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Abstract.

Given the multiple abiotic and biotic stressorsuhiasg from global changes, management systemseanctices must be adapted
in order to maintain and reinforce the resilient®oests. Among others, the transformation of mauttures into uneven-aged and
mixed stands is an avenue to improve forest resiie To explore the forest response to these rigiewiural practices under a
changing environment, one need models combiningeess-based approach with a detailed spatialseptation, which is quite
rare.

We therefore decided to develop our own model (HEDEOR for HETEROgeneous FORest) according to dadlyagxplicit
approach describing individual tree growth basedesource sharing (light, water and nutrients). HRDFOR was progressively
elaborated within CAPSIS (Computer-Aided ProjectionStrategies in Silviculture), a collaborativedelling platform devoted
to tree growth and stand dynamics.

This paper describes the carbon-related processétEGEROFOR (photosynthesis, respiration, carbdocation and tree
dimensional growth) and evaluates the model peidiowas for three broadleaved stands of differerdiepeomposition (Wallonia,
Belgium). This first evaluation showed that HETERQH predicts well individual radial growth (Persontsrrelation of 0.83 and
0.63 for European beech and sessile oak, respbgtargd is able to reproduce size-growth relatigpshWe also noticed that the
NPP to GPP ratio option for describing maintenamesgiration provides better results than the teatpez-dependent routine while
the process-based (Farquhar model) and empiriadiafion use efficiency) approaches similarly parfdor photosynthesis. To
illustrate how the model can be used to predict&ie change impacts on forest ecosystems, we sadutee growth dynamics of
the mixed stand driven by four IPCC climate scargrAccording to these simulations, the tree gravethds will be governed by
the CQ fertilization effect with the increase in vegetatiperiod length and in water stress also playinglebut offsetting each

other.
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1 Introduction

Forest structure and composition result from sail elimate conditions, management and natural idiahces. All these drivers of
forest ecosystem functioning are rapidly evolvinge do global changes (Aber et al., 2001; Lindnealet2010; Campioli et al.,
2012). While environmental and societal changesakiag place and will continue to happen in theeife, their magnitude and the
way they will occur locally remain largely uncertgLindner et al., 2014). Designing silviculturgbtems and selecting tree species
adapted to future conditions seems therefore g bisk (Ennos et al., 2019). Messier et al. (20X6ppsed another vision of the
forests considered as complex adaptive systemsentiasre dynamics is inherently uncertain. To mamthe ability of forests to
provide a large range of goods and services whatbeefuture conditions, their resilience and adhity must be improved by
favouring uneven-aged structure and tree specigtrai(Thompson et al., 2009; Oliver et al., 2015 .the combinations of site
conditions, climate projections, stand structunes @iee species compositions are nearly infiniteha management options that
could potentially enhance the resilience and adeptiapacity of forests cannot be tested in situnt@eallo et al., 2017).
Furthermore, such silvicultural trials provide riéswnly in the long run given the life span ofgseand cannot anticipate future
conditions. Scenario analysis based on model stinngare therefore useful to select the most psmmgimanagement strategies
and to evaluate their long-term sustainability.€kplore forest response to new silvicultural pigegiand to unexperienced climate
conditions in a realistic way, one needs new pratesed models able to deal with mixed and straltyuromplex stands and to
incorporate uncertainties in future conditions (@aret al., 2007; Bravo et al., 2019).

In connection with the traditional forestry viewifgrests as a stable system that can be contratiady empirical models were
developed to predict tree growth in monoculturassaering that past conditions will remain unchahpethe future. On the other
hand, scientists developed process-based eco-pdyis@l models to better understand short- and kenign forest ecosystem
response to multiple and interacting environmeatenges (Dufréne et al., 2005). This can indeedbeatone through direct
experimentation because the multisite and multifaat experiments required for doing so would bed¢omplex and too expensive
(Aber et al., 2001; Boisvenue and Running, 2006)stvexperiments of environment manipulation focasimgle or few factors
during a limited period of time, which precludesptoperly take into account interactions, feedbauai acclimation. To simplify
the mathematical formalization of eco-physiologipabcesses (e.g., radiation interception) and lthnét calculation time, these
process-based models were first designed for pige-aged stands without considering the spatigrbgeneity of stand structure.
With the increasing interest for uneven-aged stamdstree species mixtures, cohort and tree-lewglets were also developed.
Pretzsch et al. (2015) reviewed 54 forest growtld@mto show how they represent species mixing. #grtbose models, 36 were
process-based with 9 at the stand, 11 at the celmoitl6 at the tree level. While cohort modelsvalto describe the vertical
structure of the stand, tree-level models are gdiyanecessary to consider the spatial heterogeirethe horizontal dimensions.
To represent stand structure in three dimensitiesinodel must not only operate at the individue¢ldut also consider the tree
position. In the review of Pretzsch et al. (2018) process-based models were individual-basedateBy explicit but only three
of them accounted simultaneously for radiationgfan water cycling and phenology (i.e., BALANCBVIEION and MAESPA).

Since it describes canopy and water balance presassing a state-of-the-art approach (based oneacfiown discretization),

3
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MAESPA is a very useful tool for analysing outconsé®co-physiological experiments (Duursma and Med2012). MAESPA
is however not suitable for multi-year simulatiGisce it contains no routine for carbon allocati@spiration and tree dimensional
growth. EMILION is also restricted to one-year slation (no organ emergence) and is specific to ppexies with a quite detailed
structural approach (Bosc et al., 2000). In comttase dimensional growth is well described in B¥NICE which possesses a fine
representation of tree structure (Grote and PretZ34202). In BALANCE, radiation interception by éieand water cycling are
based on simpler eco-physiological concepts condpar&AESPA and photosynthesis is calculated will®alay time step using
the routine of Haxeltine and Prentice (1996). AsEorest v5.1 model (Schwalm and Ek, 2004), BALANGE the advantage of
merging two traditions, conventional growth andgimodels together with process-based approachegdmng outputs familiar
to foresters (classical tree and stand measurerobtased from forest inventory) as well as carBlores and stocks. Among the
three models, BALANCE is the only one that conssdeineral nutrition through the impact of nitrog@) availability on tree
growth. Some soil chemistry processes (e.g. iorhaxge, mineral weathering) are however not destrddthough they are
essential to estimate bioavailability of the majatrients other than N (P, K, Mg, Ca). Not consétkin the review of Pretzsch et
al. (2015), iLand is another individual-based matiescribing the eco-physiological processes witinermediate level of detail
using simplified eco-physiological concepts (sushhee radiation use efficiency approach) in ordimutate forest dynamics also
at the landscape scale. Later, Simioni et al. (@&6eloped the NOTG 3D model to study water amdarafluxes in Mediterranean
forests using an individual-based approach to attdou the spatial structure of the stand. This eléslmore suited for short-term
(a few years) rather than long-term (a rotatiomjudations since tree dimensions are updated baséreal empirical relationships
between diameter at breast heighit) and tree height or crown radius.

As the models accounting for both the functional gpatial complexity are rare, we developed a ne@deh(HETEROFOR) using
a spatially explicit approach to describe individwae growth based on resource use (light, watémaitrients) in HETEROgeneous
FORrests. While the BALANCE and iLand model existetl responded roughly to our expectations, wedeecio build a new
model for several reasons. First, we thought thatteer model of this particular type would not leeundant if based on other
concepts. Instead of calculating an index of ligiilability, we chose to estimate radiation inggtion for all trees using a ray
tracing approach. For calculating photosynthesisteae transpiration, we selected the Farquhar heitle shorter time step than
in BALANCE in order to account for hourly variatisin climate and soil water conditions. While wedia slightly more complex
approach for the water balance module (Darcy agproestead of bucket model for soil water dynamiamfall partitioning when
passing through the canopy), our model rests dmpler representation of tree structure than BALANGecond, we aimed at
incorporating a detailed tree nutrition and nutrigycling module since we realized the necessiigtegrate nutritional constraints
in forest growth modelling, especially for predigfithe response to climate change (Fernandez-Marénal., 2014; Jonard et al.,
2015). Finally, we wanted to develop the model imithe frame of a collaborative modelling platfodedicated to tree growth and
stand dynamics. Among the various platforms, CAP&S the only one allowing multi-model integratimd providing a user-
friendly interface (Dufour-Kowalski et al., 2012JETEROFOR was therefore progressively elaboratemlitih the integration of

various modules (light interception, phenology, evatycling, photosynthesis and respiration, carltotation, mineral nutrition
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and nutrient cycling) within CAPSIS. The advantagesuch a platform is to use common developmenirenment, model
execution system, user-interface and visualizatois and to share data structures, objects, mstand libraries.

To simulate the response of forests to managemmehthanging environmental conditions, integrate sindcture the existing
knowledge into process-based models is essentiadisufficient. These models must also be doctieeeand evaluated in order
to know exactly their strengths and limits whenlgsiag their outputs. The objectives of this papes (i) to describe the carbon-
related processes of HETEROFOR (photosynthesipiragi®n, carbon allocation and tree dimensionalgh), (ii) evaluate the
model ability in reconstructing tree growth in thfgroadleaved stands of different species compasiind compare various options
for describing photosynthesis, respiration and craxtension and (iii) illustrate its potentialitiby simulating tree growth

dynamics in an oak and beech stand under varidD€ #timate 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 (QatempAided Projection for Strategies in Silvicuk)iplatform dedicated
to forest growth and dynamics modelling (Dufour-Kadski et al., 2012). HETEROFOR uses the CAPSIS @@t system and its
methods to run simulations and display the resWisen running simulations with HETEROFOR, CAPSI8ates a new project
in which the variables describing the forest staitestored at a yearly time step, starting frominhil forest characteristics (initial
step). Some variables (foliage state, water flurgp, and gpp) are stored at an hourly or daily t&tep in java objects created
annually. This information is accessible to therubeough exports (see user manual). Though sorsesdiauctures and methods
are shared with other models integrated in CAP®iSinitialisation and evolution procedures arectffieto HETEROFOR.

For the initialization, HETEROFOR loads a seriesfitdfs containing tree species parameters, inpta da tree (location,
dimensions and chemistry), soil (chemical and patgiroperties) and open field hourly meteorololitzta. These data are used
to create trees and soil horizons at the initighsThe tree is divided in three structural compartts (branch, stem, root) and three
functional ones (leaf, fine root and fruit). Thé#ETEROFOR predicts tree growth at a yearly time diased on underlying
processes modelled at finer time steps and atrdiffespatial levels.

After the initialization step, and at the end ofleauccessive yearly time step, the phenologicabge for each deciduous species
(leaf development, leaf colouring and shedding) defined for the next step from meteorological datéhen no hourly
meteorological measurements are available, thetatge period is defined by the user who provides budburst and the leaf
shedding dates. Knowing the key phenological datesthe rates of leaf expansion, colouring andhfglithe foliage state of the
deciduous species is predicted with a daily tine@ sturing the year (de Wergifosse et al., in revédwit is characterized by the
proportions of leaf biomass and of green leavestively to complete leaf development, which are kasables to simulate energy,
water and carbon fluxes within the forest ecosysféne proportion of green leaves impacts photo®ggish leaf respiration and
tree transpiration, as these processes are netastymore on discoloured leaves which howevdriistdrcept solar radiation and
rainfall. Based on a ray tracing approach, the SARBLIGHT library of CAPSIS (Courbaud et al., 2008alculates the
proportions of solar radiation absorbed by thekrammd the crown of each individual tree and théatéah transmitted to the ground
on average over the whole vegetation period (sfreplradiation budget) or hourly for several keyeda(detailed radiation budget).
Predicting how solar energy is distributed withile forest ecosystem is necessary to estimate &llzark and soil evaporation,
tree transpiration and leaf photosynthesis.

Every hour, HETEROFOR performs a water balance @pdhtes the water content of each horizon. Raiidgafiartitioned in
throughfall, stemflow and interception (André et, &008a; 2008b and 2011). Part of the rainfalchea directly the ground
(throughfall) while the rest is intercepted by &gje and bark. They both have a certain water staragacity which is regenerated
by evaporation. When the foliage is saturated,aberflow joins the throughfall flux whose proporidncreases. As the bark
saturates, water flows along the trunk to form $kmm Throughfall and stemflow supply the first kborizon (forest floor) with

water while soil evaporation and root uptake depietThe water evaporation from the soil (as vesllfrom the foliage and the
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bark) is calculated with the Penman-Monteith equabased on the solar radiation absorbed by eatipaoent. Using the same
equation, individual tree transpiration is estindabs determining the stomatal conductance from ¢tteeracteristics, soil water
potential and meteorological conditions. The disttion of root water uptake among the soil horizendone according to the soil
water potential and the vertical distribution afdiroots. Water exchanges between soil horizonsaisidered as water inputs
(capillary rise) or outputs (drainage). This sodter transfers are calculated based on the sadryatential gradient according to
the Darcy law and using pedotransfer functionseteimined soil hydraulic properties. By default, HEROFOR calculates the
water fluxes at the stand scale by aggregatingithdal fluxes (i.e. tree transpiration) or tree pedies (e.g. foliage and bark
capacity, stemflow proportion). With this optiofl, taees are taking up water in the same soil lwrizassuming that soil water is
redistributed homogeneously between two hourly ste@s. However, the user can choose an alterrgtii@n to calculate all the
water fluxes at the individual level. In this cage model distributes the total soil volume inividiual soil volumes (called pedon)
and performs a water balance for each one. Continahe default option assuming a homogeneous dwatiar water redistribution,
the alternative option supposes no water redidtdhiamong pedons (de Wergifosse et al., in revdgw

The user can choose to calculate the gross pripraduction of each tregp) either based on a radiation use efficiency apgroa
distinguishing sunlit and shaded leaves (yearletstep) or using the Farquhar et al. (1980) mdu®lir{y time step). The latter is
analytically coupled to the stomatal conductancelehproposed by Ball et al. (1987). The photosysithes computed using the
Library CASTANEA also present in CAPSIS (Dufréneakt 2005). This calculation requires the promovsi of sunlit and shaded
leaves, the direct and diffuse photosyntheticatljva radiation PAR absorbed per unit leaf area and the mean sodrypattential.
At the end of the vegetation periaghpis converted to net primary productianpf) after subtraction of growth and maintenance
respiration. Maintenance respiration is either @ered as a proportion gpp (depending on the crown to stem diameter ratio) or
calculated hourly for each tree compartment by iclemigg the living biomass, the nitrogen concemdratind a Q10 function for
the temperature dependency following Ryan (1991) &ufréne et al. (2005). Carbon allocation is el@mce a year at the end of
the vegetation period which allows to update trieeedisions for the next yearly time step during Whi®e size does not change.
Carbon is allocated in priority to foliage and fimets by ensuring a functional balance betweebarafixation and nutrient uptake
through a fine root to leaf biomass ratio dependinghe tree nutritional status (Helmisaari et2007). Allometric relationships
are then used to describe carbon allocation tcctstral components (trunk, branches and structwats) and to derive tree
dimensional growth (diameter at breast height] teéaght, height to crown base, height of maximuown extension, crown radii
in 4 directions) while considering competition withighbouring trees (Fig. 1).

Knowing the chemical composition of the tree corpants for a given tree nutrient status, HETERORORputes the individual
tree nutrient requirements based on the estimatedah growth rate and deduces the tree nutrienbddrafter subtraction of the
amount of re-translocated nutrients. In paralle¢ potential nutrient uptake (soil nutrient suppypbtained by calculating the
maximum rate of ion transport towards the rootsdlffusion and mass flow). The actual uptake isitdetermined by adjusting
the tree nutrient status and growth rate so tles fiutrient demand matches soil nutrient supplg Atitrient limitation of tree
growth is achieved through the regulation of phgtdisesis, maintenance respiration and through tleeteof the tree nutrient

status on fine root allocation.
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The soil chemistry is characterized at the trestand scale for the various soil horizons defingdhie user. In each soil horizon,
the chemical composition of the soil solution isguilibrium with the exchange complex and the sdaoy minerals. It receives
the nutrients coming from atmospheric depositiagaaic matter mineralization and primary minerahtering, and is depleted
by root uptake and immobilization in micro-organgsnihe chemical equilibrium within the soil solutjowith the exchange

complex or the minerals is updated yearly with FH¢REEQC geochemical model (Charlton and Parkhaft1l) coupled to

HETEROFOR through a dynamic link library.

In this paper, we present a detailed descriptidgh®processes regulating the carbon fluxes (Bigihlle the phenology and water
balance modules are presented in a companion pagékergifosse et al., in review a) and the nutr@eling and tree nutrition

module will be described later in a third paper.

Evapo-
transpiration

Phenology

Ray tracing
(SAMSARALIGHT)
Foliage
Ah, Adbh Trunk & P

Branches [iNESes

: Roots ;‘(foliage, nutrients)
o Fine roots )
() Distance-dependent = f (dbh, light availability)
(i) Distance-independent Fruits <

!

Crown extension

Figure 1. Conceptual diagram of the HETEROFOR model. Tk incidentPAR radiation is absorbed by individual trees using aay tracing
model (SAMSARALIGHT library). Then, the absorbed PAR (aPAR) is converted into gross primary production ¢pp) based on thePAR
use efficiency concept (first option) or with a bichemical model of photosynthesis (second option). &photosynthesis calculation depends
on the soil water potential which is updated hourlythanks to the water balance module described in d&ils in de Wergifosse et al. (in
review a). The net primary production (hpp) is obtained using app to gpp ratio or by subtracting the growth and maintenancerespiration
(the latter being temperature dependent)npp is first allocated to foliage using an allometri@quation function of tree diameter ¢bh) and
crown radius (cr). All these processes (radiation interception, ptiosynthesis and respiration as well as evapotranspition) depend on the
foliage development stage which is determined based the phenology module. The carbon allocated tinke roots is determined based on
a fine root to foliage ratio dependent on the tre@utritional status. Fruit production is calculated with an allometric equation based on
dbh and on light availability. The remaining carbon isallocated to structural compartments (roots, trunkand branches) using a fixed
proportion for the below-ground part. dbh and height growth(Adbh, Ah) are deduced from the change in aboveground biomady deriving
and rearranging an allometric equation. Finally, cown extension is predicted with a distance-dependear -independent approach.
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2.2 Detailed model description
2.2.1 Initialization

To initialize HETEROFOR, the relative positior {, zZ) and the main dimensions of each tree must beigedy girth at breast
height gbhin cm), heightlf in m), height of maximum crown extensidnge in m), height to crown basédbin m) and crown
radii in the four cardinal directionsr(in m). During the initialization phase, the biomaxd each tree compartment is calculated
according to the equations used for carbon allonafsee sect. 2.2.4). If available, site-specilicraetric equations can also be
used to calculate initial biomasses of tree connpants. When data on fruit litterfall are availatddijle providing the amount of
fruit litterfall per year and per tree species banloaded and used to adapt the allometric equapioedicting fruit production at
the individual level. When the water balance modsilectivated, two additional files must be loadadile describing soil horizon
properties and another one for the hourly meteggol&inally, the user must provide the nutrient gantrations of the current
leaves (N, P, K, Ca, Mg) for each tree speciességligliar concentrations are then used to estithatéree nutrient status for each
major nutrient. When the tree nutrition and nutriegcling module is not activated, these conceiunat are kept constant

throughout the simulation.

2.2.2 Gross primary production

The annual gross primary production of each twge@in kgC yr') is calculated either based oRARuse efficiencyPUE) approach
(Monteith, 1977) or using the photosynthesis metbicitie CASTANEA model (Dufréne et al., 2005). e first option, the only
input needed by the model is the mean monthly ¢lcdmtiation. The second option requires hourly meitogical data and the
activation of the water balance calculation. In aage, a series of intermediate variables are deedealculatgpp.

For thePUE approach, the model uses the solar radiation bbddny each tree during the vegetation peraRIADin MJ yr?),
aRADis then converted iRAR (aPARin mol photons yt) by supposing that 46% of the solar radiatiBAD) is PARand that 1
MJ is equivalent to 4.55 moles of photons. Theuddf and direct componentsa#ARare also consideredRARi+ andaPARy in
mol photons yt). While all the leaves receive diffu$®AR only sunlit leaves absorb direBAR To estimate the sunlit leaf
proportion Props) at the tree level, HETEROFOR uses an adaptatidheoclassical stand-scale approach based on ¢lee- B
Lambert law (Teh, 2006):

PT'OPSI _ l—exp(k—k-LAI) (1)

with
k, the extinction coefficient,
LAI, the leaf area index (m2
At the individual scale, the leaf area index icatdted by dividing the tree leaf areg4 in m?) by the crown projection areapa
in m2). The value obtained is then multiplied bg tight competition index(CI in MJ MJ?) to account for the shading effect of

the neighbouring trees:
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a
1_exp(_k.ﬂ

ool e 2)

Propg = p

where LCI is the ratio between the absorbed radiatcalculated with and without neighbouring trees i
SAMSARALIGHT. LCI ranges from 1 (no light competti) to O (no light reaching the tree).

To adapt théARuse efficiency concepPUE) at the tree level, we considered a distii0E for sunlit §l) and shadedsf) leaves

and calculated an averaB& E weighted as follows:

aPARdiff'(P‘r‘opsl'PUE51+PT0pSh'PUE5h)+aPARdir'PUEsl

pue = aPaR (3)
This pueis then used to calculaggppbased omPARand a reducer accounting for water stresd (;¢0r):
gpp = aPAR - pue redgter 4)

The default value ofed,, ;. iS 1 but, when the water balance module is a&@/ait is set to the ratio between the actual aed t
potential (i.e., considering no soil water limitat) tree transpiratiort{.,,,; andt,,., in | per year). This ratio estimates the fraction
of the vegetation period during which stomata adiglly or totally closed due to limitation in $evater availability. Since this

ratio is always lower or equal to 1, a correctiaatér is applied to avoid introducing a bias.

t
red,qrer = ‘;L”al corr (5)
pot

gpp can also be estimated using the photosynthesibotieif CASTANEA (Dufréne et al., 2005). This methomhsists in the
biochemical model of Farquhar et al. (1980) ane&jty coupled with the approach of Ball et al. (Tp&hat linearly relates stomatal
conductance to the product of the carbon assimilatite by the relative humidity. The slope of tiekationship varies between 0
and 1 with the soil water availability charactedaea HETEROFOR based on a decreasing exponentiatiin of the mean soil
water potential (see Eq. 56 in de Wergifosse etrateview). The formulation of Ball et al. (198&gas slightly adapted to the tree
level by accounting for the influence of tree heighdeed, leaf water potential increases with tegfht and induces a decrease in
stomatal conductance (Ryan and Yoder, 1997; Sclaifaf., 2000). In Eq. 56 in de Wergifosse et ml.réview a), stomatal
conductance is inversely proportional to the heafhhaximum crown extension.

The photosynthesis routine requires, at an hourlg step, the direct and diffufg\Rabsorbed per unit leaf area. The difedR

is intercepted only by sunlit leaves and is obtaing multiplying the hourly incider®AR (umol photons M s?) by the proportion
of directPARabsorbed by sunlit leaves. For a tree, this pitigrors by default fixed for the whole vegetatiogripd and calculated
as the ratio between the diré®ARabsorbed per unit sunlit leaf area during the tatgm period (in mol photons:#yr?) and the
incidentPAR cumulated over the same period (in mol photorisymt). A similar procedure is used for the diffuse absolPAR
except that it is related to the total leaf areheWusing the detailed version of SAMSARALIGHT, preportions of direct/diffuse
PAR absorbed per unit leaf area change every hounglihe day and depending on the phenological sfge photosynthesis
routine of CASTANEA also requires the foliar nitexgconcentration to estimate the maximal carboioyiatate (Dufréne et al.,
2005).

11
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2.2.3 Growth and maintenance respiration

gppis converted to annual net primary productiopg(in kgC yr?) using either a ratio depending on the crown ¢onstliameter
ratio (Eq. 6) or after subtraction of growthr( and maintenance respiratiomrj (Eq. 7) according to the theory of respiration
developed by Penning de Vries (1975).

npp = gpp * Tupp_gpp(DdIndex) (6)

npp = gpp —mr — gr (7)

Makeld and Valentine (2001) showed that itipg to gpp ratio changes with some tree characteristics tiegght and age). Based
on simulatedgpp and npp reconstructed by using the model in reverse msde ect. 2.2.7), we tested the impact of several
variables characterizing tree dimensions and sliaeight, dbh crown radius, crown volume, crown to stem diametgio,
aboveground volume or biomass) on tipp to gppratio. The best relationship was obtained withdievn to stem diameter ratio
(Dd in m m%) which had a negative effect on thpp to gpp ratio. This indicates that the proportiongyp lost by respiration
increases for trees with a large crown. Unfortulyatee crown to stem diameter ratio not only vanéth the tree shape reflecting
past competition conditions but also changes dutiregcourse of the tree development for some tpeeiss. Therefore, we
standardized it to remove the size effect in otdesbtain an index{dIndex) only characterizing the tree shape. This index is
particularly useful to account for the large diffeces in oak crown extension according to thecsiltiral system (large crowns in

former coppices with standardsnarrow crowns in dense high forests).

Tupp_gpp = @ + B Ddindex (8)
where @ and g are parameters afitlindex is defined as :
Ddindex = —2 (9)
pred
with

Dd, the crown to stem diameter ratio determined ftbentree mean crown radiug;f..,in M) and diameter at
breast heightdbhin m)Dd,,,.4, the crown to stem diameter ratio predicted basethe girth at breast height

(gbhin cm):
1
gbh?

1
dered=a+ﬁ-gbh+y-gm+6- (10)

In Eq. (7), maintenance respiration is calculated dach tree by summing the maintenance respiratioach compartment
estimated from the nitrogen content of its livingrhass and considering agdunction for the temperature dependency. During
daytime, the inhibition of foliage respiration bght is taken into account by considering that thigbition reduces respiration by
62% (Villard et al., 1995).

T_Tref
mr = Zcomp. (bcomp. 'fliving - [N]- RTref ’ Qlo_organ 10 ) (11)
with

12
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bcomp., the tree compartment biomass (kg of organic matte

fiiving» the fraction of living biomass,

[N], the nitrogen concentration (g-Kg

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

T, is the air temperature for aboveground tree @rtnments or the soil horizon temperature for r@gsée Appendix A).

Root maintenance respiration is estimated for sadhorizon separately.
The fraction of living biomass is fixed to 1 forales and fine roots or equals the proportion ofveay for the structural tree
compartments. The sapwood proportion is derivethftbe sapwood area,.0.q iN cM?) determined based on an empirical

function of the tree compartment diame®@y,(,, in cm):

2
Asapwood — @ +b- Q)comp. +c- Q)comp. (12)

Growth respiration is the sum of the tree compantrgeowth respiration which is proportional to thigiomass increment (see sect.
2.2.4):
gr = Zcomp.(Rgr ' Abcomp.) (13)

whereR,, is the growth respiration per unit biomass increnfkgC kgC").

2.2.4 Carbon allocation and dimensional growth

For each tree, theppand the carbon retranslocated from leaves and (o}, andrtyn, »,0:in kgC yr') are distributed among

the various tree compartments at the end of the y&g,, andrts;,. ... are determined as follows :

Ttieas or fine root = Dieaf or fine root * Oleaf or fine root * TtTieaf or fine root (14)
whereb,q.r andbyin. ro0r are the tree leaf and fine root biomasses (k8 anddyine roor are the leaf and fine root
turnover rates (kgC kg€yr?), andrtr,.q; andrtry;,. .0 are the leaf and fine root retranslocation rakg€(kgC?).

bieqs is estimated with an allometric equation basedhenstem diameter at breast heigttil{in cm) and on the crown to stem

diameter ratioDd):
biear = a* dbhP - Dd" (15)

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

bfine root — bleaf *Trine root_leaf (16)
Trine root_teay 1@KES @ value between a miNiMUM,L oot tear min) @NA MAXIMUM i o0t 1ear max) FaLIO depending on the tree
nutritional status, in accordance with the conadunctional balance (Makela 1986). This means géhaigher ratio is used (more
carbon allocation to fine roots) when tree suffeosn nutrient deficiency. For each nutrient, a ddatk ratio is obtained based on
a linear relationship depending on the nutritisstatus. The ratio increases when the nutritiorsdilistdeteriorates and this effect is
more pronounced for nitrogen (N) > phosphorus (BPptassium (K) > magnesium (Mg) > calcium (Ca). Axgdhe candidate
ratios, the maximum is retained in order to accdanthe fact that the most limiting nutrient h&e tdominant effect. For each
13
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nutrient, the nutritional status is bounded betwBeand 1 and calculated based on the foliar corationis (provided in the

inventory file) and on the optimum and deficienkbgesholds (Mellert and Géttlein, 2012).

. Foliar N i —Defici
Status(Nutrlent) _ [Foliar Nutrient]-Deficiency (17)

Optimum-—Deficiency

The leaf and fine root litter amounts,(; andsg,e ro0¢ IN kgC yr) are estimated based on the turnover rate takirmgaccount
the retranslocation:

sleaf or fine root — bleaf or fine root 5leaf or fine root (1 - rtleaf or fine root) (18)
Allocation priority is given to leaves and fine tsoThe carbon allocated to leaves correspondeetarinual leaf productiop,

in kgC yr?) which is equal to the amount of leaves fallengfevious year plus the leaf biomass chardg,f 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 toptheious and the current years,

respectively.

The fine root production is then estimated acc@rdinthe same logic:
Pfine root = bfineroot, | * Opr + Absy (21)

wherebyye roo¢, 1S Provided by Eqg. (16).
When the carbon allocated to leaf and fine robigber than th@pp plus the retranslocated carbon (suppressed tidlesow gpp
andnppfor their size), the leaf and fine root productiare recalculated so that they do not exceed 90k @vailable carbon.
Then, the fruit productiorp,,;c in kgC yr?) is estimated with an allometric equation simitaEq. (15) and is considered directly
proportional to the light competition index sincadtification is known to be favoured when treevens are exposed to the sun
(Greene et al., 2002; Davi et al., 2016). A thrégldddh (dbhipresnoia N €M) is fixed below which no fruit production@gs.
Pfruic = @ LCI - (dbh — dbRynreshora)” (22)
In this equation, the parametetakes a default value or is adapted based onufigofoduction of the year (when the file with the
amount of fruit litterfall per year and per treesies is loaded).
Part of the carbon is also used to compensaterémch and root mortality. The branch mortality, £, in kgC yr') is described
with an equation of the same form as Eq. (15) wthiéestructural root mortalitys,,. in kgC yr?) is obtained using a turnover rate
similar to that of the branches.
After subtracting the leaf, fine root and fruit gractions and the root and branch senescence, rir@mi@g carbon is allocated to

structural tree compartment growth:

Abst‘ructural = npp +rt— pleaf - pfine root — pfruit — Spranch ~ Sroot (23)
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At this stage, the remaining carbon is partitiobetlveen the above- and below-ground parts of #eedccording to a fixed root to
shoot ratio €-o0¢ snoot):

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

Abst‘ructu‘ral_below = Abstructural - Abstructural_above (25)
The increment in aboveground structural biomas#ises used to determine the combined incremedibirand total heighti(in m)

based on an allometric equation used to predictedround woody biomass (Genet et 2011; Hounzandiji et al., 2015):

bst‘ructural_above =a+f( dbh? - hyY (26)
Deriving this equation and rearranging terms gives:

Abstructural_above = By( dbh? - h)y_lA( dbh? - h) (27)

2, _ Abst‘ructural_above
A(dbh? - h) = = e e (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 Bifeails) to isolatéh:

A(dbh?-h)  h-Adbh?
dbh? dbh?

Ah =

(30)

2.
From Eq. (30), we know that the height incrememtloa expressed as a function%i%h). In the following, we refer to it as the

height growth potentialAh,,.) since it corresponds to the height incrementlitree remaining carbon was allocated to height

\\dbh? s . . . .
growth. Contrary to the other term of Eq. (@)‘;}T) which is unknown, this height growth potential ¢enevaluated at this step

by dividing the result of Eq. (28) ldbh2 However, depending on the level of competitionlight and on the tree size, only part
of this height growth potential will be effectivelgalised for height increment. For each tree g®@n empirical relationship
predicting height growth from the height growthgmtal, the light competition index and the tremggibhor height) was therefore

fitted based on successive inventory data (see Agipé):
Ah=a+b-dbh+c-h+d-LCI+e- Ay, + f - (Ahpoe)” + g+ (Bhpor)’ (31)
Thedbhincrement is then determined by rearranging E®): (2

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

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

Abyoot = Troot_shoot * Abstructural_above (33)

Abgter = f + p+ ((dbh + Adbh)? - (hge; + Ahge) — dbR? - hgep) (34)

Abpranch = Abstructural above = Bbstem (35)
with
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f is the form coefficient (fms),

p is the stem volumetric mass (kgCmn

hger is the Delevoy height (m) corresponding to thegheat which stem diameter is half the diametdaraast height (see

Appendix C).
The branch and root biomasses are then distriint8dcategories defined based on the diameter:|frahches/roots < 4 cm,
medium branches/roots between 4 and 7 cm, coamssches/roots > 7 cm. The proportions of small, onedand coarse
branches/roots are determined based on equatidhe sdme form as those presented in Hounzanalji €015) for oak branches.
Until we can adjust these equations on appropdata sets, the parameters of Hounzandji et al.5R8fe also used for beech
branches and for oak and beech roots. The diswibin root categories has no impact on the fumitig of the model since this

information is not used elsewhere. This is justaaleh output that the user can ignore or considerwhole.

2.2.5 Crown extension

Depending on whether the competition with the nedghring trees is taken into account or not, thevardynamics can be described
by two different approaches. When local competitisnnot considered (distance-independent approaitignge in crown

dimensions are derived frodibhor height increment based on empirical relatignshi

Ahlce = hice% - Ah (36)

Ahcb = hcb% - Ah (37)
Adbh

Acr = dered m (38)

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

to the height of largest crown extensidiice 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 bardescribed based on the competition with thehiaigring trees (distance-
dependent approach). The space around a targés leeded into 4 sectors according to the 4 gaatdirections (North between
315° and 45°, East between 45° and 135°, Southdmetvi35° and 225°, West between 225° and 3159ad¢h sector, the tree
which is the closest to the target tree is retaamd competitor if its height is higher than lieb of the target tree. Beyond a certain
distance (i.e., two times the maximal crown radiilsm), no competitor is considered. For each maéction, the model calculates
anhlce at equilibrium glce,, in m) for the target tree. Thidce at equilibrium is located between a minimuheX in m) and a
maximum (lce,,,, in M). hice,,,, is obtained by determining the higher intersectietween the potential crowns of the target
tree and the competitor. The potential crown afea is the crown that this tree would have hadoseace of competition and is
considered as having the shape of a half ellipserdred on the tree trunk and with the semi-axigtles equal to the tree potential

crown radius €, in M, see below) and to the crown length—(hcb). hice,, is positioned between the minimum and the

16



10

15

20

25

30

maximum values according to the competition intgnsstimated based on the target tree and the ddorgeeights f;4;g.c and

heomp In M) as well as thicb of the target tree (Appendix D):

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

The four values oklce,, are then averagedice.q mean)-

Finally, the change ihice is determined as follows:

if hlce < hlceqq mean:

Ahlce = min(Ahlcep gy, hlceeq mean — hlce) (40)
else,
Ahlce = max(—Ahlcemqy, hiceeq mean — hice) (42)

whereAhlce,,,, is the maximum change kice allowed by the model.
The change icb is obtained with the same logic:

if heb < hcbeg mean

Ahcbh = min(Ahcbmay, hcbeg mean — heb) (42)
else,
Ahch = max(—Ahcbhy gy, hebeg mean — heb) (43)

wherehcbq mean IS thehcb estimated from the tree height basediob% (Eq. 37).

The change in the four crown radii is calculatesigaaon crown radii at equilibriunart, in m) which are estimated by considering
the competitive strength of the target and neighibgurees. For a given directioer,, is calculated based on the potential (free
growth) crown radius of the target tree,(; ¢q,ge: IN M) and of its competitort,,, omp iN M), the distance between the two trees

(din m) and the crown overlap ratig{,,q;, in m m):

CTpot_target

Cleq = d- Toverlap_target (44)

CTpot_targetTCTpot_comp

The potential crown radiusi,,.) of a tree if determined by:

CTpor = % *Ddpyreq * Sh (45)
whereDdpeq is the crown to stem diameter ratio estimated gy (fEO) andshis a coefficient allowing to shift from the
mean to the maximumdyreq

The crown overlap ratio is estimated by consideriaghbouring trees of the same species two byatwebby calculating the ratio

between the sum of their crown radii and the distalpetween the corresponding tree stems. Thisapveatio accounts for the

capacity of a tree species to penetrate in neigfifigparowns.

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

if cr < CToqs
17
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Acr = min(Actip gy, CTeq — CT) (46)
else,

Acr = max(—Achyay, Cleq — CT) (47)

with Acry,;, andAcr,,, being respectively the minimum and the maximurmgeaincr allowed by the model. They are

obtained similarly asr,,;:

ACTgx = Azd%- Dd - sh (48)

2.2.6 Tree harvesting and mortality

During the simulation, thinning can be achievedath annual step either (i) by selecting the tireas a list or a map or according
to tree characteristics (tree species, aid, height,...), or (ii) by defining the number of teet® be thinned per diameter class
using an interactive histogram, or (iii) by loadiadile listing the trees that must be thinnedatidition, the thinning methods
developed for GYMNOS and QUERGUS are compatiblén WiETEROFOR. They allow to reach a target basal,atensity or
relative density index by thinning from below oorin above or by creating gaps (Ligot ef 2014).

When thenpp of a tree is not sufficient to ensure a normal éeal fine root development (for suppressed tredsoa after a severe

drought), the leaf biomass is reduced and induckfaiation which is estimated as follows:

Def — bleaf;ll’::;f_corr -100 (49)

whereb,.,; andb.qs corr are respectively the leaf biomass estimated with(£5) and the leaf biomass corrected to match
the available carbon (see sect. 2.2.4).
Tree mortality occurs when trees reach a defoliadiid®0%, considering that a tree with less tha¥h D@ its leaves is in an advanced
stage of decline and is unlikely to recover (Manid®81). Hence, HETEROFOR takes into account theatity resulting from

carbon starvation due to light competition and/atewr stress (stomatal closure).

2.2.7 Growth reconstruction

HETEROFOR was adapted to allow the user to runrigverse mode starting from the known incremeamndbhandh to reconstruct
individual npp using exactly the same parameters and equatioinstias normal mode. To achieve a reconstructiaringentory
file with tree measurements must be loaded to erat initial step. From this initial step, theaastruction tools can be launched
and requires another inventory file with tree measients achieved one or several years later. Basédese two inventories,
HETEROFOR calculates the medhh andh increments for each tree and use the model eaqsatimreconstruct each step and

evaluate among other individuapp. Thenppis obtained by re-arranging Eq. (23) in which ¢lagbon allocated to the structural
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biomass is calculated from tkbh andh increments using Eq. (27), (25) and (24). The @ardlocated to leaf, fine root and fruit
production is determined respectively with Eq. (1@)1) and (22) while the amount re-translocatednfieaves and roots before
senescence is evaluated with Eq. (14). Finallytehms of Eq. (23) accounting for the leaf and fioet litter were determined with
Eqg. (18). In addition to two stand inventories, teeonstruction tool also requires a file listitg trees which were cut or died

between the two inventory dates and the last yedng which they were present in the stand.

2.3 Input variables and parameter setting for a cas study

The model was tested in three stands contrastiayucture and species composition. These standsleeated close to each other
(< 1 km) on the same tableland (300 m elevatiothénwestern part of the Belgian Ardennes at Bai@0° 01’ N, 4° 24’ E). The
average annual rainfall is slightly above 1000 nmd the mean annual temperature is 8°C. The foé€sh4) consists of sessile
oak Quercus petraediebl.) and European beechggus sylvaticd..) and lies on acid brown earth soil (luvisol ating to the
FAO soil taxonomy) with a moder humus and aiB#C profile. The soil has been developed on a loantdystony solifluxion
sheet in which weathering products of the bedraokver Devonian: sandstone and schist) were mixéld added periglacial loess.
By the end of the ¥9century, the Baileux forest was probably an ogkpize with a few standards. Taking advantage oftassive
oak regeneration in the 1880s, the forest develgpedressively into a high forest and was then dieeaby beech. In 2001, the
area was covered by even-aged oak trees and heteamgsly sized beech trees. At that time, threeraxpntal plots were installed
at the Baileux site in order to study the impactreé species mixing on ecosystem functioning (tbeaal., 2006, 2007, 2008;
André et al., 2008a, 2008b, 2010, 2011): two plase located in stands dominated either by sesakteor by beech and the third
one was a mixture of both species (Table 1). I @éat, all trees with a circumference higher th&rem were mapped (coordinates)
and measured (stem circumference at a height ahliBtal tree height, height of largest crown asten, height to crown base,
crown diameters in two directions) at the end efykars 2001 and 2011.

Meteorological data were monitored with an automateteorological station located in an open fi€d@ & away from the forest
site. Soil horizon properties were characterizesketaon the soil profile description and the measergs carried out by Jonard et
al. (2011).

To run the simulations, the values of some modedpaters were taken directly from the literaturthed parameters involved in
empirical relationships were fitted either witha#&om previous studies or with unpublished momitpidata collected in the study
site or in the ICP Forests level Il plots of WalriTable 2). Potential explanatory variables of Bfj used to estimate height
growth were selected by applying a stepwise forvemidction procedure based on the Bayesian Infewm&driterion (BIC). A
multivariate model was then adjusted with the selboariables (Appendix E). The parameters ohieto gpp ratio relationship,
the maintenance respiration per g of N at 15°CthatPAR use efficiency of sunlit and shaded leaves wejesset with the nim
function of R (R Core Team, 2013) based on obselpasdl area incrementBAls) using the maximum likelihood approach. This
calibration was achieved only based on the datasofmixed stand while the model performances weatiated with observations

from the three stands of the Baileux site.
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All the simulations carried out in this study weten with the default option for modelling phenologyd water balance (de
Wergifosse et al., in review a). In addition, sitlise tree nutrition and nutrient cycling module was activated, the tree nutrient

status remained constant during the simulations.

2.4 Statistical evaluation of model predictions

The quality of the model was evaluated for varioosbinations of model options (i.e., photosynthesiglel of CASTANEA vs
PUE, nppto gppratiovstemperature-dependent maintenance respiraticlands-dependent vs -independent crown extensign), b
comparing predicted and observed BAIs using segatiktical indices and tests such as the noredhberage error, thevalue

of the paired-test, the regression test, the root mean squeseanrd the Pearson’s correlation (Janssens anderger, 1995). For
the regression test, the Deming fitting proceduarerég function of the mcr package in R) was rethimeaccount for the errors on
both the observations and the predictions. Fortlal simulations, the water balance module was aetiv Some option
combinations were therefore not tested, such aBltle approach without activating the water balance.

The model quality was also evaluated based orbilisyeto reconstruct the size - growth relatiorshfor sessile oak and European
beech in the three stands of Baileux. The obseanedpredictedAls of the trees (calculated for the 2001 — 2011 p@rigere
related to their girth at the beginning of the assgent period. A segmented regression was themedpiol observations and
predictions to determine the girth threshold beyaich BAI linearly increases with girth and to estimate slupe of the linear
relationship betweeBAI and initial girth. The heteroscedasticity of thesiduals was accounted by modelling their standard

deviation with a power function of the initial dirtThe fitting was carried out using the nlm fuoantin R.

2.5 Simulation experiment

To assess how the tree biomass production antidtation to the different tree compartments wdfected by climate conditions
and management in the model, we simulated the derednt of the mixed stand during a dry (2003 with P48 mm, T°air =
9.88°C), a normal (2005 with P = 1027 mm, T°air.6/°C) and a wet year (2012 with P = 1117 mm, T2a9.37°C) and we
repeated these simulations after thinning thiscstanreducing its basal area by 25%. The biomasdyation and its allocation
was assessed at the stand level as well as aethievel for seven cohorts (four beech cohortstarak oak cohorts) defined based
on the tree species and on the girth-class disioibuFor this first simulation experiment, we ust@ following options:
photosynthesis model of CASTANEAppto gppratio and distance-independent crown extension.

A second simulation experiment was performed tsitiate how the model can be used to predict clirdaange impacts on forest
ecosystem functioning. The growth dynamics in tlixeechstand of Baileux was simulated according te¢eHPCC climate scenarios
using the following options: photosynthesis modeCASTANEA, npp to gpp ratio and distance-independent crown extension.
The climate scenarios retained for this study vedatained from the global circulation model CNRM-CKMoldoire et al., 2013)
based on the Representative Concentration Pathf@agémospheric greenhouse gases described iniftheASsessment Report
of the Intergovernmental Panel on Climate ChangdlifCet al., 2013). The Representative ConcertdrafPathways (RCP2.6,

RCP4.5 RCP8.5) are characterized by the radiabirerfy in the year 2100 relative to preindustréaldls (+2.6 W 3, +4.5 W m
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2, +8.5 W m?). The CNRM-CMS5 describes the earth system climateg variables such as air temperature and ptatguis on a
low-resolution grid (1.4° in latitude and longitydélthough reliable for estimating global warmirsyich a model fails to capture
the local climate variations. Therefore, these at#rprojections were downscaled by the Royal Metegical Institute of Belgium
(RMI), using the regional climate model ALARO-0 (&iet al., 2016). The meteorological files that evezceived from RMI are
hourly values of the longwave and shortwave raoliestj air temperature, surface temperature, rajsjadicific humidity, zonal and
meridional wind speeds and atmospheric pressute avd km spatial resolution. Specific humidity wamsverted into relative
humidity using the Tetens formula (Tetens, 1930}. &reference period (1976 - 2005), we comparedrtbdels predictions with
observed meteorological data and detected someshiaspecially for precipitations (overestimatidr2@%). To correct these
biases, we applied correction factors dependingpemonth (Maraun and Widmann, 2018). An additiveection factor was used
for the bounded variables (radiations, precipitatielative humidity, wind speed) and a multiplicatone for the other variables
(air and surface temperatures).

For the simulations, two 24-year periods (100 yegart) were considered. The period from 1976 @01€erved as a historical
reference while the rest of the simulations basedlionate projections were conducted for the 20082period. The simulations
were performed either by keeping the £LOncentration of the atmosphere constant (i.€,@8n) or by allowing it to vary yearly
according to the climate scenarios. Each simulattarted with the same initial stand (mixed stahBaileux in 2001) and lasted
24 years; a thinning operation (25% in basal anees) achieved in 1978 or 2078 and in 1990 or 2090y€hr cutting cycle). The

mean basal area increment obtained with the vadlmste scenarios were compared using the Tukdtipteucomparison test.
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3. Results
3.1 Reconstructechpp vs predictedgpp

Based on two successive stand inventories (2002@ht) and using HETEROFOR in reverse mode (séeX@&c7), the individual
npp was reconstructed and related to ¢ipp predicted with the photosynthesis method of CASEAN The linear relationship
betweempp andgpp explained 79 and 83 % of the variability for skssiak and for European beech, respectively (BigTRBe
intercept was positive and just significantly diéfiat from O but did not differ between the two gespecies. The slope of the

relationship was higher for sessile oak (0.50) tlearEuropean 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 | 0° g -

40

y = 1.86(+1.31) + 0.40(+0.02) x

* r=0.91

0 50 100 150 200 250
Predicted gpp (kgC tree® yr)

20

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

Figure 2. Relationship between the individualnpp 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 the slop in the equations. The Pearson’s correlation betwaepp and gpp is indicated on the
graph.

3.2 Model performance in predicting individual basd area increment BAI)

HETEROFOR was run with different combinations ofiops for describing photosynthesis (biochemicatieiamf CASTANEA
vsPUE), respirationippto gppratiovstemperature-dependent maintenance respirationgramch extension (distance-dependent
vs -independent). The predictions carried out usimg photosynthesis routine of CASTANEA were gengrallghtly better
correlated to the observations than those obtaiitbdthe PUE approach which however displayed sonagvower RMSE (Table
3). For both options of photosynthesis calculattbe,use of the maintenance respiration routingigeal less accurate predictions

(higher NAE and RMSE and lower Person'’s r) thanrthpto gpp ratio approach and the degradation of the modébpeance
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due to the maintenance respiration option was muaeked for European beech than for Sessile oakl¢T&)h The option for
describing crown extension had little effect ondaicgon quality. Depending on the criterion consé&t on the options selected for
calculating photosynthesis and respiration andhertitee species, the distance-independent appreasisometimes the best but
not in all cases (Table 3).

For the simulations using the CASTANEA photosynihiese retained theppto gpp approach and the distance-dependent crown
extension as the best combination of options siheeassociated predictions were on average notdvitas oak and only slightly
for beech (Table 3). For this combination of opsiothe regression of the observed BAls on the ptiedis showed however a
slight underestimation of the low BAIs and a snmalérestimation of the high BAls, which were moremmunced for European
beech than for Sessile oak (Fig. 3). For the PUthaak thenppto gppratio and the distance-independent crown extenmiovided

the most accurate predictions (Table 3).

Sessile oak European beech
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& —y= 079x + 1.75
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Predicted basal area increment (cm?/yr) Predicted basal area increment (cm?@/yr)

Figure 3. Comparison of observed and predicted basarea increments BAIs) for the simulation with the photosynthesis methodf
CASTANEA, the npp to gpp ratio approach to account for tree respiration andthe distance-dependent crown extension (see Talde The
dashed line represents the Deming regression betweebservations and predictions with the shaded areiadicating the 95% confidence
interval and the solid line the 1:1 relationship.

3.3 Reconstructing size — growth relationships

The size - growth relationships were very similetvieen observations and predictions for the mixaaddson which the model was
calibrated (Fig. 4). For the European beech inbtbech dominated stand, the predicted increase invA the initial girth was

steeper than the observed one revealing a slightestimation of the tree growth (Fig. 4). The pmijpo of the BAI variance
23



explained by the size - growth relationship (R2sviagher for European beech than for sessile oakdth observations and
predictions (Fig. 4).

Sessile oak European beech

¢ Observations _o Predictions

€ threshold (cm) 33.5 + 1.8 54.8+6.0 * Observations Predictions
'g g slope 0.264 £ 0.040 0.461 £ 0.073 -
© S 40  R? 0.56 0.69 - . ] 60
% £ §
© 8T § 50t
U © > 30 £ °
5 9% 5z w0 :
£ s & > .
£ = 20t TE O -
o 3 8 S
k-] 2 < 20 .
-~ = L ©
© g0 3 10 | .,
(@] = e o
0 , '_g 0 el & @ L )
0 50 100 150 200 0 >0 100 150 200
Initial girth (cm) Initial girth (cm)
 Observations o Predictions ¢ Observations __0__Predictions
E threshold (cm) 60.0 £1.8 60.0+6.0 threshold (cm) 48.9 +1.8 61.3+5.9
g slope 0.312 £ 0.040 0.294 £ 0.073 - slope 0.385 £ 0.040 0.420+£0.073
S 40 [ R 0.59 0.37 . S g - R? 0.84 0.80
© - 5 5
T 5530 2
g8 35 gL
Q = © >
-] - 20 —
Q S 5t
Z 2 5= 20
= 5 10 ¢ 3
= © 10
=
0 ' 2 0 '
0 200 0 50 100 150 200
Initial girth (cm) Initial girth (cm)
;Observations _° Predictions LObservations __0__Predictions
% threshold (cm) 41.3 +8.4 64.9+10.3 threshold (cm) 48.7 + 8.3 51.5+10.1
-] g slope 0.312 £ 0.050 0.407 £ 0.071 - slope 0.330+0.049 0.453 £ 0.069
E S 40 R 0.42 0.58 é 60 - R? 0.80 075
(%] © O
[ fust .
E & > 30 2 50
g is 3T W
= =7 20 o 30 L
£ 3 3 E
S 2 8= 20 |
= -g 10 - ©
o = 3 10
=
] 0 ' T o :
0 200 0 50 100 150 200
Initial girth (cm) Initial girth (cm)

Figure 4. Reconstruction of the size - growth relabnships for sessile oak and European beech in thigree stands using the photosynthesis
method of CASTANEA, thenpp to gpp ratio approach to account for tree respiration andthe distance-dependent crown extension. The
predicted relationships between the individuaBAl (calculated for the 2001-2011 period) and the inél girth are compared with observed
ones. The solid and dashed lines represent the segreal regression applied respectively to observati@nand predictions to determine the
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girth threshold beyond which radial growth linearly increases with girth and to estimate the slope diie linear relationship betweenBAl
and initial girth. The 95% confidence intervals forthe intercept and the slope are provided as well dae R2 of the model. No relationship
was fitted for the European beech in the oak dominad stand given the lack of data.

3.4 Simulation of climate change impact on tree greth

In the first simulation experiment, the thinnindeet was much more pronounced on the smallest tregson the biggest ones
(Fig. 5). The smallest beech cohort (girth of ®locm) almost doubled their annual biomass prodndfter the thinning (+85%)
while the thinning impact on the biggest oak anedbetrees was hardly noticeable (+4% and +2%, otispéy). When looking at
the different tree compartments, one may noticetti@thinning effect was more pronounced on thactiral compartments, i.e.
roots, stem and branches (+52%) than on the fumadtiones, i.e. fine roots, leaves and fruits (+228hile thinning increased the
individual biomass production, it decreased thertaiss production at the stand level (-15%).

The biomass production at the stand level was litfteh for the normal than for the dry year (Fig. Bhis effect was observed
for all the cohorts even if it was less marked lom $mallest trees (+2% for the 0-61cm beech coliwat) on the biggest ones
(+13% for oak and beech trees with a girth larpant140 cm). Whatever the scale considered (tretaad), there was nearly no
difference in biomass production between the noandlwet year. The climate condition effects weagk®ad only on the structural
compartment (+25%).

When the C@concentration of the atmosphere was fixed, nacefiéthe climate scenario was detected on sBldbut a slight
impact was observed on sessile BaK which was higher for the RCP2.6 than for the histd scenario (Fig. 6). For the simulations
with a variable atmospheric G@oncentration, the difference in total, sessilk aad European beed®Al were much more
pronounced between climate scenarios. For the wdtaled as well as for oak and beech separd@@yjncreased in the order -
historical, RCP2.6, RCP4.5 and RCP8.5 -, with taeadBAI of these RCP scenarios being between 17 and 7gReihan that
of the historical scenario. All scenarios haBAd significantly different from each other, exceptRC6 and RCP4.5 for the whole

stand and the two tree species and historical &@2H for European beech (Fig. 6).
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Figure 5. Effects of climate conditions and thinningon biomass production and on its allocation to tre compartment in the mixed stand
of Baileux. The data used to make these graphs weabtained by simulations using the following options photosynthesis model of
CASTANEA, npp to gpp ratio and distance-independent mwn extension.
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Figure 6. Basal area incrementBAI) 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 wih ALARO-0 and corrected empirically for remaining biases. The simulations
were performed by using the CASTANEA method to calcwdte photosynthesis, th&pp to gpp ratio approach and a distance-independent
description of crown extension. The C@concentration of the atmosphere was either kept ostant (left) or increased with time according
to the climate scenario considered (right). Two tira periods were considered. 1976-1999 was used aefarence period for running the
model with the historical climate scenario while tle simulations with future climate scenarios were dgeved for the 2076-2099 period. The
climate scenarios were based on the representativ®ncentration pathways for atmospheric greenhouseages described in the fifth

assessment report of IPPC. For a given tree speciasd CO; concentration modality, the scenarios with commotetters have aBAI not
significantly different from each other (@=0.05).
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4. Discussion

Few tree-level, process-based and spatially exptiodels have been developed and these often nambi some of the modules
necessary to estimate resource availability (s@ldiation, water and nutrients). While a descriptid these models is generally
available in the literature, their evaluation byrgarison with tree growth measurements is not advemgessible or was carried
out based on stand-level variables. We have therefery few information to compare the performaneeslETEROFOR at the
tree level with those of similar models. Simionaét(2016) faced the same problem with the NOTGaalel.

HETEROFOR first estimates the key phenological glatke radiation interception by trees and the lgowater balance (de
Wergifosse et al., in review a). Then, based oratteorbed® AR radiation, individuappis calculated with #UE approach or
with the photosynthesis routine of CASTANEA (Dufeéet al., 2005). Whatever the option retained &cudating tree respiration
and crown extension, the photosynthesis routineASTANEA and thePUE efficiency approach performed similarly (Table 3).
This is quite encouraging that the process-basptbaph for estimating photosynthesis provided ptestis of the same quality
than the empirical approach fitted with tree grod#ta taken on the study site. If no extrapolatiofuture climate is required, the
PUE approach remains however still valuable, espgcighen hourly meteorological data are lacking. B three stands in
Baileux, we related thapp reconstructed from successive tree inventoriel Wit gpp predicted based on the CASTANEA
approach (Fig. 2). The good linear relationshipsagBon’s correlation > 0.89) obtained for both aa#l beech make us confident
in the adaptation of the photosynthesis routineC&STANEA to the tree level. Furthermore, since fterameters of the
photosynthesis routine were taken directly from CASIEA and not calibrated specifically for HETEROFQ#he can expect that
the agreement between the predigpd and the reconstructegbp could still be improved.

When comparing the two options available in HETER®Hor convertinggppinto npp, model performances were systematically
better with thenppto gppratio approach than with the temperature-depenmdetine for maintenance respiration calculatioal{e
3). This can be partly explained since the errahénmaintenance respiration calculation resutimfarious sources. At the tree
compartment level, uncertainties in the estimatibéiomass, sapwood proportion, nitrogen concentmaand temperature are
multiplied (Eq. 11). Then, the errors made on edletcompartments are summed up. Among these uimtgrsources, the
inaccuracy in the estimation of the sapwood prapoitould explain why the maintenance respirat@mine provided better results
for sessile oak than for European beech (Tabl&iBge the sapwood of sessile oak can easily bmglissh from the heartwood
based on the colour change, we had a lot of sapwmadurements available to fit a relationship.Emopean beech, this was not
the case; instead, we used a sapwood relationbkéined based on sap flow measurements (Jonatd 2081). This relationship
could certainly be improved by direct measuremehtapwood made after staining the wood to highligk living parenchyma.
Another way to improve these relationships is tosider the social status of the trees since dorhinegs have a higher sapwood
depth than the suppressed one (Rodriguez-Calceetadla, 2015). We tried to account for this byireating the sapwood area
based on the tree growth rate but it did not sigaiftly increase the quality of the predictionseTgoor performances obtained
with the maintenance respiration option also indisahat the processes at play are still poorletsidod and that further research
are needed on this topic.
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The process-based approach for estimating maintenaaspiration accounts explicitly for the temperateffect through a Q
function. With thenppto gppratio approach, temperature is considered moriecicttyy by assuming that it affects respiration and
photosynthesis in the same proportion, which ighahly in a given range of temperature (<20°C) forchon-stressing conditions.
Indeed, the optimum temperature for photosynthisdigtween 20 and 30°C while the optimum tempeeafior respiration is just
below the temperature of enzyme inactivation (>@3. ‘Therefore, between 30 and 45°C, photosynthaties decrease, but
respiration rate could continue to increase (Yamabrl., 2013). This reasoning however does nosiden that the base rate of
respiration acclimate to new mean temperature ¢iondi and that this acclimation process tends tmtaia thenppto gpp ratio
more stable (Collalti and Prentice, 2019). In additwhile water stress reduces both photosyntregisrespiration, its effect on
the two processes is not necessarily equivalerdrifaez-Calcerrada et al., 2014). The main argunmefatvour of thenppto gpp
ratio approach is the tight coupling between redmin and photosynthesis since the substrate &piration originates from
photosynthesis. Thepp to gpp ratio is unfortunately neither universal nor camst It may vary with tree development stage,
climate, soil fertility and competition conditior{€ollalti and Prentice, 2019). The alternative optibased on maintenance
respiration calculation is theoretically more appiate to simulate the impact of climate changethigt is at the expense of less
accurate predictions at the tree level. The idetd compare the two options to evaluate the ptiedicincertainty associated with
the modelling of respiration. In the future, theota@pproaches could be improved. Applying the retaoson procedure of
HETEROFOR on a large diversity of sites would allesvto estimate thepp to gpp ratio in many different situations, to create a
function predicting theppto gppratio based on its main drivers and to subsequest it in the model. In parallel, the respiration
calculation could be refined by accounting for thal acclimation such as in 3D-CMCC (Collalti et 2018).

The differences in prediction quality between tlwe methods of crown extension modelling (distanepethdenvs—independent
approach) were quite small, probably because thgtheof the simulation was not sufficient to drealiy affect the crown
dimensions which had been initialized based on areasents. Describing mechanisms that governs croewelopment in
interaction with neighbours (mechanical abrasigown interpenetration) is however crucial to captaon-additive effect of
species mixtures (Pretzsch, 2014). By accountingrfmwn plasticity, our distance-dependent appraacid help better understand
how uneven-aged and mixed stands optimize lightdefption by canopy packing and how they increasdyztivity (Forester and
Albrecht, 2014; Juncker et al., 2015). To bettexlgate the relevance of this approach, the pretimi@wn development should be
compared with precise crown measurements repeatrdseveral decades and taken in a large divessitand structures. When
the model will be calibrated for a larger numbetreg species, long-term simulations could alspdyérmed to evaluate to which
extent the model is able to reconstruct the engdirglationships describing tree allometry variasian response to intra- and inter-
specific competition. Such relationships were digthéd by del Rio et al. (2019) using data from 8pmanish National Forest
Inventory.

Based on the current evaluation, the process-beeaght perform similarly than the more empiricaledfor photosynthesis and
crown extension but not for respiration, probabBcduse the processes are better known for photesist For the best
combination of options using the CASTANEA photosatis (npp to gpp ratio/distance-dependent crowsmnsion), the Pearson’s

correlation between measurements and predictiomslnidual basal increment amounted to 0.83 a8 for European beech and
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sessile oak, respectively. By comparison, Grote Rredzsch (2002) obtained a correlation of 0.60tHer individual volume of
beech trees with the BALANCE model. This lower etation can partly be explained by the integratbthe uncertainty on tree
height in the volume estimations.

Individual npp and retranslocated C are allocated first to f@liagd fine roots and then partitioned between aband below-
ground structural compartments. Based on the deré&vand rearrangement of a biomass allometric #muathe increment in
aboveground structural biomass is used to estith@eombined increment idbh and height. This results in a system of one
equation with two unknowns (increment dibh and height). We decided to resolve it by fixing theight growth based on a
relationship taking into account tree sigdlfor height), the height growth potential (heighitrament if all the remaining carbon
was allocated to height growth) and a light contjmetiindex. An intermediate level of sophisticativas adopted to describe height
growth, between the simple heigitth allometry and the fine description of tree arattilee of functional-structural models.
Height-dbhrelationships provide a static picture in whicle @amd neighbour effects are confounded and arsuitable to describe
individual growth trajectories (Henry and Aarsefi9®). More sophisticated relationships considesigg and dominant height can
be used for even-aged stands (Le Moguédec and [2(@&) but are hardly applicable in uneven-agadds for which tree age is
unknown. On the other hand, the functional-striadtarodels based on resource availability at orgaelland using a short time
step can only be applied to a limited number aégrgiven the high computational demand (Letort.e2808).

Our individual height growth model was fitted witlkeight data measured ten years apart (AppendiR Erge uncertainty was
however associated to these data. First, heightunements were obtained to the nearest meter ghedlifficulty to clearly
identify the top of the trees in closed canopy $tse Second, as the height increment was obtaiasddbon repeated height
measurements, the error on this variable is the gfuimse made on the height measurements. Consiigutbe uncertainty was
more or less of the same order of magnitude tharxpected height growth in ten years. Despitecth@sertainties, a substantial
part of the variability was explained by the mo(#1% for European beech, 43% for oak). Among thiéabies tested, the height
growth potential had the main effect, which is sotprising since this height growth potential camahe information on height
increment. We were also able to depict the efféigbt competition. For a same height growth paéintrees undergoing stronger
light competition seem to invest more carbon foight growth than fordbh increment (Fig. E1 in Appendix E), which is
corroborated by results of other studies (e.g.e&iet al., 2012). This strategy aims at minimizngrtopping by neighbours and
maximizing light interception (Jucker et al., 2015)ouvé et al. (2015) found similar results andveéd the positive effect of stand
density on height growth in the allocation betweeight and diameter increment in even-aged stahsisssile oak. The decrease
in the red:far red ratio of incident light promotgsical dominance and internode elongation thrahglphytochrome system (shade
avoidance reaction, Henry and Aarsen, 1999). Bysiceming the light availability effect on heightogvth at the tree level,
HETEROFOR adapts tree allometry to intra- and #sfecific competition, which is crucial to accodat mixing effects in
structurally-complex stands (del Rio et al., 2019).

A first simulation experiment was achieved to as¢esv tree biomass production and its allocatiotnee compartments respond
to climate conditions and thinning. The result loéde simulations is in line with the basic prinefpbf silviculture, thinning

favoured individual tree growth (especially thattoé smaller trees) by redistributing stand bionmaesluction on a smaller number
31



10

15

20

25

30

of trees. At the stand level, thinning slightly uedd biomass production since its intensity wastuitial and the simulation lasted
only one year which was not sufficient to allow tieenaining trees to fill the gaps by extendingrtleeown. Drought conditions
reduced biomass increment of structural comporemdshis effect was more pronounced on big thasnaaill trees. Indeed, when
soil water availability decreases, smaller treemtam a higher stomatal conductivity because efrtfower position in the stand
canopy. Functional compartments were less influgtgeclimate because carbon is allocated to thepmigrity in the model. We
could improve the allocation routine by making fime root to foliage ratio and the root to shodtaa@ependent on the mean soil
water availability (Thurm et al., 2017).

We were also quite satisfied to observe that thdehwas able to reproduce the size-growth relatigmsThis approach describes
the growth partitioning among trees in a stand,cwhs useful to estimate the mode of competitibior the three studied stands
and the two tree species, the competition wasalgrsize asymmetric with a resource partitioningfavour of the larger trees
(Carl et al., 2018). Within the studied stands,Elneopean beech trees can be classified in twopgraugroup of small suppressed
trees whose radial growth was close to 0 and wiele just surviving and the rest of the trees (beya girth threshold) whose
radial growth linearly increased with girth. Regagisessile oak, nearly all the trees were in ge®sd group, which can be related
to the fact that sessile oak is a less shade-tulspecies than European beech. In the mixed dfamdgearly perfect match between
the predicted and observed relationships indidagsthe model was able to reproduce growth paniitig among trees of different
tree species and size. This very good results eastribed to the fact that the extinction coedfitiand the respiration parameters
were calibrated with data of this stand. In thechegominated stand, the model slightly underestohalie radial growth of the
small oak trees and overestimated that of the béaghb trees. In this case, the model seems to tdltma much resources to the big
beech trees which shade the small oak trees. ©hid be improved by a model calibration partly sfie¢o this stand (for thepp

to gppratio) or by a calibration with data covering aahdarger range of stand structures.

To illustrate one possible application of HETEROFE@Rsecond simulation experiment was achieved Bowed us to compare
the radial growth predicted for 2076-2099 accordimghree IPCC scenarios with that simulated fohestorical period (1976-
1999). When atmospheric GOoncentration was kept constant (380 ppm), diffees among scenarios remained non-significant,
except for sessile oak displaying a slightly highesal area increment for the RCP2.6 than for th®iical scenario (Fig. 6).
Analyzing in-depth the model outputs, we found tthés lack of effects resulted from a balance betwaegative and positive
impacts of climate change. While the increase riteanperature (+0.9 and 3.7°C for RCP2.6 and &#8)ia the vegetation period
length (+8 and 37 days for RCP2.6 and 8.5) favoptestosynthesis, the more frequent and intenserwhatss negatively affected
it (de Wergifosse et al., in review b). The pogtand negative effects of climate change weretftme magnitude for both tree
species and offset each other. For the simulatigtisa variable atmospheric G@oncentration, the differences among scenarios
were much larger highlighting a strong £fertilization effect for both sessile oak and Epgan beech (Fig. 5). These results are
in agreement with Reyer et al. (2014) who used4tbenodel to predict productivity change in Europeading to a large range
of climate change projections. They found NPP iases in most European regions (except a few casésditerranean mountains)
when considering persistent g@ffects by using variable atmospheric C€@oncentration. Assuming an acclimation of

photosynthesis to GQby maintaining atmospheric G@onstant), they predicted increases in Northezorehses in Southern and
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ambivalent responses elsewhere in Europe. Singkranse patterns were also obtained by Moralek €2007). Rotzer et al.
(2013) used the BALANCE model to compare the immddtiture and current climate conditions on thedurctivity of beech in
Germany and showed a 30% decrease in NPP withasidaring the rise in atmospheric £€bncentration. After evaluating
CASTANEA against eddy covariance and tree growth @aa few highly instrumented sites, Davi ef{2006) simulated the trend
in GGP and net ecosystem productivity (NEP) inehgiges from 1960 to 2100. For sessile oak andp&ano beech, they obtained
a 53% and 67% increase in GPP and NEP, respectively

Given the magnitude of the G@rtilization effect (leading to a 72% increasédasal area increment in 100 years for RCP8.5), we
conducted retrospective simulations to check tHaf EROFOR reproduces well the increase in produgtobserved by Bontemps
et al. (2011) for beech forests in the north-e&&rance (data not shown). Based on historical apheric CQ concentrations, we
simulated radial growth during two periods (1879:09s 1979-2010) using the same climate data (obtaiyedefanalysis for
1979-2010). These simulations showed a productivityease of 12% over 100 years. By comparisont@ops et al. (2011)
reported productivity increases ranging from 1@@86 over 100 years depending on the nitrogen stdtiee forest. The increase
in radial growth simulated with HETEROFOR for théxed stand in Baileux (Fig. 6) seems therefore gilsle but assumes
unchanged nutritional status. Increased produgtgénerates however higher nutrient demand by, tregish is not systematically
satisfied by larger soil nutrient supply, espeyiafl the poorest sites. Consequently, the augmentaf forest productivity will
most likely be constrained by nutrient availabibiiyd give rise to a deterioration of the nutriticstatus as already observed across
Europe (Jonard et al., 2015). To improve our piéahis, nutritional constraints must be taken intocant. In this perspective, a
mineral nutrition and nutrient cycle module wasomorated in HETEROFOR. As it was developed in kbelrtp the water balance,
some adaptations are needed for the coupling ofwbemodules (e.g., change from an annual to a Intpiiime step for soil

chemistry update). A complete description and eatédn of the nutrient module will be provided ifiudure study.
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5. Conclusion and future prospects

Our ambition was to develop a model responsiventh management actions and environmental changewtuld be particularly
well adapted to mixed and uneven-aged stands. Wt that this model had to be tree-level andiaihaexplicit and to consider
radiation transfer, water balance and nutrientingalith a process-based approach. Such modelsweeyescarce in the literature.
The only exceptions were BALANCE, iLand and moreargly NOTG 3D. To fill this gap, we elaborated HETEROFOR model
based on concepts quite different from those use@ALANCE, iLAND and NOTG 3D. In this study, a $ir evaluation of the
model performances showed that HETEROFOR was altleproduce size-growth relationships in three aadk beech stands of
the Belgian Ardenne. We also noticed that the N6°’BPRP ratio option for describing maintenance rasipn provides the best
results while the process-based and empirical @gbes perform similarly for photosynthesis and er@wtension. As this model
evaluation was limited to two tree species anddineate, it only provides a first impression of tm@del potential.

Here, only the core of HETEROFOR was described. Water balance and phenology modules are presantk@valuated in a
companion paper (de Wergifosse et al., in reviewtd)e the nutrient module will be described latéor the next steps, we plan to
couple HETEROFOR with existing libraries such agereeration, genetics and economics. As HETEROFOSRdereeloped within
the CAPSIS platform, it is continually improvingattks to the collaborative dynamics among modellers.

A broader assessment of the model performanceswitiarried out based on forest monitoring plossridiuted all over Europe.
Indeed, HETEROFOR was designed to be particulasitalsle for the level Il plots of ICP Forests. Tiocesses were described
at a scale that facilitates the comparison betweaael predictions and observations. Many data ctkin these plots can be used
to initialize and run the model or to calibrate amgiluate it. HETEROFOR can also be seen as afdoahtegrating forest
monitoring data and quantifying non-measured praegsWhile it is now calibrated for oak and beariedts, HETEROFOR wiill
be parameterised for a large range of tree specmsler to use it for testing and reproducing titgrand diversity effects.

Given all the uncertainties related to climate dsimpacts, it is an illusion to believe that a rlodlill predict accurately the future
dynamics of forest growth. However, models such HRDFOR can be very useful to compare scenarios. nnaihers,
HETEROFOR can be used to select the managemewhneptiat maximise ecosystem resilience or to gfyamticertainty in the

response of forest ecosystem to climate change.

34



10

15

6. Code availability

The source code of CAPSIS and HETEROFOR is acdedsilall the members of the CAPSIS co-developraenimunity. Those
who want to join this community are welcome but huastact Francois de Coligny (coligny@cirad.frilaign the CAPSIS charter
(http://capsis.cirad.fr/capsis/charter). This chagrants access on all the models to the modealfaiee CAPSIS community. The

modellers may distribute the CAPSIS platform witkit own model but not with the models of the asheithout their agreement.
CAPSIS4 is a free software (LGPL licence) whichludes the kernel, the generic pilots, the exterssiamd the libraries. For
HETEROFOR, we also choose an LGPL license and dddid freely distribute it through an installer taining the CAPSIS4
kernel and the latest version (or any previous ored) HETEROFOR upon request from Mathieu Jonard
(mathieu.jonard@uclouvain.be). The version 1.0 dsethis paper is available at http://amap-deadifr/projects/capsis/files. The
end-users can install CAPSIS from an installer @imimg only the HETEROFOR model while the modelletso signed the

CAPSIS charter can access to the complete ver$iGABSIS with all the models. Depending on youtigtgdend-user vs modeller

or developer), the instructions to install CAPSI& given on the CAPSIS website (http://capsis.ciradpsis/documentation).

The source code for the modules published in Gepsfic Model Development can be downloaded from
https://github.com/jonard76/HETEROFOR-1.0 LGPL_REFD (DOI: 10.5281/zen0do.3591348).
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7. Data availability

The data used in this paper are available throhglinput 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) ikcoated by soil depth increment4 in m) using a simplification of the soil heat
transfer equation assuming a constant thermalsiifity (D in m2 s') across the soil profile. The thermal diffusivitigaracterizes
the rate of heat transfer within the soil and cgponds to the ratio of the thermal conductiviyif W nT* K1) to the volumetric

heat capacity (dn J m® K™2).

aT 1 9 aT aT 92T
E—;a(‘(z) => =Dz (50)

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

At
TZ,t+At = 1zt +D- 2 ' (TZ+AZ,t + TZ—AZ,t - ZTZ,t) (51)

The soil depth increment can be chosen by the lugteit has to be smaller than one third of theigshhorizon. The soil depth

increment can be slightly modified by the modettsure the soil depth is a multiple of the soiltdepcrement. Then, a stability

criterion is checked for each hour and if it is regpected, the temporal step is divided by two.

AT
The thermal diffusivity is calculated for each dwnilrizon based on the thermal conductivity andviblemetric heat capacity and
then averaged by weighing according the horizooktiess. The thermal conductivity is obtained with empirical model of
Kersten (1949):
K = 0.1442 - (0.9 - log(d) — 0.2) - 1096243pb (for silt or clay soils) (53)

K = 0.1442 - (0.7 - log(d) + 0.4) - 10°6243Pb (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 constituens®lid and liquid phases:
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¢, =836 py +4180 -9+ p, - 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 ihigenperature at each soil depth
must be known. The soil temperature at the top@®htineral soil (just under the forest floor) isegi by Eq. (56) adapted from van
Wijk and de Vries (1963) and Cichota et al. (200Bhe bottom temperature is fixed and correspondfeomean annual air
temperature. This assumption can be made as thdeqh largely exceeds 1 meter. The initial terapee is found through a

simple interpolation of the temperatures betweersthil interface and the bottom.

_ T (Td—1—Ty) Aaij . us Az
T.=T, + e Agoin + % -redq - sin (u) (t - tTmax) to-w Damping) (56)

with Ty, mean annual air temperature (°C),

T4—1, Mean air temperature of the previous day (°C),

A,;r, annual air temperature amplitude correspondinealifference between the maximum and the minirmmean daily

temperature over the year (°C),

Agqi1, parameter corresponding to the mean annualesopérature amplitude (°C),

a,jr, daily air temperature amplitud&,,,x — Tmin) Calculated over the 24 hour period centered orctimsidered time

O,

redq, parmeter reducing the daily air temperature anmbdi to the daily soil temperature amplitude (fixed.13)

w, radial frequency (R = 2—:,
tr... hour of the day at which air temperature is matitas the sinusoidal shape of the diurnal soipemture cycle is
not perfectly symmetrictr__ is adapted so that the period between maximunma@niinum soil temperature is exactly
12 hours),

Az, thickness of organic horizons (m),
Damping, parameter accounting for the phase s#ifvéen the diurnal cycle of the air and soil terapee (fixed to 0.0853
after calibration).

The temperature of the organic horizons was obdaaeethe mean between air temperature and the tatapeat 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 + Ah) — dbh? - h (57)
A( dbh? - h) = (dbh? + 2 - dbh - Adbh + (Adbh)?) - (h + Ah) — dbh? - h
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? - Ah
A(dbh? - k) = Ah- (Adbh? + (Adbh)? + dbh?) + h - (Adbh? + (Adbh)?) (58)

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

A( dbh? - h) = Ah - dbh* + h - Adbh® (59)

Ah - dbh? = A( dbh? - h) — h - Adbh? (60)
A(dbh?-h)  h-Adbh?

Ah = (dbhz - dbh? (61)

39



8.3 Appendix C - Delevoy height estimation

The Delevoy height is the height at which stem a@itamis half the diameter at breast height andlsutated as follows from taper
(cm nb):

aph-42h

5 hclel =13 + Z (62)

taper

where the taper is obtained based on the girtld%t &f the tree height (G10%) and the relative gittl60% of the tree

height (RG60%) for which empirical equations areviied by Dagneliet al. (1999) for several temperate tree species:

_ (1-CR60%)-C10%

taper = T oshm (63)
10 with
C10% =a+b m-dbh+c-(m-dbh)?+d-(m-dbh)>+e-h+f-(m-dbh)? -h (64)
b c
CR60% = a+ o+ s (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
CEuropeanbeech
C10% 3.8541 1.0235 -0.3627630 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 filce) at equilibrium
Estimation of hlce at equilibrium for a competitor of the same size

Intersection between
h potential crowns

hlceq,  hice,,

Crown
at equilibrium,

]
hlce i,

=hcb !

Potential crown

crvm

Target tree Competitor

Estimation of hice at equilibrium for a competitor of higher size

Intersection between
potential crowns
h

hlceq,  hice,,

Crown
at equilibrium

1
hlce i,

=hcb !

Potential crown

crvm

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of lower size

Intersection between
potential crowns

Crown A
. L)
at equilibrium \

Potential crown
—

CrPD(

Target tree Competitor

Figure D1. lllustration of the routine used to detemine the height of largest crown extension at eqlibrium ( hlces) of a target tree in
three contrasted situations of competition. A firststep consists in determining the intersection beteen the potential crown of the target

tree and the competitor. Then, thehlcey is fixed between the maximunhlce (corresponding to the intersection between poteral crowns)
5 and the minimum hice (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 potentiahy,,,) with a quadratic effect for beech

and a cubic effect for oak (Table E1, Fig. E1). Both tree species, the light competition inde€lI) had a negative effect on

height increment, meaning that, for a same heighivtih potential, trees under stronger competitimmlifjht had a higher height

growth than trees within better light conditiongr FEEuropean beech, the variable selection procdédréo select height (which

had a negative effect) to account for tree sizdendbhwas retained for sessile oak and had a positieeteEven if the root mean

square error was slightly higher for European bged04) than for sessile oak (0.083), the heigbivth model explained a much
larger proportion of the variability for Europeaadtzh (72%) than for sessile oak (43%), partly beedbe height growth range

was higher 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
(AdbFehior)/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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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 modetgdictions
obtained using Eq. (31) with parameter values of TaklE1 and with mean values fodbh, height or the light competition index.
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Table 1. Stand characteristics for the main tree smées 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 ~ Sessileoak 72 64  1033(181) 23
(1.44 ha) European beech 217 16.5 87.5 (41.5) 25
Mixed Sessileoak 118 129 1155(21.0) 245
(1.80 ha) European beech 352 17 91.2 (39.3) 25.7

1Girth at breast heigh
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Table 2. Description of model parameters for sessiloak and European beech and origin of their value.

Symbol Description Units Value Origin
Sessile oak European beech

Carbon fixation
k extinction coefficient mt 0.53 fitted with tree growth data of the study sit
PUEs PAR use efficiency of sunlit leaves kgC mol photbns 0.00006 0.000216 fitted with tree growth datahef study site
PUEsh PAR use efficiency of shaded leaves kgC mol photons 0.00105 0.000584 fitted with tree growth datahef study site
Respiration
Asapwood parameters of the sapwood area function (a/b/@irlLE) 0.00/1.54/0.16 0.00/0.00/0.52 fitted with data frAmdréet al. (2010)
I'npp_gpp parameters of the npp to gpp ratio functiafb(in Eq. 8) 0.997/-0.386 0.959/-0.408 fitted with tree growttiadof the study site
Rrret maintenance respiration per g of N at the refer¢egerature (15°C) mole G@N* ht 0.000079 0.000057 fitted with tree growth datahef study site
Ryr growth respiration per unit biomass increment kgCk 0.2 Dufréneet al. (2005)
Q10_leafffine root temperature dependence coefficient of leaf andrfioe respiration dimensionless 21 Vose and BdI§t899)
Q10_stemiroot temperature dependence coefficient of stem andrespiration dimensionless 1.7 Epretral. (2001)
Q10_branch temperature dependence coefficient of branch retmir dimensionless 2.8 Damesinal. (2002)

Carbon allocation

Dieat
bs\rucluraliabove
I'root_shoot
I'fr_leaf_min
I'fr_leaf_max
Oleaf

Ofr

f

P

Iiea

Itroot
Sbranch

Prruit
dbhtreshold

parameters of the leaf biomass functiafbfy in Eq. 15)
parameters of the aboveground structural biomalbs(in Eq. 26)
root to shoot ratio

minimum fine root to leaf ratio

maximum fine root to leaf ratio

leaf relative loss rate

fine root relative loss rate

stem form factor

stem volumetric mass

leaf retranslocation rate

fine root retranslocation rate

parameters of the branch mortality functiarbly as in Eq. 15)
parameters of the fruit production functiart( in Eq.22)
threshold dbh for fruit production

Tree dimension increment

hice%
hcb%
Dd

sh

I overlapping
Ahlcenax
Ahchnax

height fraction corresponding to the largest cr@xtension height
height fraction corresponding to the crown basegtitei

parameters of the crown to stem diameter functid(/s in Eq. 10)
coefficient to shift the crown to stem diametefaa its maximum
mean crown overlapping ratio

maximum annual change in the largest crown extenséght
maximum annual change in the crown base height

kgC
kgC
kgC kgC*
kgC kgCt
kgC kgC*
kgC kgCltyrt
kgC kgClyr?
me 3
kgC m®
kgC kgClyrt
kgC kgClyr?
kgC
kgC
cm

mth
mmt
m
dimensionless
m ntt
m y#
myr

0.0026/1.96/1.96
0.000/263.4/0.969

0.18
0.5
2.5
1
1
0.52
562.17 556
0.4 0.45
0.4 0.45
6.0E-9/3.064/3.064 5.00E-5/2G80
9.50E-4/2.5 8.00E-4/2.5
25
0.81 0.77
0.7 0.61
16.20/0.0280/0.00/0.00  10.49/0.00/1379/-2881
1.25 15
1 1.2
0.5
0.5

1.469/2.00/0.00
0.056/292.8/0.966 Hounzandgt al. (2015) and Genet et al. (2011)

naddet al (2006)

Geneétt al. (2010)
literature data compilation
literature data compilation

Grote and Pretzsch (2002)

Hounzandgt al. (2015) and Genet et al. (2011)
Hounzanef al. (2015) and Genet et al. (2011)
determined based on tree foliage datleo$tudy site
same values as leaves

fitted with data from André et al. (2010)

fittediwlitterfall data from level Il plots of Wallonia

field observations

determined based on tree inventory afatse study site
determined based on tree inventory deteecstudy site

determip@skd on tree inventory data of the study site

determined based on tree inventory datheo$tudy site
determined based on tree growth data of iy stite
determined based on tree growth data of tity siite
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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 (+ 0.05) 8.64 0.87
Sessileoak 0052 | 018 5.28:2.85)  075(014) 933 063
Castanea/npp to gpp ratio/distance-dependent croxtension

European beech 0.090 0.04 1.75 1.36) 0.79 (x 0.07) 8.95 0.83
Sessileoak 0020 | 061 A54306)  077(:014) 911 063 _
Castanea/T° dependent maintenance respiration/distamdependent crown extension

European beech 0.426 0.00 3.552.06) 0.53 (+ 0.07) 17.97 0.74
Sessileoak 0013 | 079 . 7.1¢:3.02)  0.62(:0.13) 1103 059
Castanea/T° dependent maintenance respiration/distalependent crown extension

European beech 0.544 0.00 2.892.07) 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 crowreesion

European beech 0.007 0.85 1.681.19) 0.86 (+ 0.06) 7.64 0.85
Sessileoak 0181 | 0.00 2.004.14)  102(:024) 904 054
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
Sessileoak 0223 | 000 176:561)  116(+035 _ 9.67 045
PUE/T° dependent maintenance respiration/distamckpendent crown extension

European beech 0.182 0.01 4,12 2.37) 0.61 (+ 0.09) 15.43 0.68
Sessileoak 0172 | 0.00 466385  090(£021) 931 055 _
PUE/T° dependent maintenance respiration/distarggeddent 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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