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Abstract.

Given the multiple abiotic and biotic stressorsutizsg from global changes, management systemspaactices must be
adapted in order to maintain and reinforce thdieesie of forests. Among others, the transformatémonocultures into
uneven-aged and mixed stands is an avenue to impiarest resilience. To explore the forest respdonséhese new
5 silvicultural practices under a changing environtmene need models combining a process-based agppwath a detailed
spatial representation, which is very rare.
We therefore decided to develop our own model (HRDEOR) according to a spatially explicit approaesatibing
individual tree growth based on resource shariight(l water and nutrients). HETEROFOR was progvesgielaborated
through the integration of various modules (ligtierception, phenology, water cycling, photosynthasd respiration, carbon
10 allocation, mineral nutrition and nutrient cyclingjthin CAPSIS, a collaborative modelling platfodavoted to tree growth
and stand dynamics. The advantage of using sudatfamm is to use common development environmenmiieh execution
system, user- interface and visualization toolstarghare data structures, objects, methods aratikis.
This paper describes the carbon-related proce§ddE PEROFOR (photosynthesis, respiration, carbdocation and tree
dimensional growth) and evaluates the model perdimas for a mixed oak and beech stand in Wall@eég{um). This first
15 evaluation showed that HETEROFOR predicts welhiiatlial radial growth and is able to reproduce gjmawth relationships.
We also noticed that the more empirical optionsdfescribing maintenance respiration and crown sitarprovide the best
results while the process-based approach bestrperfior photosynthesis. To illustrate how the mamel be used to predict
climate change impacts on forest ecosystems, thetgrdynamics in this stand was simulated accortbirfgur IPCC climate
scenarios. According to these simulations, the gresvth trends will be governed by the £fertilization effect with the

20 increase in vegetation period length and in wetess also playing a role but offsetting each other
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1 Introduction

Forest structure and composition result from sod alimate conditions, management and natural diances. All these
drivers of forest ecosystem functioning are rapielplving due to global changes (Aber et al., 2Q0ddner et al., 2010;
Campioli et al., 2012). While environmental andistad changes make no doubt, their magnitude amavtty they will occur
5 locally remain largely uncertain (Lindner et alg12). Designing silvicultural systems and selectieg species adapted to
future conditions seems therefore a risky bet (Bretal., 2019). Messier et al. (2015) proposetaraipproach recognizing
that forests are complex adaptive systems whoseefutynamics is inherently uncertain. To maintaim ability of forests to
provide a large range of goods and services whatbeduture conditions, their resilience and adhjity must be improved
by favouring uneven-aged structure and tree speuigsire (Thompson et al., 2009; Oliver et al., 20JAs the combinations
10 of site conditions, climate projections, stand ciiees and tree species compositions are neaifytsfall the management
options that could potentially enhance the resiiieand adaptive capacity of forests cannot bedéstsitu (Cantarello et al.,
2017). Furthermore, such silvicultural trials wopldvide results only in the long run given the Iépan of trees. Scenario
analysis based on model simulations are therefee@ulito select the most promising managementesfieg and to evaluate
their long-term sustainability. To explore foressponse to new silvicultural practices and to uegrpced climate conditions
15 in a realistic way, one needs new process-basectimadble to deal with mixed and structurally comp#ands and to
incorporate uncertainties in future conditions {Pseh et al., 2015).
In connection with the traditional forestry viewifoyests as a stable systems that can be controfledy empirical models
were developed to predict tree growth in monocelwonsidering that past conditions will remainharged in the future.
Such models provide accurate and precise predgctbtree growth and timber yield for various thimregimes and yield
20 classes (Pretzsch et al., 2008). They are howenrgvalid for the conditions that served to develbpm. On the other hand,
scientists developed process-based eco-physiologiodels to better understand short and long-tesrest ecosystem
response to multiple and interacting environmecitahnges (Dufréne et al., 2005). This can indeed@aatone through direct
experimentation because the multisite and multfaat experiments required for doing so would be tomplex and too
expensive (Aber et al., 2001; Boisvenue and Runri0g6). Most experiments of environment manipalafocus on single
25 or few factors during a limited period of time, whiprecludes to properly take into account intéoast feedbacks and
acclimation. To simplify the mathematical formatipa of eco-physiological processes (e.qg., radmitierception) and limit
the calculation time, these process-based modets fivst designed for pure even-aged stands withonsidering the spatial
heterogeneity of stand structure.
With the increasing interest for uneven-aged steami tree species mixtures, cohort and tree-levadlals were also
30 developed. Pretzsch et al. (2015) reviewed 54 fagmesvth models to show how they represent speunigsg. Among those
models, 36 were process-based with 9 at the sfdndt the cohort and 16 at the tree level. Whileotbmodels allow to
describe the vertical structure of the stand, kegel models are generally necessary to considesplatial heterogeneity in

the horizontal dimension. To represent stand siradh both dimensions, the model must not onlyrafeeat the individual
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level but also consider the tree position. In théeaw of Pretzsch et al. (2015), 11 process-basmtkis were individual-based
and spatially explicit but only three of them acetad simultaneously for radiation transfer, wataling and phenology (i.e.,
BALANCE, EMILION and MAESPA). Since it describesmmpy and water balance processes using a stateafrt
approach (based on a fine crown discretization) B8RA is a very useful tool for analysing outcomesam-physiological
experiments (Duursma and Medlyn, 2012). MAESPAawdver not suitable for multi-year simulations ginccontains no
routine for carbon allocation, respiration and wigaensional growth. EMILION is also restricteddoe-year simulation (no
organ emergence) and is specific to pine specigsanjuite detailed structural approach (Bosc.e2800). In contrast, tree
dimensional growth is well described in BALANCE whipossesses a fine representation of tree steuguote and Pretzsch,
2002). In BALANCE, radiation interception by treaad water cycling are based on simpler eco-phygicdd concepts
compared to MAESPA and photosynthesis is calculaifi¢i a 10-day time step using the routine of Hmeland Prentice
(1996). As the Forest v5.1 model (Schwalm and H})42, BALANCE has the advantage of merging two itiads,
conventional growth and yield models together wittocess-based approaches, providing outputs famdigforesters
(classical tree and stand measurements obtainedfin@st inventory) as well as carbon fluxes andlst. Among the three
models, BALANCE is the only one that considers maheutrition through the impact of nitrogen (N)adability on tree
growth. The approach used for modelling nutriemiog is however very simple. Soil is not partitezhinto horizons and the
soil chemistry processes (e.g. ion exchange, mlivezathering) are not described although they asemtial to estimate
bioavailability of the major nutrients other thar(R| K, Mg, Ca). Later, Simioni et al. (2016) deomtd the NOTG 3D model
to study water and carbon fluxes in Mediterraneamedts using an individual-based approach to adcfournthe spatial
structure of the stand. This model is more suitedshort -term (a few years) rather than long-téamotation) simulations
since tree dimensions are updated based on fixgirieai relationships between diameter at breagjhtedbh) and tree
height or crown radius.

Given the lack of process-based models with detaistial representation, we developed a new n{plfEETEROFOR) using
a spatially explicit approach to describe individtiize growth based on resource use (light, watet autrients) in
HETErogeneous FORrests. While the BALANCE modeb®d and responded roughly to our expectationgjee@ed to
build a new model for several reasons. First, veeigiht that another model of this particular typeuldanot be redundant if
based on other concepts. Instead of calculatingefaéve light availability, we chose to estimaagliation interception for all
trees using a ray tracing approach. For calculgihgtosynthesis and tree transpiration, we selextadch shorter time step
than in BALANCE in order to account for hourly vatibns in climate and soil water conditions. While used a slightly
more complex approach for the water balance mo(iéecy approach instead of bucket model for soitewalynamics,
rainfall partitioning when passing through the gay)o our model rests on a simpler representatianeef structure. Second,
we aimed at incorporating a detailed tree nutrimd nutrient cycling module since we realized rikeessity to integrate
nutritional constraints in forest growth modellingspecially for predicting the response to climeltange (Fernandez-
Martinez et al., 2014; Jonard et al., 2015). Finalle wanted to develop the model in a collaboeativodelling platform
dedicated to tree growth and stand dynamics. Antbagarious platforms, CAPSIS was the only onevalig multi-model

4
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integration and providing a user-friendly interfgBrifour-Kowalski et al., 2012). HETEROFOR was #fere progressively
elaborated through the integration of various meslyllight interception, phenology, water cyclindopsynthesis and
respiration, carbon allocation, mineral nutritiardanutrient cycling) within CAPSIS. The advantadgesach a platform is to
use common development environment, model execsysiem, user-interface and visualization tools #mghare data
structures, objects, methods and libraries.

To simulate the response of forests to managennentizanging environmental conditions, integratestrutture the existing
knowledge into process-based models is essentiadisufficient. These models must also be doctieaeand evaluated in
order to know exactly their strengths and limitsewlanalysing their outputs. The objectives of ffaper are (i) to describe
the carbon-related processes of HETEROFOR (photiosgis, respiration, carbon allocation and treeedisional growth),

(i) evaluate the model ability in reconstructinge growth in a mixed oak and beech stand of tHgi&@® Ardennes and
compare various options for describing photosynsheespiration and crown extension and (iii) ithase its potentialities by
simulating tree growth dynamics in this stand undarious IPCC climate scenarios. As the whole maxeild not be

presented in the same paper, the other aspect3endéscribed in companion papers.
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2. Materials and methods
2.1 Overall operation of the HETEROFOR model

HETEROFOR is a model integrated in the CAPSIS otatfdedicated to forest growth and dynamics maugl{Dufour-
Kowalski et al., 2012). CAPSIS provides to HETER®¥tDe execution system and the methods necessary gimulations
5 and display the results. When running simulatioitt WETEROFOR, CAPSIS creates a new project in thie variables
describing the forest state are stored at a yéianky step, starting from the initial forest chagaidtics (initial step). Though
some data structures and methods are shared widr atodels integrated in CAPSIS, the initialisatemd evolution
procedures are specific to HETEROFOR.
For the initialization, HETEROFOR loads a seriedilels containing tree species parameters, inptd da tree (location,
10 dimensions and chemistry), soil (chemical and piatgiroperties) and open field hourly meteorologitzta. These data are
used to create trees and soil horizons at thalstep. Then, HETEROFOR predicts tree growth ygaly time step based
on underlying processes modelled at finer timesstem at different spatial levels.
After the initialization step, and at the end ofleauccessive yearly time step, the phenologicabge for each deciduous
species (leaf development, leaf colouring and singgicare defined for the next step from meteoralabdata. When no
15 meteorological measurements are available, thetaege period is defined by the user who provides hudburst and the
leaf shedding dates. Knowing the key phenologieaésl and the rates of leaf expansion, colouringfaltidg, the foliage
state of the deciduous species is predicted atiamg/during the year and is used to carry out dateoh budget with the
SAMSARALIGHT library of CAPSIS (Courbaud et al., @28).
Based on a ray tracing approach, SAMSARALIGHT clatas the solar radiation absorbed by the trunkla@drown of each
20 individual tree and the radiation transmitted te gmound. This allows HETEROFOR to estimate thgertions of incident
radiation absorbed by the trunk and the crown ohedeee and the part transmitted to the grounceeitin average over the
whole vegetation period (simplified budget) or Hguor several key dates (detailed budget). Thespartions and the
incident radiation measured in the meteorologitatian are used during the next step to computéthely global, direct
and diffuse radiation absorbed per unit bark drdeea. Predicting how solar energy is distributétthin the forest ecosystem
25 is necessary to estimate foliage, bark and sopenaion, tree transpiration and leaf photosynthesi
Every hour, HETEROFOR performs a water balanceumuthtes the water content of each horizon. Raiisfaartitioned in
throughfall, stemflow and interception (Andre et 2D08a; 2008b and 2011). Part of the rainfalthea directly the ground
(throughfall) while the rest is intercepted by &gje and bark. These two tree compartments bothéaeeain water storage
capacity which is regenerated by evaporation. Whenfoliage is saturated, the overflow joins theotighfall flux whose
30 proportion increases. As the bark saturates, vitaes along the trunk to form stemflow. Foliage dvatk storage capacity
as well as stemflow proportion are determined atttbe level and then upscaled to the stand lexréle evaporation from
these surfaces is evaluated at the stand scaleudthfiall is also determined at the stand levehaglifference between incident

rainfall and the abovementioned fluxes. Througtdalil stemflow supply the first soil horizon (forélebr) with water while
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soil evaporation and root uptake deplete it. Théeewavaporation from the soil (as well as from fibiéage and the bark) is
calculated at stand scale with the Penman-Monifhation. Using the same equation, individual tre@spiration is
estimated by determining the stomatal conductanom firee characteristics, soil extractable wated areteorological
conditions. The distribution of root water uptakeamg the soil horizons is done according to thenatcessibility (evaluated
based on the water potential and the verticalitligipn of fine roots). Water exchanges betweehtsmizons are considered
as water inputs (capillary rise) or outputs (drg&)a This soil water transfers are calculated basethe water potential
gradients according to the Darcy law and using pradsfer functions to determined soil hydraulicpedies. All these soil
water fluxes are considered at the stand level.

The gross primary production of each trgpp) is either obtained based on a radiation useieffay approach distinguishing
sunlit and shaded leaves or calculated hourly ugiad-arquhar et al. (1980) model. The latter &itally coupled to the
stomatal conductance model proposed by Ball €18B7). The photosynthesis is computed using theaky CASTANEA
also present in CAPSIS (Dufréne et al., 2005). Thlsulation requires the proportions of sunlit ahdded leaves, the direct
and diffuse photosynthetically active radiatid?AR absorbed per unit leaf area and the relativeaetable water reserve
(REW). gpp is then converted to net primary productiop) after subtraction of growth and maintenance respi.
Maintenance respiration is either considered asopqption of gpp (depending on the crown to stem diameter ratio) or
calculated for each tree compartment by considehiadiving biomass, the nitrogen concentration ar@@10 function for the
temperature dependency following Ryan (1991) d3ufréne et al. (2005). Carbon allocation is maderiority to foliage
and fine roots by ensuring a functional balancevben carbon fixation and nutrient uptake throudgiheroot to leaf biomass
ratio depending on the tree nutritional status (ighari et al., 2007). Allometric relationships #ren used to describe carbon
allocation to structural components (trunk, bramschied structural roots) and to derive tree dimeradigrowth (diameter at
breast height, total height, height to crown bdssight of largest crown extension, crown radii irdidections) while
considering competition with neighbouring treeg(HAi).

Knowing the chemical composition of the tree coripants for a given tree nutrient status, HETEROFR®@Riputes the
individual tree nutrient requirements based oretftenated growth rate and deduces the tree nutténand after subtraction
of the amount of re-translocated nutrient. On amofiand, the potential nutrient uptake is obtaibgdcalculating the
maximum rate of ion transport towards the roots diffusion and mass flow). The actual uptake isntidetermined by
adjusting the tree nutrient status and growth sateghat tree nutrient demand matches soil nutsepply. The nutrient
limitation of tree growth is achieved through tegulation of maintenance respiration and througteffect of the tree nutrient
status on fine root allocation.

The central compartment of the nutrient cyclinghis soil solution whose chemical composition iduilibrium with the
exchange complex and the secondary minerals. Bhipartment receives the nutrients coming from apthesc deposition,
organic matter mineralization and primary mineralathering, and is depleted by root uptake and inilimation in micro-

organisms. The chemical equilibrium within the swlution, with the exchange complex or the mirerslupdated yearly
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with the PHREEQC geochemical model (Charlton andktiRast, 2011) coupled to HETEROFOR through a dyindimk
library.

In this paper, we present a detailed descriptiothefprocesses regulating the carbon fluxes (Figehlle the coupling with
the radiation transfer library (SAMSARALIGHT), tighenology module, the water balance module anddkrent cycling

5 and tree nutrition module will be described in dsta other papers.

PAR use efficiency

(SAI\R/IagA:clgaAcli_rl](gHT) Biochemical model of photosynthesis

f(dbh, cr) (CASTANEA)

Foliage P . ;
remaining C ) npp to gpp ratio

Ah, Adbh Trunk & 4—9— l(ii) T° dependent maintenance respiration
l Branches ENSIESp

-—

- Roots f (foliage, nutrients)

Crown extension Fine roots b

. f (dbh, light availability)
(i) Distance-dependent Fruits +—
(i) Distance-independent

Figure 1. Conceptual diagram of the HETEROFOR model. Tk incident PAR radiation is absorbed by individual trees using aay
tracing model (SAMSARALIGHT library). Then, the absorb ed PAR (aPAR) is converted into gross primary production ¢jpp) based

10 on the PAR use efficiency concept or with a biochemical modelf photosynthesis (coupling with the CASTANEA libray). The net
primary production ( npp) is obtained using anpp to gpp ratio or by subtracting the growth and maintenancerespiration (the latter
being temperature dependent)npp s first allocated to foliage using an allometri@quation function of tree diameter (lbh) and crown
radius (cr). The carbon allocated to fine roots is determinetdased on a fine root to foliage ratio dependent othe tree nutritional
status. Fruit production is calculated with an allanetric equation based ordbh and on light availability. The remaining carbon is

15 allocated to structural organs (roots, trunk and branches) using a fixed proportion for the below-grond part. doh and height growth
(Adbh, Ah) are deduced from the change in aboveground biomady deriving and rearranging an allometric equatia. Finally, crown
extension is predicted with a distance-dependent eindependent approach.
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2.2 Detailed model description
2.2.1 Initialization

To initialize HETEROFOR, the relative positiag ¥, 2) and the main dimensions of each tree must bagedvgirth at breast
height gbhin cm), heightf in m), height of maximum crown extensidmge in m), height to crown basédb in m) and

5 crown radii in the four cardinal directionsr (in m). During the initialization phase, the biorsad each tree compartment is
calculated according to the equations used fororaatiocation (see sect. 2.2.4). If available -sjgecific allometric equations
can also be used to calculate initial biomass#ieefcompartments. When data on fruit litterfall available, a file providing
the amount of fruit litterfall per year and perergpecies can be loaded and used to adapt theetdioquations predicting
fruit production at the individual level. When thater balance module is activated, two additioites fmust be loaded: a file

10 describing soil horizon properties and anotherfon¢he hourly meteorology.

2.2.2 Gross primary production

The annual gross primary production of each tgg@ (n kgC yr?) is calculated either based ofPARuse efficiency PUE)
approach (Monteith, 1977) or using the photosynshewthod of the CASTANEA model (Dufréne et al.02) Whatever
the option retained, a series of variables are exéal calculatgpp.
15 For thePUE approach, the model uses the solar radiation bbddyy each tree during the vegetation per&diXDin MJ yr
1). aRAD:is 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 photorie d@iffuse and direct componentsadfARare also consideredRAR; and
aPARi in mol photons yt). While all the leaves receive diffuB&R only sunlit leaves absorb dirdeAR To estimate the
sunlit leaf proportionRrops) at the tree level, HETEROFOR uses an adaptafidheoclassical stand-scale approach based
20 on the Beer-Lambert law (The, 2006):

PTOpsz _ 1—exp(k—k-LAl) (1)

with
k, the extinction coefficient (),
LAI, the leaf area index (mzH
25 At the individual scale, the leaf area index isoidted by dividing the tree leaf arem4 in n?) by the crown projection area
(cpain m2). The value obtained is then multiplied bhg tight competition index.Cl in MJ MJ?) to account for the shading

effect of the neighbouring trees:

Aeaf

lfexp(—k- cpa ) ) LCI (2)

Propy =

where LCI is the ratio between the absorbed ramhiatalculated with and without neighbouring trees i
30 SAMSARALIGHT. LCI ranges from 1 (no light competti) to O (no light reaching the tree).
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To adapt thd?ARuse efficiency concepPUE) at the tree level, we considered a distldtE for sunlit §l) and shadedst)

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

aPARg;ff(PropsPUEg+PTopsp PUEsp)+aPAR g PUEg]

aPAR (3)

This pueis then used to calculagppbased omPARand a reducer accounting for water stresd (¢, ):

pue =

gpp = aPAR - pue - red,,qter 4)
The default value ofed,, .., is 1 but, when the hydrological module is actidateis set to the ratio between the actual and
the potential (i.e., considering no soil water tation) tree transpiratiort{.+,,; andt,,,, in | per year). This ratio estimates
the fraction of the vegetation period during whitlomata are partially or totally closed due to tation in soil water

availability. Since this ratio is always lower ajual to 1, a correction factor is applied to avioitioducing a bias.

¢
redyqarer = —“t““‘“ “corr (5)
pot

gppcan also be estimated using the photosynthesisotietf CASTANEA (Dufréne et al., 2005). This methamhsists in the
biochemical model of Farquhar et al. (1980) aned§ty coupled with the approach of Ball et al. (Z9&at linearly relates
stomatal conductance to the product of the carlssimalation rate by the relative humidity. The sdopf this relationship
varies with the soil water availability charactedan HETEROFOR based on the relative extractabtem{see de Wergifosse
et al., in prep). The formulation of Ball et al987) was slightly adapted to the tree level by aotiag for the influence of
tree height. Indeed, leaf water potential increag#s leaf height and induces a decrease in stdmataductance (Ryan and
Yoder, 1997; Schéfer et al., 2000).

The photosynthesis method requires, at an hourlyg step, the direct and diffuBd\Rabsorbed per unit leaf area. The direct
PARis intercepted only by sunlit leaves and is olediby multiplying the hourly incidefAR (umol photons M s?) by the
proportion of directPAR absorbed by sunlit leaves. For a tree, this ptapois by default fixed for the whole vegetation
period and calculated as the ratio between thetd®&R absorbed per unit sunlit leaf area during the tage period (in
mol photons.n.yr') and the incidenPAR cumulated over the same period (in mol photorisyrt). A similar procedure is
used for the diffuse absorbd®@AR except that it is related to the total leaf ardéhen using the detailed version of
SAMSARALIGHT, the proportions of direct/diffuseAR absorbed per unit leaf area change every houngltine day and

depending on the phenological stage.

2.2.3 Growth and maintenance respiration

gpp is converted to annual net primary productiopg(in kgC yr?) using either a ratio depending on the crown &mst
diameter ratio (Eq. 6) or after subtraction of glo\{gr) and maintenance respiratianrj (Eq. 7) according to the theory of
respiration developed by Penning de Vries (1975).
npp = gpp " tapp_gpp(Ddl) (6)
npp = gpp —mr — gr 0

10
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Makela and Valentine (2001) showed that it to gpp ratio changes with tree size. Based on simulgigadand npp
reconstructed by using the model in reverse moele gect. 2.2.7), we tested the impact of severahlas characterizing
tree size (heightbh crown radius, crown volume, crown to stem diametto, aboveground volume or biomass) onrthp
to gppratio. The best relationship was obtained withatewvn to stem diameter rati®q in m m?) which had a negative
effect on thenpptogppratio. This indicates that the proportiongpiplost by respiration increases for trees with gdazrown.
As the crown to stem diameter ratio changes duhiegourse of the tree development for some treeisp, we standardized
it to obtain a crown to stem diameter ind&l(ndex).

Tupp_gpp = @ + B DdIndex (8)

where a and pare parameters ariztiindex is defined as :

Dd
dered

DdIndex =

€)
with

Dd, the crown to stem diameter ratio determined ftoertree mean crown radius;f..,in m) and diameter
at breast heighdphin m),

Dd,,cq, the crown to stem diameter ratio predicted basethe girth at breast heiglglhin cm):

1 1
dered=“+'B'9bh+y'gﬁ+6'gbhz

In Eq. (7), maintenance respiration is calculat@dehch tree by summing the maintenance respirafieach organ estimated

(10)

from the nitrogen content of its living biomass aodsidering a @ function for the temperature dependency. Duringidee,
the inhibition of foliage respiration by light iaken into account by considering that this inhditreduces respiration by 62%
(Villard et al., 1995).

T-Tre
mr = Yorgan <bargan * friving * [N] 'RTref " Qioorgan 1° f) (11)

with

borgan, the organ biomass (kg of organic matter),

fiiving» the fraction of living biomass,

[N], the nitrogen concentration (g Kg

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

T, is the air temperature for aboveground organthersoil horizon temperature for roots (see AppeAd. Root

maintenance respiration is estimated for eachhawikzon separately.
The fraction of living biomass is fixed to 1 forakes and fine roots or equals the proportion ofvsaypl for the structural
organs. The sapwood proportion is derived fromghpwood areaagq,w..q i cM?) determined based on an empirical

function of organ diamete®(, 4, in cm):

Asapwood = A +b- Qargan +c- Q)orgunz (12)

11
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Growth respiration is the sum of the organ grovespiration which is proportional to the organ bissmiancrement (see sect.
2.2.4):
gr = Zorgan(Rgr ) Abargan) (13)

whereR,,. is the growth respiration per unit biomass increnfegC kgCh.

2.2.4 Carbon allocation and dimensional growth

For each tree, thepp and the carbon retranslocated from leaves and 0Qt,s andrtyine ro0cin KGC yrY) are distributed
among the various tree compartments at the erfteofdarrt,.,; andrtsp, o0, are determined as follows :

Ttieas or fine root = Dieas or fine root * Oleas or fine root " TtTieaf or fine root (14)
whereb,e,r andbyiye o0 are the tree leaf and fine root biomasses (k&) anddy;,. o0 are the leaf and fine
root turnover rates (kgC kglQyr?), andrtr.q, andrtryy,. 00 are the leaf and fine root retranslocation rakge(
kgC?).

bieqy is estimated with an allometric equation basedhenstem diameter at breast heigtitt(in cm) and on the crown to
stem diameter ratid)d):

bieqs = a - dbhP - DAY (15)

bfine root i deduced from the leaf biomass using the fire tw leaf ratio £rie root to fotiage):

bfine root = bleaf *Tfine root_leaf (16)

Tfine root_leas tAKES @ value between a minNiMum, L oot reaf min) @NA MAXIMUMK 16 o0t ear max) L0 depending on the
tree nutritional status, in accordance with thecemh of functional balance (Mékela 1986). This nsetimat a higher ratio is
used (more carbon allocation to fine roots) whee suffers from nutrient deficiency. For each i a candidate ratio is
obtained based on a linear relationship dependmghe nutritional status. The ratio increases wiennutritional status
deteriorates and this effect is more pronouncechivogen (N) > phosphorus (P) > potassium (K) >gnesium (Mg) >
calcium (Ca). Among the candidate ratios, the maxinis retained. For each nutrient, the nutritiosi@tus is bounded
between 0 and 1 and calculated based on the faiacentrations (provided in the inventory file) amthe optimum and
deficiency thresholds (Mellert and Géttlein, 2012).

[Foliar Nutrient]-Deficiency

Status(Nutrient) = 17)

Optimum—Deficiency
The leaf and fine root litter amounts,fs andssie o0 i kgC yr') are estimated based on the turnover rate takitw i
account the retranslocation:

Sleaf or fine root — bleaf or fine root 5zeaf or fine root (1 — Ttieaf or fine root) (18)
In the allocation, priority is given to leaves afiige roots. The carbon allocated to leaves cormnedpdo the annual leaf
production f;.. in kgC yr?) which is equal to the amount of leaves fallen fihevious year plus the leaf biomass change
(Abyeqy in kgC yrh):

12
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DPieaf = bleaft_1 ) 6leaf + Ableaf (19)
whereAb,,q is determined by :
Ableaf = bleuft - blea.ft_1 (20)

With breqr, | andby,, being the tree leaf biomasses corresponding tptidous and the current years,
respectively.

The fine root production is then estimated accgdithe same logic:

Dfine root = Dineroot,_, * Opr + Abpy (21)

wherebyine rooc,_,iS provided by Eg. (16).

When the carbon allocated to leaf and fine rodtigher than theapp plus the retranslocated carbon (suppressed trites w
low gpp andnpp for their size), the leaf and fine root producicare recalculated so that they do not exceed Y0#teo
available carbon.
Then, the fruit productionp,,;; in kgC yr?) is estimated with an allometric equation simtarEq. (15) and is considered
directly proportional to the light competition indeA thresholddbh (dbh;p,esnoiq iIN €M) is fixed below which no fruit
production occurs.

Pruic = @ LCI- (dbh — dbhthreshald)ﬁ (22)
Part of the carbon is also used to compensaterforch and root mortality. The branch mortality,,{,., in kKgC yr?) is
described with an equation of the same form agEx).while the structural root mortality,(,,, in kgC yr') is obtained using
a turnover rate similar to that of the branches.
After subtracting the leaf, fine root and fruit guetions and the root and branch senescencetaning carbon is allocated
to structural organ growth:

Abstrycturar = PP + Tt — Preay — Dfine root — Pfruit — Sbranch — Sroot (23)
At this stage, the remaining carbon is partitiobetiveen the above- and below-ground parts of #eedccording to a fixed
root to shoot ratiorf,,¢ snoot):

Abstructural (24)

Ab =
structural_above
- (1+7ro0t_shoot)

Abstructﬂu.‘r'al_below = Abstructural - Abstructural_above (25)
The increment in aboveground structural bioma#isds used to determine the combined incremedblirand total heighth(
in m) based on an allometric equation used to pteaboveground woody biomass (Genet et20)11; Hounzand;ji et al.,
2015):

bstructural,abuve =a+p( dbh? hyY (26)
Deriving this equation and rearranging terms gives:

Abstructural_above = ﬁ}/( dbh? - h)y_lA( dbh? - h) (27)

13
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2, — Abstructu.ral,above
A(dbh? - h) = =reeLchee (28)

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

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

5 Ah = (30)

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

as the height growth potentiaf,,,) since it corresponds to the height incrementl the remaining carbon was allocated to

h-Adbh?
dbh?

height growth. Contrary to the other term of Ecp)(f( )WhiCh is unknown, this height growth potential dae

evaluated at this step by dividing the result of @8) bydbh2 However, depending on the level of competitionliight and

10 onthe tree size, only part of this height growdbential will be effectively realised for heightiement. For each tree species,
an empirical relationship predicting height grovithm the height growth potential, the light competi index and the tree
size @bhor height) was therefore fitted based on successientory data (see Appendix E):

Ah=a+b-dbh+c-h+d-LCI+e-Ahyo + f - (Ahyo.)’ + g+ (Ahyy,)’  (31)
Thedbhincrement is then determined by rearranging E®): (2

A( dbh?-h)+dbh?-h

15 Adbh =
(h+Ah)

— dbh (32)

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

Abroot = Troot_shoot Abstructural,abave (33)
Abseem = f " p- ((dbh + Adbh)z . (hdel + Ahdel) — dbh? - hdel) (34)
Abbranch = Abstructural_above - Abstem (35)

20 with
fis the form coefficient (fm3),
p is the stem volumetric mass (kgCmn
hqe is the Delevoy height (m) corresponding to thegheat which stem diameter is half the diametéraast height
(see Appendix C).
25 The branch and root biomasses are then distridnt@dcategories defined based on the diameter:| swetches/roots < 4
cm, medium branches/roots between 4 and 7 cm,edaanches/roots > 7 cm. The proportions of smatlium and coarse

branches/roots are determined based on the egsa@idtounzandji et al. (2015).

14
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2.2.5 Crown extension

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

crown dimensions are derived frathhor height increment based on empirical relatiopshi

5 Ahlce = hlce% - Ah (36)
Ahch = heb% - A (37)

Adbh
Acr = dered . m (38)

wherehcb% andhlce% are the proportions of the total height correspugdb the height to crown baskcp in m)
and to the height of largest crown extensiblzé in m), respectively;
10 Acr is the change in crown radius (in m) whateverdinection;
Dd,,,q is the crown to stem diameter ratio estimated ¢y(fO).
Alternatively, the changes in crown dimensions bandescribed based on the competition with thehbeigring trees
(distance-dependent approach). The space arowardet tree is divided into 4 sectors accordindh4 cardinal directions
(North between 315° and 45°, East between 45° 854, South between 135° and 225°, West between 228°315°). In
15 each sector, the tree which is the closest toatget tree is retained as a competitor if its hieighigher than thacb of the
target tree. Beyond a certain distance (i.e., imes the maximal crown radius: 10 m), no compeigaonsidered-or each
main direction, the model calculatestdee at equilibrium flce,, in m) for the target tree. Thigce at equilibrium is located
between a minimumaghb in m) and a maximumhfce,,,, in M). hlce,,,, is obtained by determining the higher intersection
between the potential crowns of the target treethaccompetitor. The potential crown of a treehis trown that this tree
20 would have had in absence of competition and isidened as having the shape of a half ellipsoidredron the tree trunk
and with the semi-axis lengths equal to the treemi@l crown radiuscf;,, in m, see below) and to the crown length
hcb). hlce,q is positioned between the minimum and the maxirvatues according to the competition intensity eatad

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

hice,, = heb + (Alcepqy, — heb) - max (0, min (1 M)) (39)

" htarget—hch
25 The four values oklce,, are then averagedice.q mean)-
Finally, the change ihlce is determined as follows:
if hlce < hlceeq mean,
Ahlce = min(Ahlcepqy, hlceeq mean — hlce) (40)
else,
30 Ahlce = max(—Ahlcep,qy, hlceeq mean — hice) (41)

whereAhlce,, ., is the maximum change hice allowed by the model.
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The change ich is obtained with the same logic:
if heb < hebeg means
Ahcb = min(Ahcbygy, hcbeg mean — heb) (42)
else,
Ahch = max(—Ahcby, gy, hcbeq mean — heb) (43)
wherehcbeg mean iS thehch estimated from the tree height basedob% (Eq. 37).

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

between the two treed {n m) and the crown overlap ratig,fe,iqp, in m m?):

cn

pot_target

Clog = ——————d " Typeriap target (44)
ed CTpot_targettCTpot_comp overtap.targe

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

CTyot = 525+ Ddyreq = sh (45)
whereDdyreq is the crown to stem diameter ratio estimated §y(EO) andshis a coefficient allowing to shift from
the mean to the maximuBdpred.

The crown overlap ratio is estimated by considerieighbouring trees of the same species two byatwebby calculating the
ratio between the sum of their crown radii anddistance between the corresponding tree stems.oVhitap ratio accounts
for the capacity of a tree species to penetrateighbouring crowns.

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

if cr < crpq,

Acr = min(AcTpqy, CTeq — €T) (46)

else,

Acr = max(—Actyay, CTeq — CT) 47)

with Acry,;, @andAcr, ., being respectively the minimum and the maximummgeancr allowed by the model. They

are obtained similarly asy,,,:

Adbh

ACT o = >00

Dd - sh (48)
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2.2.6 Tree harvesting and mortality

During the simulation, thinning can be achieve@ath annual step either (i) by selecting the thews a list or a map or
according to tree characteristics (tree species,diin, height,...), or (ii) by defining the number of tee® be thinned per
diameter class using an interactive histogramijiipiby loading a file listing the trees that mus# thinned. In addition, the
thinning methods developed for GYMNOS and QUERGUScampatible with HETEROFOR. They allow to readlar@et
basal area, density or relative density index Ilnynihg from below or from above or by creating gélpgot et al, 2014).
When thenpp of a tree is not sufficient to ensure a normal &l fine root development (for suppressed treeléoa after a
severe drought), the leaf biomass is reduced ahetas a defoliation which is estimated as follows:

Def — bieaf—bieaf corr | 100 (49)
bleaf

wherebeqr andbieqr o are respectively the leaf biomass estimated with(E5) and the leaf biomass corrected to
match the available carbon (see sect. 2.2.4).
Tree mortality occurs when trees reach a defohad©90%, considering that a tree with less tha 10 its leaves will never
recover. Hence, HETEROFOR takes into account theatity resulting from carbon starvation due tdiligompetition and/or

water stress (stomatal closure).

2.2.7 Growth reconstruction

HETEROFOR was adapted to allow the user to run feverse mode starting from the known incrememtibh andh to
reconstruct individualppusing exactly the same parameters and equatianstesnormal mode. To achieve a reconstruction,
an inventory file with tree measurements must beéal to create the initial step. From this ingi@lp, the reconstruction tools
can be launched and requires another inventorwfiletree measurements achieved one or severed jaar. Based on these
two inventories, HETEROFOR calculates the meah and h increments for each tree and use the model eaqsatm

reconstruct each step and evaluate among othetdndi npp.

2.3 Input variables and parameter setting for a cas study

The model was tested using data from the Baileiedacated in the western part of the Belgian Ardenat 300 m elevation
(50° 01' N, 4° 24’ E). The average annual rainfallightly above 1000 mm and the mean annual teatype is 8°C. The
forest (60 ha) consists of sessile o@luércus petraedIEBL.) and European beeclrggus sylvaticd..) and lies on acid
brown earth soil (luvisol according to the FAO dakonomy) with a moder humus and asBAC profile. The soil has been
developed on a loamy and stony solifluxion sheettich weathering products of the bedrock (Lowerv®®an: sandstone

and schist) were mixed with added periglacial loess
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By the end of the T@century, the forest was probably an oak coppithk wifew standards. Taking advantage of the massive
oak regeneration in the 1880s, the forest develppegdressively into a high forest and was thendegaby beech. In 2001,
the area was covered by even-aged oak trees asbdeneously sized beech trees. In addition, aerstaty of hornbeam
(Carpinus betulud..) occurred in oak dominated areas. A 1 ha plas wstalled in an intimate mixture of oak and lheét
5 which all trees with a circumference higher thancb were mapped (coordinates) and measured (steomdference at a
height of 1.3 m, total tree height, height of lasigerown extension, height to crown base, crowmeiars in two directions)
at the end of the years 2001 and 2011.
Meteorological data were monitored with an automateteorological station located in an open figd® & away from the
forest site. Soil horizon properties were charémter based on the soil profile description andrtteasurements carried out
10 by Jonard et al. (2011).
To run the simulations, the values of some modedmpaters were taken directly from the literaturthe® parameters involved
in empirical relationships were fitted either withta from previous studies or with unpublished rwitig data collected in
the study site or in the ICP Forests level Il plotsVallonia (Table 2). Potential explanatory vates of Eq. 31 used to
estimate height growth were selected by applyistepwise forward selection procedure based on &yedan Information
15 Criterion (BIC). A multivariate model was then astied with the selected variables (Appendix E). paemeters of thepp
to gppratio relationship, the maintenance respiratiangoef N at 15°C and theARuse efficiency of sunlit and shaded leaves
were adjusted with the nim function of R (R Coreaife 2013) based on observed basal area increntgfity (ising the

maximum likelihood approach.

20 2.4 statistical evaluation of model predictions

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

vs PUE, npp to gpp ratio vs temperature-dependent maintenance respiratiotandis-dependent vs -independent crown

extension), by comparing predicted and observedsBi&ing several statistical indices and tests aat¢he normalized average

error, theP value of the pairetitest, the regression test, the root mean squeog gre Pearson’s correlation and the modelling
25 efficiency (Janssens and Heuberger, 1995). Foretpession test, the Deming fitting procedure (mdunction of the mcr

package in R) was retained to account for the gwarboth the observations and the predictions.

The model quality was also evaluated based orbitdyato reconstruct the size - growth relatiorhifor sessile oak and

European beech in the mixed stand of Baileux. Tiseoved and predictedlAls of the trees (calculated for the 2001 — 2011

period) were related to their girth at the begignof the assessment period. A segmented regregsierthen applied to
30 observations and predictions to determine the g¢fintsshold under which trees were not growing anestimate the slope of

the linear relationship betwe®AI and initial girth. The heteroscedasticity of tkeiduals was accounted by modelling their

standard deviation with a power function of theiahigirth. The fitting was carried out using thienrfunction in R.
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2.5 Simulation experiment

To illustrate how the model can be used to predichate change impacts on forest ecosystem funatiprthe growth
dynamics in the mixed stand of Baileux was simulaecording to three IPCC climate scenarios ugirddllowing options:
photosynthesis modehpp to gpp ratio and distance-independent crown extensioe. diimate scenarios retained for this
study were obtained from the global circulation ®lo@NRM-CM5 (Voldoire et al., 2013) based on thepfsentative
Concentration Pathways for atmospheric greenhoasesgdescribed in the Fifth Assessment Reporedhtiergovernmental
Panel on Climate Change (Collin et al., 2013). Representative Concentration Pathways (RCP2.6, BOR@P8.5) are
characterized by the radiative forcing in the y2H00 relative to preindustrial levels (+2.6 WAm4.5 W n¥, +8.5 W n?).
The CNRM-CM5 describes the earth system climatagusariables such as air temperature and predgitabn a low-
resolution grid (1.4° in latitude and longitude)ti®ugh reliable for estimating global warming, Becmodel fails to capture
the local climate variations. Therefore, these atenprojections were downscaled by the Royal Melegical Institute of
Belgium (RMI), using the regional climate model AR®-0 (Giot et al., 2016). The meteorological fithat were received
from RMI are hourly values of the longwave and shave radiations, air temperature, surface tempegatainfall, specific
humidity, zonal and meridional wind speeds and apheric pressure with a 4 km spatial resolutiorec8jg humidity was
converted into relative humidity using the Tetemsifula (Tetens, 1930). For a reference period (:2005), we compared
the models predictions with observed meteorologidata and detected some biases, especially foripgegons
(overestimation of 27%). The biases were correbieddding to the predictions (or by multiplying thevith) a correction
factor specific to the month (Maraun and Widmar0i1.&). An additive correction factor was used far bounded variables
(radiations, precipitation, relative humidity, wirsppeed) and a multiplicative one for the otheralags (air and surface
temperatures).

For the simulations, two 24-year periods (100 yapest) were considered. The period from 1976 @9Xerved as a historical
reference while the rest of the simulations basectlonate projections were conducted for the 20082 period. The
simulations were performed either by keeping the @centration of the atmosphere constant (i.€ [@8n) or by allowing
it to vary according to the years and climate sdesaEach simulation started with the same ingtaind (mixed stand of
Baileux in 2001) and lasted 24 years; a thinningrafion (25% in basal area) was achieved in 1978@8 and in 1990 or
2090 (12-year cutting cycle). The mean basal are@ment obtained with the various climate scesasiere compared using

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

Based on two successive stand inventories (20012@hd) and using HETEROFOR in reverse mode (sete 2€c7), the
individual nppwas reconstructed and related togpe predicted with the photosynthesis method of CASEANThe linear

5 relationship betweenppandgppexplained 81 and 83 % of the variability for skeseak and for European beech, respectively
(Fig. 2). The intercept was positive and signifitauifferent from 0 but did not differ between theo trees species. The

slope of the relationship was higher for sessile(@a54) than for European beech (0.40).

100
* beech ©° oak o

80 y = 5.13(#3.12) + 0.54(+0.05) x o -7
r=0.90 -

60

40

20

y =4.91(x0.82) + 0.40(+0.02) X
r=0.91
1 1 1 1 1 J
0 20 40 60 80 100 120 140 160
Predicted gpp (kgC per tree)

Reconstructed npp (kgC per tree)

10 Figure 2. Relationship between the individuahpp reconstructed based on successive stand invent@ig€2001 and 2011) and thgpp
predicted with the process-based option (photosynésis method of CASTANEA). Values in parentheses are5% confidence
intervals for the intercept and the slope in the egations. The Pearson’s correlation betweenpp and gpp is indicated on the graph.

3.2 Model performance in predicting individual basd area increment BAI)

HETEROFOR was run with height different combinasiasf options for describing photosynthesis (biocivainrmodel of
15 CASTANEA vsPUE), respiration iipp to gpp ratio vs temperature-dependent maintenance respirationtraweh extension

(distance-dependeus -independent). The mean observed and predifddwere not significantly different from each other

(Pairedt-test), except for European beech withBi¢E approach and for sessile oak for one combinati@ptions:PUE/npp

to gpp ratio/distance-dependent crown extension (Tahl&@@&)go further, the observ@&Als were regressed on the predicted

BAls using the Deming regression and the 95% configlariervals of the intercept and the slope wereutaled to evaluate

20 if the regression line significantly differed frotine 1:1 line. For the simulations using the CASTANEhotosynthesis, the
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intercept was closer to 0 and the slope closentthdn HETEROFOR was run with th@p to gppratio approach compared
with the temperature-dependent maintenance repirdthis difference between respiration options wat observed for the
PUE approach (Table 3). For the simulations usingQASTANEA photosynthesis, the smaller RMSE, the bighearson’s
correlation and modelling efficiency were obtaineith the npp to gpp ratio. The distance-independent crown extension
provided slightly more accurate results than trstadice-dependent one for European beech whileetrezse was true for
sessile oak. For theUE approach, the best combination of options wasmfieto gpp ratio and the distance-independent
crown extension (Table 3). In summary, the bioclaimodel of CASTANEA and thepp to gppratio approach provided
better predictions than the alternative options thedway crown extension was described had litteaicts on the prediction
quality (Table 3, Fig. 3).

Sessile oak European beech
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Figure 3. Comparison of observed and predicted bakarea increments BAIs) for the simulation with the photosynthesis methoaf
CASTANEA, the npp to gpp ratio approach to account for tree respiration andthe distance-independent crown extension (see Table
3). The dashed line represents the Deming regressibatween observations and predictions with the shad area indicating the 95%
confidence interval and the solid line the 1:1 rekéonship.

3.3 Reconstructing size — growth relationships

The size - growth relationships were very similatveeen observations and predictions, except foofiean beech with the
PUE approach (Fig. 4). In this case, the reconstrusieelgrowth relationship underestimated the oteskone (Fig. 4). The

proportion of theBAl variance explained by the size - growth relatigm¢R?) was higher for European beech than forilsess
oak for both observations and predictions, for oletéons than for predictions (especially regardsegsile oak) and when
simulations were carried out with the CASTANEA aptirather than with th®UE approach (Fig. 4). Regarding the
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observations, the girth threshold was lower fordpean beech (50.6 cm) than for sessile oak (74)5ndrite the slopes of

the relationship were similar (Fig. 4).

Biochemical model of photosynthesis (CASTANEA) PUE approach
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5 Figure 4. Reconstruction of the size - growth reladnships for sessile oak and European beech usingetiphotosynthesis method of
CASTANEA (left panel) or the PUE approach (right panel), thenpp to gpp ratio approach to account for tree respiration andthe
distance-independent crown extension. The predictaélationships between the individuaBAl (calculated for the 2001-2011 period)
and the initial girth are compared with observed oms. The solid and dashed lines represent the segreh regression applied
respectively to observations and predictions to detmine the girth threshold under which trees were ot growing and to estimate

10 the slope of the linear relationship betweeBAI and initial girth. The 95% confidence intervals for the intercept and the slope are
provided as well as the R2 of the model.

3.4 Simulation of climate change impact on tree greth

When the CQ@concentration of the atmosphere was fixed, nocefiéthe climate scenario was detected on sAldbut a

15 slight impact was assessed on sessileR¥akwhich was higher for the RCP2.6 than for the histd scenario (Fig. 5). For
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the simulations with a variable atmospheric @0@ncentration, the difference in total, sessilk aad European bee®Al
were much more pronounced between climate scendfwsthe whole stand as well as for oak and besegaratelyBAl
increased in the order - historical, RCP2.6, RCR#&b RCP8.5 -, with the stahl of these RCP scenarios being between
17 and 72% higher than that of the historical sdendll scenarios had BAI significantly different from each other, except

RCP2.6 and RCP4.5 for the whole stand and thereedpecies and historical and RCP2.6 for Europeanh (Fig. 5).

Fixed atmospheric CO2 concentration Variable atmospheric CO concentration
090 - [ historical (1976-1999) [ RCP2.6 (2076-2099) [ historical (1976-1999) [ RCP2.6 (2076-2099)
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Figure 5. Basal area incrementBAl) of the mixed stand in Baileux (and of its two mai tree species) simulated with climate scenarios
produced with the GCM model CNRM-CM5, downscaled wih ALARO-0 and corrected empirically for remaining biases. The
simulations were performed by using the Castanea rtteod to calculate photosynthesis, thapp to gpp ratio approach and a distance-
independent description of crown extension. The Cfconcentration of the atmosphere was either kept ostant (left) or increased
with time according to the climate scenario consided (right). Two time periods were considered. 1976999 was used as a reference
period for running the model with the historical climate scenario while the simulations with future dmate scenarios were achieved
for the 2076-2099 period. The climate scenarios wergased on the representative concentration pathwayfor atmospheric
greenhouse gases described in the fifth assessmeeyiort of IPPC. For a given tree species and Cfconcentration modality, the
scenarios with common letters have BAI not significantly different from each other @=0.05).
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4. Discussion

Very few tree-level, process-based and spatialbfieik models have been developed and these ofistam only some of the
modules necessary to estimate resource availafshifar radiation, water and nutrients). While aafgtion of these models
is generally available in the literature, their lexagion by comparison with tree growth measuremisnt®t always accessible
5 or was carried out based on stand-level variabés have therefore very few information to compéxe performances of
HETEROFOR at the tree level with those of similardals. Simioni et al. (2016) faced the same prohidgtimthe NOTG 3D
model.
HETEROFOR first estimates the key phenological slatee radiation interception by trees and the lgomater balance (de
Wergifosse et al., in prep). Then, based on theralesiPARradiation, individuabppis calculated with #UE approach or
10 with the photosynthesis routine of CASTANEA (Dufeéet al., 2005). When selecting tiggpto gppratio (the most accurate
option to account for tree respiration), the phgtoisesis routine of CASTANEA provided better preiins than thePUE
efficiency for the distance-dependent crown extamsind both approaches performed similarly fordiséance-independent
crown extension (Table 3). This is quite encourggdhat the process-based approach for estimatiogpgynthesis provided
predictions of the same -or even better- qualigntthe empirical approach fitted with tree growsliackaken on the study site.
15 If no extrapolation to future climate is requireithe PUE approach remains however still valuable, espsciathen
meteorological data are lacking. For the mixed dtam Baileux, we related thepp reconstructed from successive tree
inventories with thegpp predicted based on the CASTANEA approach (Fig.TRe good linear relationships (Pearson’s
correlation > 0.90) obtained for both oak and besetke us confident in the adaptation of the phatti®sis routine of
CASTANEA for the tree level. Furthermore, since tr@ameters of the photosynthesis routine werentalectly from
20 CASTANEA and not calibrated specifically for HETEROR, one can expect that the agreement betweeredetedgpp
and the reconstructegpp could still be improved.
When comparing the two options available in HETER®or convertinggpp into npp, model performances are generally
better with thenppto gppratio approach than with the temperature-depenaernine for maintenance respiration calculation
(Table 3), except for sessile oak with fldE approach. This can be explained since the errtireinmaintenance respiration
25 calculation results from various sources. At tleetcompartment level, uncertainties in the estonatif biomass, sapwood
proportion, nitrogen concentration and temperatseemultiplied (Eq. 11). Then, the errors made lbtree compartments
are summed up. Among these uncertainty sourcesdlseuracy in the estimation of the sapwood priporcould explain
why the maintenance respiration routine provideitebeesults for sessile oak than for European tbé€able 3). Since the
sapwood of sessile oak can easily be distinguisim fihe heartwood based on the colour change, we atlof sapwood
30 measurements available to fit a relationship. Roogean beech, this was not the case; insteadseztausapwood relationship
obtained based on sap flow measurements (Jonaat, €011). This relationship could certainly bepnoved by direct
measurements of sapwood made after staining thel wmbighlight the living parenchyma. Another wayitnprove these

relationships is to consider the social statufefttees since dominant trees have a higher sapseqtti than the suppressed
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one (Rodriguez-Calcerrada et al., 2015). We trealccount for this by estimating the sapwood aeeszt on the tree growth
rate but it did not significantly increased the liftyaf the predictions. The poor performances oi#é with the maintenance
respiration option also indicates that the processelay are still poorly understood and thatifertresearch are needed on
this topic.

The process-based approach for estimating mainten@spiration accounts explicitly for the temperateffect through a
Qio function. With thenpp to gpp ratio approach, temperature is considered morieicity by assuming that it affects
respiration and photosynthesis in the same prapurtvhich is valid only in a given range of temgara (<20°C) and for
non-stressing conditions. Indeed, the optimum teatpee for photosynthesis is between 20 and 30°@ewhe optimum
temperature for respiration is just below the terapge of enzyme inactivation (>45 °C). Therefdretween 30 and 45°C,
photosynthetic rates decrease, but respirationcaténues to increase (Yamori et al., 2013). Iditoh, while water stress
reduces both photosynthesis and respiration,fistadn the two processes is not necessarily elnvgRodriguez-Calcerrada
et al., 2014). Compared to thepto gppratio approach, the maintenance respiration caticui seems more appropriate to
simulate the impact of climate change but thistitha expense of less accurate predictions atréeelevel. The ideal is to
compare the two options to evaluate the prediatimcertainty associated with the modelling of resin. Alternatively, one
can choose one or the other option depending oaith®f the simulation.

Beside these contrasted model performances betiveéwo options used to assess respiration, diftere were also observed
between both options adopted to model crown exaensiith slightly better predictions when using thstance-independent
approach compared to the distance-dependent oneetéo, we should not put aside the distance-deperaggroach based
on this first comparison. The differences in prédit quality between the two methods were quitelsmeobably because
the length of the simulation was not sufficientitastically affect the crown dimensions which haeminitialized based on
measurements. In addition, describing mechanisras ¢joverns crown development in interaction withighkours
(mechanical abrasion, crown interpenetration) deéd crucial to capture non-additive effect of sggemixtures (Pretzsch,
2014). By accounting for crown plasticity, our diste-dependent approach could help better unddrbtam uneven-aged
and mixed stands optimize light interception byammnpacking and how they increase productivity éster and Albrecht,
2014; Juncker et al., 2015). To fully evaluate ihierest of this approach, the predicted crown Wpraent should be
compared with precise crown measurements repeadseveral decades and taken in a large divesSigand structures.
Based on the current evaluation, the process-bam@ht perform better than the more empirical fmigphotosynthesis but
not for respiration and crown extension, probaldgduse the processes are better known for photesist This option
combination had a high modelling efficiency, espiyiregarding European beech (Table 3). The Pe&smrrelation
between measurements and predictions of individaghl increment amounted to 0.89 and 0.69 for Eaopeech and
sessile oak, respectively. By comparison, GroteRuatizsch (2002) obtained a correlation of 0.6GHerindividual volume
of beech trees with the BALANCE model. This lowerrelation can partly be explained by the integrabf the uncertainty
on tree height in the volume estimations. The HEDERR performances in terms of tree growth are qgoted and could

still be improved by a Bayesian calibration of fagameters.
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Individualnppand retranslocated C are allocated first to feliagd fine roots and then partitioned between atarve below-
ground structural compartments. Based on the derévand rearrangement of a biomass allometric timuathe increment
in aboveground structural biomass is used to eggite combined increment dbhand height. This results in a system of
one equation with two unknowns (incrementibhand height). We decided to resolve it by fixing tteight growth based on
5 arelationship taking into account tree sidbH{or height), the height growth potential (heightrement if all the remaining
carbon was allocated to height growth) and a lggimpetition index. An intermediate level of sopicstion was adopted to
describe height growth, between the simple hedfititallometry and the fine description of tree ardttitee of functional-
structural models. Heiglibh relationships provides a static picture in whige @nd neighbour effects are confounded and
are not suitable to describe individual growth dcaépries (Henry and Aarsen, 1999). More sophigitaielationships
10 considering age and dominant height can be use@ven-aged stands (Le Moguédec and Dhoéte, 2012areuhardly
applicable in uneven-aged stands for which treesagaknown. On the other hand, the functionalettmal models based on
resource availability at organ level and using @stime step can only be applied to a limited nemtif trees given the long
computing times (Letort et al., 2008).
Our individual height growth model was fitted witleight data measured ten years apart (AppendiR Brge uncertainty
15 was however associated to these data. First, heighsurements were obtained to the nearest metar the difficulty to
clearly identify the top of the trees in closed @ay forests. Second, two errors were added siredéfght increment was
obtained by the difference between two height messents. Consequently, the uncertainty was molessr of the same
order of magnitude than the expected height gramvbn years. Despite these uncertainties, a sultpart of the variability
was explained by the model (72% for European be&%¥ for oak). Among the variables tested, the titeggowth potential
20 had the main effect, which is not surprising sititis height growth potential noisily contains thdormation on height
increment. We were also able to highlight the eftédight competition. For a same height growtltgmtial, trees undergoing
stronger light competition seem to invest more earfor height growth than fadbh increment (Fig. E1 in Appendix E),
which is corroborated by results of other studig.( Lines et al., 2012). This strategy aims atimizing overtopping by
neighbours and maximizing light interception (Jucieal., 2015). Trouvé et al. (2015) found similesults and showed the
25 positive effect of stand density on height growthhie allocation between height and diameter inergrim even-aged stands
of sessile oak. The decrease in the red:far red odtincident light promotes apical dominance amtgérnode elongation
through the phytochrome system (shade avoidanctigeaHenry and Aarsen, 1999).
We were also quite satisfied to observe that thdehwas able to reproduce the size-growth relatigmg his relationship is
characterized by two parameters: the threshold wl&fines the minimum girth for radial growth tocac and the slope
30 providing the theoretical maximum growth efficiendye Moguédec and Dhote, 2012). For European begehpbserved
threshold was 49.1 cm and was easy to detect Wyssiate there were many trees with a girth infetithat exhibiting nearly
no basal area increment. For sessile oak, the wizsénreshold was higher than for European bee@8 (@m) and nearly all
trees had a higher girth. This can be related edfdht that sessile oak is a less shade-toleratiespthan European beech.

The observed slope was however the same for kegtsprecies meaning that they have the same maxgrawth efficiency.
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For the size-growth relationship reconstructed WHETEROFOR, the predicted threshold and slope wgergerally not
significantly different from the observed ones the predicted size-growth relationships explaindéaer proportion of the
variability, especially for sessile oak.

To illustrate one possible application of HETEROF@Rimulation experiment was achieved and allowsetb compare the
radial growth predicted for 2076-2099 accordinghieee IPCC scenarios with that simulated for atohisal period (1976-
1999). When atmospheric G@oncentration was kept constant (380 ppm), diffees among scenarios remained non-
significant, except for sessile oak displaying ighgly higher basal area increment for the RCPBdhtfor the historical
scenario (Fig. 5). Analyzing in-depth the modelputis, we found that this lack of effects resultexhf a balance between
negative and positive impacts of climate changeil&the increase in air temperature (+0.9 and 3f6tQRCP2.6 and 8.5)
and in the vegetation period length (+8 and 37 dayfRCP2.6 and 8.5) favoured photosynthesis, tbeenfrequent and
intense water stress negatively affected it (datashown). The positive and negative effects ahatie change were of the
same magnitude for both tree species and offsétather. For the simulations with a variable atniesjz CQ concentration,
the differences among scenarios were much larggiighting a strong Cofertilization effect for both sessile oak and
European beech (Fig. 5). These results are in agneewith Reyer et al. (2014) who used the 4C mtalptedict productivity
change in Europe according to a large range ofaténthange projections. They found NPP increasesost European
regions (except a few cases in Mediterranean mms)tavhen considering persistent £@ffects by using variable
atmospheric C® concentration. Assuming an acclimation of photdisgsis to CQ@ (by maintaining atmospheric GO
constant), they predicted increases in Northerargdses in Southern and ambivalent responses @sewhEurope. Similar
response patterns were also obtained by Moralals @007). Rotzer et al. (2013) used the BALANCEd®l to compare the
impact of future and current climate conditionstioa productivity of beech in Germany and showe@% 8lecrease in NPP
without considering the rise in atmospheric Q©@ncentration. After evaluating CASTANEA againdtg covariance and
tree growth data in a few highly instrumented siteavi et al. (2006) simulated the trend in GGP aed ecosystem
productivity (NEP) in these sites from 1960 to 21P0r sessile oak and European beech, they obtairk®Po and 67%
increase in GPP and NEP, respectively.

Given the magnitude of the G@rtilization effect (leading to a 72% increaséasal area increment in 100 years for RCP8.5),
we conducted retrospective simulations to checkifi Bl EROFOR reproduces well the increase in praditgiobserved by
Bontemps et al. (2011) for beech forests in thehreast of France (data not shown). Based on fisicatmospheric CO
concentrations, we simulated radial growth during tperiods (1879-191@s 1979-2010) using the same climate data
(obtained by re-analysis for 1979-2010). These kitrans showed a productivity increase of 12% o180 years. By
comparison, Bontemps et al. (2011) reported pradtcincreases ranging from 10 to 70% over 100rgefepending on the
nitrogen status of the forest. The increase inatagtiowth simulated with HETEROFOR for the mixedrst in Baileux (Fig.
5) seems therefore plausible but assumes unchamgeitional status. Increased productivity genesatewever higher
nutrient demand by trees, which is not systemadyictisfied by larger soil nutrient supply, espdlgiin the poorest sites.

Consequently, the augmentation of forest produgtiwill most likely be constrained by nutrient akediility and give rise to
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a deterioration of the nutritional status as alyealdserved across Europe (Jonard et al., 2015)mpoove our predictions,
nutritional constraints must be taken into accolmtthis perspective, aineral nutrition and nutrient cycle module was
incorporated in HETEROFOR. As it was developeddrafiel to the water balance, some adaptationaegded for a perfect
coupling of the two modules (e.g., change from anual to a monthly time step for soil chemistry afg). A complete

description and evaluation of the nutrient moduik lve provided in a future study.
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5. Conclusion and future prospects

Our ambition was to develop a model responsivedih Imanagement actions and environmental changésmbuld be
particularly well adapted to mixed and uneven-agfadds. We thought that this model had to be weell spatially explicit
and process-based. Except BALANCE and more rec®FI9G 3D, no such a model existed in the literatliefill this gap,
we elaborated the HETEROFOR model based on congejesdifferent from those used for BALANCE. Indlstudy, a first
evaluation of the model performances showed thaT EHEEOFOR predicts well individual radial growth arglable to
reproduce size-growth relationships. We also ndtibat the more empirical options for describingrmenance respiration
and crown extension provide the best results whieprocess-based approach best performs for pmthesis.

Here, only the core of HETEROFOR was described. Waer balance and phenology modules are presenttévaluated
in a companion paper (de Wergifosse et al., in)pndple the radiation transfer and nutrient modwiéls be described later.
For the next steps, we plan to couple HETEROFOR wiiisting libraries such as regeneration, geneticseconomics. As
HETEROFOR was developed within the CAPSIS platfatns continually improving thanks to the collabtive dynamics
among modellers.

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

Given all the uncertainties related to climate g&impacts, it is an illusion to believe that a lodlill predict accurately the
future dynamics of forest growth. However, modelstsHETEROFOR can be very useful to compare saemafimong
others, HETEROFOR can be used to select the marageoptions that maximise ecosystem resilienceooguantify
uncertainty in the response of forest ecosystediinmate change.
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6. Code availability

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

Those who want to join this community are welcono¢ imust contact Frangois de Coligny (coligny@cifdcbr Nicolas

Beudez (nicolas.beudez@inra.fr) and sign the CARS#Bter fittp://capsis.cirad.fr/capsis/chaijteThis charter grants access
5 on all the models to the modellers of the CAPSIBwmminity but only to them. The modellers may disttébthe CAPSIS

platform with their own model but not with the méslef the others without their agreement. CAPSIS4 free software
(LGPL licence) which includes the kernel, the gémeilots, the extensions and the libraries. HETERIR is basically not
free and belongs to its authors who decided taibiige it through an installer containing the CAB&lkernel and the latest
version (or any previous one) of HETEROFOR uporuest| from Mathieu Jonardngéthieu.jonard@uclouvain.peThe

10 version 1.0 used for this paper is temporarily ke athttp://amap-dev.cirad.fr/projects/capsis/fil@he end-users can
install CAPSIS from an installer containing onlg tHETEROFOR model while the modellers who signed@APSIS charter
can access to the complete version of CAPSIS wittha models. Depending on your status (end-usemedeller or
developer), the instructions to install CAPSIS giken on the CAPSIS websitbt{p://capsis.cirad.fr/capsis/documentajion

The source code for the modules published in Genstic Model Development (Jonagt al., submitted de Wergifosset
15 al,, in prep.) can be downloaded frdmips://github.com/jonard76/HETEROFOR-1MOI 10.5281/zenodo.3242014).
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7. Data availability

The data used in this paper are available throbglinput 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) ikatated by soil depth incrememnt4 in m) using a simplification of the soil
heat transfer equation assuming a constant thetiffasivity (D in m? s') across the soil profile. The thermal diffusivity
5 characterizes the rate of heat transfer withirstiieand corresponds to the ratio of the thermabeativity (K in W ntt K1)

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

aT 1 a aT aT 2T
= (k) =>S=p03 (50)
Eq. (50) can be rewritten as follows according tdaff and Liu (1990) and Baker and Don Scott (1998)
At
10 Tz,t+At = Tz,t +D- nz (Tz+Az,t + Tz—AZ,t - ZTZ,t) (51)

The soil depth increment can be chosen by thehuget has to be smaller than one third of theiggnhorizon. The soil depth
increment can be slightly modified by the modektwsure the soil depth is a multiple of the soiltdepcrement. Then, a

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

15 K-+2<0.5 (52)
The thermal diffusivity is calculated for each duilrizon based on the thermal conductivity andvillametric heat capacity
and then averaged by weighing according the hotizichkness. The thermal conductivity is obtainethwihe empirical model
of Kersten (1949):

K = 0.1442- (0.9 - log(¥) — 0.2) - 10%6243pb (for silt or clay soils) (53)

20 K = 0.1442 - (0.7 - log(®) + 0.4) - 10%6243Pb (for sandy soils) (54)

with 9, the gravimetric soil water content (g)g
pp, the bulk density (kg ).
The volumetric heat capacity of soils is approxiedathrough a separation of the soil constituensolid and liquid phases:
¢y = 836 py, +4180 -9+ py 1000 - p,, (55)

25 with pw. the volumetric mass of water (kg3n
To initialize the procedure, the top and bottomgerature during the whole simulation and the ihtéanperature at each soil
depth must be known. The soil temperature at tpeofathe mineral soil (just under the forest floar)given by Eg. (56)
adapted from van Wijk and de Vries (1963) and Ciated al. (2004). The bottom temperature is fixed eorresponds to the
mean annual air temperature. This assumption candake as the soil depth largely exceeds 1 meteriritial temperature

30 is found through a simple interpolation of the tengtures between the soil interface and the bottom.

(Tas=Ty)

Aair

Az
Damping

T=T,+ ) (56)

agj . T
Asoil + - red - sin ((.o (t—tr,. )+ -w
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with Ty, mean annual air temperature (°C),

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

A, annual air temperature amplitude correspondirigealifference between the maximum and the minirmean
daily temperature over the year (°C),

A1, parameter corresponding to the mean annualesopérature amplitude (°C),

a,ir, daily air temperature amplitud®&,.x — Tin) calculated over the 24 hour period centered orctimsidered
time (°C),

redq, parmeter reducing the daily air temperature aumpdi to the daily soil temperature amplitude (fixed.13)
w, radial frequency (H = z—:,

tr,.. hour of the day at which air temperature is matitas the sinusoidal shape of the diurnal soilperature
cycle is not perfectly symmetricty  is adapted so that the period between maximum ramimum soil
temperature is exactly 12 hours),

Az, thickness of organic horizons (m),

Damping, parameter accounting for the phase skiftiéen the diurnal cycle of the air and soil terapee (fixed to
0.0853 after calibration).

The temperature of the organic horizons was obtid@isehe 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
A(dbh? - h) = (dbh? + 2 - dbh - Adbh + (Adbh)?) - (h + Ah) — dbh? - h

(67)

5  A(dbh?-h) = dbh?-h+2-dbh-Adbh - h+ (Adbh)? - h + dbh? - Ah + 2 - dbh - Adbh - Ah + (Adbh)? - Ah — dbh? -

hA( dbh? - h) = Adbh? - (h + Ah) + (Adbh)? - (h + Ah) + dbh? - Ah
A(dbh?-h) = Ah - (Adbh? + (Adbh)? + dbh?) + h - (Adbh? + (Adbh)?)

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

10 A(dbh? - h) = Ah - dbh? + h - Adbh?
Ah - dbh? = A(dbh? - h) — h- Adbh?

A(dbh*h) — h-Adbh?

Ah =
dbh? dbh?
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8.3 Appendix C - Delevoy height estimation

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

aph-42h

hger = 1.3 + mpe: (62)
5
where the taper is obtained based on the girtl@%t af the tree height (G10%) and the relative gatt60% of the
tree height (RG60%) for which empirical equatiores provided by Dagneliet al. (1999) for several temperate tree
species:
taper = ﬁ—Cl;f;‘;ﬁcw% (63)
10 with

C10% =a+b-mw-dbh+c-(w-dbh)>+d-(m-dbh)®+e-h+f-(m-dbh)>-h (64)

b c
0 = L 4 -
CR60% = a + T10% + 100

(65)

15 Table C1. Parameters of Egs. (64) and (65) for oaknd beech according to Dagnelie et al. (1999)

a b c d e f
Oak
C10% 3.9330 1.0284 -0.3161130 0.44036 16 -0.33113 -0.28051 10
CR60% 0.4838 14.667 -405.67
Beech
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 largascrown extension flce) at equilibrium
Estimation of hice at equilibrium for a competitor of the same size

Intersection between
potential crowns

[

Crown
at equilibrium,

hice, !
=hch

Potential crown

Chot

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of higher size

Intersection between
potential crowns

hlce,,  hice,,

Crown
at equilibriun

hice
=hcb

Target tree Competitor

Estimation of hlce at equilibrium for a competitor of lower size

Intersection between
potential crowns

Crown
at equilibrium

Potential crown

Ch

Target tree Competitor

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

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

target tree and the competitor. Then, thehlcey is fixed between the maximumnhlice (corresponding to the intersection between
5 potential crowns) and the minimumhlice (which the height to crown base) based on the retlae height of the competitor.
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10

8.5 Appendix E — Height growth modelling results

The main factor explaining the height increment #esso-called height growth potentiakh,,.) with a quadratic effect for

beech and a cubic effect for oak (Table E1, Fig. Etr both tree species, the light competitioreind Cl) had a negative

effect on height increment, meaning that, for aességight growth potential, trees under strongerptition for light had a
higher height growth than trees within better ligbhditions. For European beech, the variable seteprocedure led to

select height (which had a negative effect) to antdor tree size whilelbh was retained for sessile oak and had a positive
effect. Even if the root mean square error washgliighigher for European beech (0.094) than fos#e®ak (0.083), the
height growth model explained a much larger praporbf the variability for European beech (72%)riHar sessile oak

(43%), partly because the height growth range vigtselh for European beech.

Table E1. Parameters, R? and RMSE of the height grolitmodel (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
(Adbt?her)/dble (in m) 0.6631 0.8183
[(Adbtrhyer)/dbhe]2 -0.1777 -0.9178
[(Adbreh)/dbF?] 0.4733
RMSE 0.09397 0.083017
R2 0.72 0.43
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(a) Sessile oak (b) European beech
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Figure E1. Effect of the height growth potential on ak and beech height growth for two levels of lightompetition (strong light

competition = light competition index< 0.15, lower light competition = light competitionindex > 0.15). The solid lines represent the

model predictions obtained using Eq. (31) with paramter values of Table E1 and with mean values faibh, height or the light
5 competition index.
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Table 1. Mixed stand characteristics per tree specaerived from stand inventories in 2001 and 201 86tandard deviation is provided
in parentheses.

Year Tree species Density Basal area gbh height Crown dimensions
(Nha?)  (m2ha?) (cm) (m) radius (m) length (m)

2001

hornbeam 10 0.1 29.3(18.2) 8.9 (4.3)

sessile oak 121 13.3 1155 (21.1) 24.4(1.7) 3% 7.0(1.7)

European beech 350 16.5 66.1 (39.3) 18.2 (6.9) 8 (130) 8.9 (2.8)
2011

hornbeam 6 0.0 22.6 (9.0) 8.4 (2.7)

sessile oak 114 14.8 126.0 (21.9) 26.9(1.7) 43)(2 7.7 (2.0)

European beech 260 17.7 80.2 (46.1) 21.3(7.3)2 (M41) 10.7 (3.3)

1Girth at breast height
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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
Kk extinction coefficient m* 0.53 fitted with tree growth data of the study site
PUEq PAR use efficiency of sunit leaves kgC mol photon§ 0.00006 0.000216 fitted with tree growth data of shaly site
PUEs PAR use efficiency of shaded leaves kgC mol photoni§ 0.00105 0.000584 fitted with tree growth data of shaly site
Respiration
Asapwood parameters of the sapwood area function (Eq. 12) 0.00/1.54/0.16 0.00/0.00/0.52 fitted with data from Andrét al. (2010)
F nop_gpp. parameters of the npp to gpp ratio function (Eq. 8) 0.997/-0.386 0.959/-0.408 fited with tree growthedet the study site
Riet maintenance respiration per g of N at the refereeawperature (15°C) mole G@N™ " 0.000079 0.000057 fitted with tree growth data of shely site
Ror growth respiration per unit biomass increment kgC kgC" 02 Dufréneet al. (2005)
Qu0_taf or fine root coefficient of leaf dimensionless 21 Vose and Bolstad (1999)
Qo semand oot temperature dependence coefficient of stem and-espiration dimensionless 17 Epronet al. (2001)
Qu0_braren temperature dependence coefficient of branch eigpir dimensionless 28 Damesiret al. (2002)
Carbon allocation
Diea parameters of the leaf biomass function (Eq. 15) kgC 0.0026/1.96/1.96 19.04/1.30/0.00  Jonardet al. (2006)
bsuucural_sbove of the structural kgC 0.000/263.4/0.969 0.056/292.800.966 Hounzandt al. (2015) and Genet et al. (2011)
T root_shoot root to shoot ratio kgC kgC" 0.18 Genetet al. (2010)
1 teat_min minimum fine root to leaf ratio kgC kgC' 05 lterature data compiation
Tt teat_max maximum fine root to leaf ratio kgC kgC 25 lterature data compiation
Steat leaf relative loss rate kgC kgClyr” 1
Si fine root relative loss rate kgC kgClyr™* 1 Grote and Pretzsch (2002)
f stem form factor m’m® 0.52 Hounzandpt al. (2015) and Genet et al. (2011)
» stem volumetric mass kgC m® 562.17 556 Hounzandpt al. (2015) and Genet et al. (2011)
tiear leaf retranslocation rate kgC kgClyr* 0.4 0.45 determined based on tree foliage data twfiio the study site
oot fine oot retransiocation rate kgC kgClyr* 0.4 0.45 same values as leaves
Swranch parameters of the branch mortalty function (sacmenfas Eq. 15) kgC 5.50E-5/3.064/3.064 6.00E-4/2.681/0.00 fitted \aha from André et al. (2010)
Pinit parameters of the fruit production function (Eq.22) kgC 1.55E-3/2.34 4.50E-412.681 fitted with itterfddta from ICP Forests level I plots of Walonia
dbhuesnoa  threshold dbh for fruit production cm 25 field observations
Tree dimension increment
hice% fraction of the total height corresponding to thiight of largest crown extension mni 081 077 determined based on tree inventory dataeastudy site
hcb% fraction of the total height corresponding to theven base height mni 07 061 determined based on tree inventory dataeostuidy site
Dd parameters of the crown to stem diameter funcéigp £0) mm’ 16.20/0.0280/0.00/0.00  10.49/0.00/1379/-2881  detemivased on tree inventory data of the study site
sh coefficient used to shit the mean crown to steamdter rato relationship to its maximum dimensissie 125 15 determined based on tree inventory dat aftudy site
 overapping mean crown overlapping ratio mm' 1 12 determined based on tree inventory data aftiidy site
Ahlonax maximum annual change in hice myr 05 determined based on tree growth data of the sitely s
AhChna: maximum annual change in hcb myrt 05 determined based on tree growth data of the sitely s
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Table 3. Statistical evaluation of predicted basal rea increments (vs observations) for various combations of model options using
normalized average error (NAE), pairedt-test, regression test, root mean square error (RMS), Pearson’s correlation (Pearson’s r) and
modelling efficiency. Standard deviation or confidace intervals are provided in parentheses.

Model options Mean basal area increment NAE  Paired t-test orthogonal regression RMSE  Pearson's r Modelling
Tree species observations  predictions P value intercept slope efficiency
Castanea/npp to gpp ratio/distance-independent arextension

European beech 11.11 (13.27) 10.92 (15.25) -0.017 0.874.61 (0.58 - 2.63) 0.87 (0.82 - 0.92) 6.91 0.89 0.73
Common oak 16.94 (9.10) 17.18(11.92)  0.014 0.865 DER(- 6.99) 0.76 (0.61 - 0.92) 8.58 0.69 0.10
Castanea/npp to gpp ratio/distance-dependent crextansion

European beech 11.11 (13.27) 9.36 (13.71) -0.158 0.143.05 (2.92 - 3.19) 0.97 (0.90 - 1.04) 7.15 0.87 0.71
Common oak 16.94 (9.10) 16.64 (11.70)  -0.017 0.839 {OCBD - 7.20) 0.78 (0.62 - 0.93) 8.51 0.69 0.12
Castanea/T°dependent maintenance respiration/distandependent crown extension

European beech 11.11 (13.27) 11.57 (21.10)  0.041 0.769.84 (2.42 - 5.26) 0.63 (0.57 - 0.69) 13.24 0.80 0.00
Common oak  16.94 (9.10) 17.42 (14.59)  0.029 0.768  630F9( 9.05) 0.62(0.49-0.76)  10.76 0.67 -0.41
Castanea/T°dependent maintenance respiration/distatependent crown extension

European beech 11.11 (13.27) 13.16 (24.24) 0.185 0.235.90 (2.62 - 5.18) 0.55 (0.50 - 0.59)  15.39 0.82 -0.35
Common oak  16.94 (9.10) 18.26 (16.24) 0.079 0.459 6.67 (3.80 - 9.53) 0.56 (0.44 - 0.68) 12.11 0.68 -0.79
PUE/npp to gpp ratio/distance-independent crowreesion

European beech 11.11 (13.27) 8.66 (11.92) -0.221 0.028.47 (0.37 - 2.57) 1.11 (1.04 - 1.19) 6.78 0.88 0.74
Common oak 16.94 (9.10) 16.09 (9.71) -0.05 0.511 1.8B0-- 6.46) 0.94 (0.69 - 1.19) 8.52 0.59 0.12
PUE/npp to gpp ratio/distance-dependent crown esiten

European beech 11.11 (13.27) 6.61 (9.42) -0.405 <0.001.80 (0.51 - 3.08) 1.41(1.30 - 1.52) 8.63 0.84 0.58
Common oak 16.94 (9.10) 14.15(9.08)  -0.164 0.026 2233 - 8.09) 1.00 (0.68 - 1.32) 9.31 0.52 -0.06
PUE/T°dependent maintenance respiration/distanciependent crown extension

European beech 11.11 (13.27) 7.57 (14.14)  -0.319 0.004.00 (2.35 - 5.65) 0.94 (0.84 - 1.04) 10.38 0.75 0.39
Common oak  16.94 (9.10) 15.18(10.28) -0.104 0.185  B@90-7.37) 0.89 (0.67-1.10)  8.59 0.63 0.10
PUE/T°dependent maintenance respiration/distanqestdent crown extension

European beech 11.11 (13.27) 7.76 (14.49)  -0.301 0.007.99 (2.52 - 5.46) 0.92 (0.83 - 1.00) 9.75 0.79 0.46
Common oak  16.94 (9.10) 14.59 (10.17) -0.139 0.075 3.89 (-0.42 - 8.18) 0.90 (0.65 - 1.14)  59.1 0.58 -0.02
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