777 -0.9178
[(AdblPhor)/dbt?]? 0.4733
RMSE 0.09397 0.083017
R? 0.72 0.43
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(a) Sessile oak (b) European beech
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Figure E1. Effect of the height growth potential on ak and beech height growth for two levels of lightompetition (strong light
competition = light competition index< 0.15, lower light competition = light competitionindex > 0.15). The solid lines represent the
model predictions obtained using Eq. (31) with paramter values of Table E1 and with mean values faibh, height or the light
competition index.
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Table 1. Stand characteristics for the main tree smges derived from stand inventories in 2001. Standd deviation is provided in

parentheses.
Stand Tree species Tree density Basal Area Gbh Dominant height
(N/ha) (m?/ha) (cm) (m)
Oak dominated Sessile oak 187 16.2 100.6 (26.5) 9 21.
(0.90 ha) European beech 118 4 46.4 (35.6) 155
Beech dominated Sessile oak 72 6.4 103.3 (18.1) 23
(1.44 ha) European beech 217 16.5 87.5 (41.5) 25
Mixed Sessile oak 118 12.9 115.5 (21.0) 24.5
(1.80 ha) European beech 352 17 91.2 (39.3) 25.7

1Girth at breast height
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Table 2. Description of model parameters for sessilgak 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
PUEs PAR use efficiency of sunit leaves kgC mol photori 0.00006 0.000216 fitted with tree growth data of shedy site
PUEsh PAR use efficiency of shaded leaves kgC mol photon'% 0.00105 0.000584 fitted with tree growth data ofshedly site
Respiration
Qsapwood parameters of the sapwood area function (Eq. 12) 0.00/1.54/0.16 0.00/0.00/0.52 fitted with data from Andrét al. (2010)
T npp_gpp parameters of the npp to gpp ratio function (Eq. 8) 0.997/-0.386 0.959/-0.408 fitted with tree growthadet the study site
Rrref maintenance respiration per g of N at the refer¢enwerature (15°C) mole G@N™ h* 0.000079 0.000057 fitted with tree growth data ofshely site
Rgr growth respiration per unit biomass increment kgC kgC' 0.2 Dufréneet al. (2005)
Q1o teator fine 1ot temperature dependence coefficient of leaf andréioe respiration dimensionless 21 Vose and Bolstad (1999)
Quo_stemand oot temperature dependence coefficient of stem and-esgpiration dimensionless 1.7 Epronet al. (2001)
Q10_branch temperature dependence coefficient of branch etipir dimensionless 2.8 Damesiret al. (2002)
Carbon allocation
b ear parameters of the leaf biomass function (Eq. 15) kgC 0.0026/1.96/1.96 1.469/2.00/0.00  Jonardet al. (2006)
bstrucural_above  parameters of the aboveground structural biomags2@ kgC 0.000/263.4/0.969 0.056/292.8/0.966 Hounzandpt al. (2015) and Genet et al. (2011)
T root_shoot root to shoot ratio kgC kgC' 0.18 Genetet al. (2010)
I fr_leaf_min minimum fine root to leaf ratio kgC kgC1 0.5 literature data compilation
I fr_leaf_max maximum fine root to leaf ratio kgC kgC1 25 literature data compilation
O teaf leaf relative loss rate kgC kg(f1 yr'1 1
S fine root relative loss rate kgC kgClyr* 1 Grote and Pretzsch (2002)
f stem form factor m’ m® 0.52 Hounzandgt al. (2015) and Genet et al. (2011)
p stem volumetric mass kgC m’ 562.17 556 Hounzandgt al. (2015) and Genet et al. (2011)
Itieat leaf retranslocation rate kgC kg(f1 yr'l 0.4 0.45 determined based on tree foliage data tatiés the study site
Itroot fine root retranslocation rate kgC kgClyr* 0.4 0.45 same values as leaves
Shranch parameters of the branch mortality function (saanenfas Eq. 15) kgC 6.0E-9/3.064/3.064 5.00E-5/2.681/0.00 fitted wiittta from André et al. (2010)
Pt parameters of the fruit production function (Eq.22) kgC 1.55E-3/2.34 4.50E-4/2.681 fitted with litterfddita from ICP Forests level Il plots of Wallonia
dbhthreshold threshold dbh for fruit production cm 25 field observations
Tree dimension increment
hice% fraction of the total height corresponding to tiedght of largest crown extension mni 0.81 0.77 determined based on tree inventory datiaecétudy site
hcb% fraction of the total height corresponding to thewn base height mm' 0.7 0.61 determined based on tree inventory dataeo$tudy site
Dd parameters of the crown to stem diameter funchiap (0) mm' 16.20/0.0280/0.00/0.00 10.49/0.00/1379/-2881  detemhibased on tree inventory data of the study site
sh coefficient used to shift the mean crown to stemmditer ratio relationship to its maximum dimensisie 125 15 determined based on tree inventory dateaftudy site
I overlapping mean crown overlapping ratio mm' 1 1.2 determined based on tree inventory data ofttidy site
Ahlcemax maximum annual change in hice m yl”1 0.5 determined based on tree growth data of the sitely s
Ahchmax maximum annual change in hch m yr'1 0.5 determined based on tree growth data of the sitely s
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Table 3. Statistical evaluation of predicted basalrea increments (vs observations) for various combations of model options using
normalized average error (NAE), pairedt-test, regression test, root mean square error (RMS) or Pearson’s correlation (Pearson’s r).
Standard deviation or confidence intervals are proided in parentheses.

Model options NAE Pairedt-test Orthogonal regression RMSE Pearson'sr
Tree species Pvalue intercept slope

Castanea/npp to gpp ratio/distance-independent crextansion

European beech 0.159 0.00 1.52 1.06) 0.75 (x 0.05) 8.64 0.87
Sessile oak -0.052 0.18 5.2 2.85) 0.75 (£ 0.14) 9.33 0.63
Castanea/npp to gpp ratio/distance-dependent crowension

European beech 0.090 0.04 1.75 1.36) 0.79 (x 0.07) 8.95 0.83
Sessile oak -0.020 0.61 4.5¢ 3.06) 0.77 (£ 0.14) 9.11 0.63
Castanea/T° dependent maintenance respiration/distémdependent crown extension

European beech 0.426 0.00 3.5% 2.06) 0.53 (¢ 0.07) 17.97 0.74
Sessile oak -0.013 0.79 7.16@ 3.02) 0.62 (£ 0.13) 11.03 0.59
Castanea/T° dependent maintenance respiration/distalependent crown extension

European beech 0.544 0.00 2.2 2.07) 0.53 (+ 0.06) 18.60 0.77
Sessile oak 0.054 0.25 6.0 3.42) 0.64 (+0.14) 11.07 0.58
PUE/npp to gpp ratio/distance-independent crowmeesion

European beech 0.007 0.85 1.681.19) 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 exbens

European beech -0.110 0.01 1.84 1.57) 0.96 (+ 0.09) 8.41 0.79
Sessile oak -0.223 0.00 1.76: 5.61) 1.16 (£ 0.35) 9.67 0.45
PUE/T® dependent maintenance respiration/distamckependent crown extension

European beech 0.182 0.01 4.122.37) 0.61 (+ 0.09) 15.43 0.68
Sessile oak -0.172 0.00 4.6& 3.85) 0.90 (+0.21) 9.31 0.55
PUE/T® dependent maintenance respiration/distarsgeddent 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
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