571

Ann. For. Sci. 57 (2000) 571–585
© INRA, EDP Sciences

Original article

SIMWAL: A structural-functional model simulating
single walnut tree growth in response to climate
and pruning
Philippe Balandiera,*, André Lacointeb, Xavier Le Rouxb, Hervé Sinoquetb,
Pierre Cruiziatb and Séverine Le Dizèsa, b
a Cemagref,

Unité de Recherche Forêt et Agroforesterie, Groupement de Clermont-Ferrand, 24 avenue des Landais,
BP. 50085, 63172 Aubière Cedex, France
b UMR PIAF, INRA – Université Blaise Pascal, Domaine de Crouelle, 234 avenue du Brezet,
63039 Clermont-Ferrand Cedex 02, France
(Received 8 February 1999; accepted 28 June 1999)

Abstract – SIMWAL (SIMulated WALnut) is a structural-functional tree model developed for single young walnut tree (Juglans
sp.). It simulates the 3D structure dynamics of the tree, and biomass partitioning among its different organs, for a period ranging from
a few months to several years, according to climatic conditions (temperature, radiation and air CO2 concentration) and pruning. The
aerial part of the tree is represented by axes split into growth units, inter-nodes, buds and leaves. The root system is described very
coarsely by three compartments (taproot, coarse root and fine root). Only carbon-related physiological processes, i.e., radiation interception, photosynthesis, respiration, photosynthate allocation, and reserve storage and mobilisation are taken into account. Water and
mineral nutrients are assumed to be optimal. We describe the model, and present preliminary tests of its ability to simulate tree architecture dynamics and carbon balance compared with field observations. Data requirements, and limits and improvements of the
model are discussed.
structure / function / model / Juglans / pruning
Résumé – SIMWAL : un modèle d’arbre structure-fonction simulant la croissance d’un noyer en fonction du climat et de la
taille. SIMWAL est un modèle d’arbre structure-fonction développé pour le jeune noyer (Juglans sp.). Il simule l’évolution de la
structure 3D de l’arbre et la répartition de la biomasse entre ses différents organes, pour des périodes allant de quelques mois à
quelques années, en fonction des conditions climatiques (température, radiation, concentration dans l’air du CO2) et des opérations de
taille. La partie aérienne de l’arbre est représentée par des axes, eux-mêmes divisés en unités de croissance, entrenœuds, bourgeons et
feuilles. Le système racinaire est plus grossièrement décrit en trois compartiments : pivot, racines moyennes et racines fines. Seuls les
processus physiologiques relatifs au carbone sont pris en compte : interception lumineuse, photosynthèse, respiration, répartition carbonée, et stockage et mobilisation des réserves. L’eau et les éléments minéraux sont considérés à l’optimum. Nous décrivons en
détail le modèle et présentons quelques tests préliminaires visant à vérifier sa capacité à simuler l’évolution de l’architecture d’un
arbre et son bilan de carbone en comparaison à des observations de terrain. Le manque de certaines connaissances, les limites et les
améliorations possibles du modèle sont discutés.
structure / fonction / modèle / Juglans / taille
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1. INTRODUCTION
In the last decades, modelling has become a powerful
tool for studying and understanding plant growth and
other processes. This is especially true for trees because
their decade- or century-long life span make it very difficult to run relevant experiments that would be required
in each different situation [13]. Models can offer a conceptual framework for research. Gary et al. [23] compare
them to puzzles where missing pieces can be identified,
various persons or groups can mobilise their different
skills in cooperative projects, and different levels of
organisation can be considered.
According to the kind of knowledge used (botanical
concepts, statistical relationships, physiological processes), the scale (from tree organs [6] up to single trees or
whole stands, e.g., [17]), and the targets (prediction of
total dry matter production, photosynthate partitioning,
or tree architecture dynamics), many different tree models have been proposed (for reviews see [7, 24]).
In this last decade, the general tendancy has been to
(i) include physiological processes in models (processbased models), and (ii) work at individual or organ scale.
Physiological processes are essential in accounting for
the effects of climate and soil factors for simulating
growth in many different environments [34, 44, 59].
Indeed, if changes in future management regimes,
human impact on the atmosphere (climate change,
atmospheric chemistry) and/or changes in soil fertility
alter future growth conditions, the prediction of tree
growth using classical yield tables (volume-age curves,
height-age curves, yield tables) will be inaccurate [44,
60]. Another factor is the increasing complexity of the
stand structure being studied. While it is possible to
work at the stand level with a monospecific, regular and
evenly-aged stand, this is more difficult with irregular
stands that mix one or more species of different sizes,
shapes and ages [7, 13]. The individual tree growth
approach provides the best representation of observed
tree growth distribution in a stand in most cases in comparison with distribution-prediction or stand table projection approaches [32]. In addition, in many competition
indices, individual tree characteristics are used (crown
length, horizontal extension, etc.), which leads de facto
to the use of a tree scale in modelling [11].
More recently, “mixed models” or “structural-functional models” (SFMs) have been developed that combine
architectural with mechanistic models [15, 57]. The aim is
to achieve a realistic 3D growth prediction based on physiological processes. However, just including physiological
processes in models often does not improve their accuracy
if tree architecture or structure is not described to some
degree [57]. For instance simulating the process of light

interception requires an adequate description of the tree
crown [11, 58]. Similarly water relationships are grounded on the tree hydraulic architecture [33], possibly including the root system [19]. An appropriate description of
crown development also proves essential to simulate
intensive silvicultural practices [14].
Using SFMs allows plant growth to be simulated taking into account competition for resource capture
between organs at the plant level or between individual
plants at the plot level [22]. Because wood quality is
strongly correlated with both tree growth characteristics
and architecture (type of axis, angle of insertion, axis
reorientation, internal constraints, etc.), predicting wood
quality requires the model to interconnect tree structure
and growth processes [16, 27, 64]. Normally, by construction, SFMs should be able to take climate, soil characteristics and cultural practices into account. Using a
“structural-functional tree model” (SFTM) is consequently useful for simulating tree response to shoot pruning, because pruning modifies architecture, leaf area and
also photosynthetic processes [4, 24, 50]. Moreover, tree
response to pruning is not simply a decrease in photosynthetic capacities; growth correlations among organs
within the tree are also modified [4]. Progress in data
processing has resulted in the development of complex
SFTMs such as LIGNUM [48, 49] and ECOPHYS [52].
LIGNUM simulates the 3D growth of a softwood with a
simple architecture according to light climate, with a
time step of one year. ECOPHYS runs with an hourly
step and predicts the 3D growth of young clones (first
growth year) of poplar according to climate. Results are
very accurate but the large number of parameters used in
the model restricts its application to other species. The
model of Génard et al. [24] is designed to simulate the
effect of pruning on a peach tree in its first year of
growth. It takes into account the growth correlations
among organs in the tree through root-shoot interactions.
The latter two models simulate tree growth only during
one year and consequently do not allow to simulate the
effects of inter-annual climatic variations.
None of those models fully met our objectives. We
wanted to design a model that would (i) simulate tree
growth for several years, (ii) use a 3D realistic description of the tree at the organ scale to simulate tree
response to local microclimate modifications, (iii) simulate the effects of cultural practices, particularly pruning,
and (iv) use only variables that have a physiological
meaning. This paper describes SIMWAL (SIMulated
WALnut), an SFTM developed for single young walnut
trees (Juglans sp.) and reports results of preliminary tests
of its ability to simulate the 3D structure dynamics and
biomass partitioning among organs in relation to climate
and pruning. For this first version, only carbon processes
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are taken into account, nitrogen and water being taken as
optimal. Only results of one year of simulation are
described in this paper to check the model consistency in
this first step of model development. A next paper will
give results on several years.
2. MATERIALS AND METHODS
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topological and geometrical characteristics, and parameters for the main processes), climate and soil data (at present air and soil temperatures, radiation, air VPD and air
CO2 concentration). The carbon processes taken into
account are radiation interception, photosynthesis, respiration, photosynthate allocation, and reserve storage and
remobilisation. Radiation interception and photosynthesis are computed hourly to account for the variations in
the incident radiation in the crown during the day.

2.1 Model description
General organisation and computer implementation
Figure 1 shows the schematic organisation of the
model. Its inputs are tree data for initial stage (including

Photosynthate allocation and growth increment are
daily based. As these latter processes are less influenced
by hourly fluctuations than radiation interception and
photosynthesis, computing them on an hourly scale
would probably not improve the accuracy of the model.

Figure 1. Schematic organisation of the model. (Pi : budburst probability, Gi : growth potentiality, Fij : photosynthate flux between a
source i and a sink j, ki : coefficient of matter conservation, f (dij ): function modulating the effect of the distance (dij ) between a source
i and a sink j).
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The model outputs are the daily results of the components of the tree carbon balance (i.e. respiratory losses,
structural and non-structural (reserve) dry matter production) and resulting changes in tree structure (number of
organs, their dimension, topological and geometrical
relationships, etc.).

nario) specifies the sequential order in which the engine
considers the different organs in a given time step and
with what sets of rules (for details see [38]).

SIMWAL runs on a Pentium Pro 200 MHz PC with
64 Mo RAM. For details of the computer implementation see [8, 28]. Tree organs are described as objects
with their own features (attributes) and processes coded
in a rule-based language (PROLOG II+, PrologIA,
Marseille, France). A simulation engine in the heart of
the program (growth engine) interacts with the organs
attributes, climate parameters and process rules to run
the simulation at each time step. A control structure (sce-

Tree is described according to [5, 15]. The aboveground part is broken down into axes (trunk, branches,
twigs, each with their age and branching order) which
are in turn split into growth units (GUs; see figure 2),
internodes and nodes bearing a bud and a leaf. Each
organ is positioned in the 3D space by its coordinates
and orientation. Thus some tree architectural features
such as axis phyllotaxy, angle of axis insertion, etc. are
explicitly represented. Two consecutive organs are

Tree description

Figure 2. Comparison of the observed and simulated architecture dynamics of a given tree in 1992. The lenght (cm) and the number
of internodes are given for each new GU of 1992.
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linked together by topological links (e.g., GU1 bears
GU2 and GU2 bears GU3, etc.). Thus the model is able
to calculate the topological or metrical distances separating two organs. The root system is described more
coarsely as made of three compartments (three cylinders
with their diameter and length), namely taproot, coarse
root and fine root, to avoid making the model too complicated in this first version. The three compartments are
attached at a distance from the root-shoot junction representing the mean distance of attachment of the root type
in the root system.

Assuming a spherical leaf angle distribution, P0is can be
written:
ze – zi
(4)
P0is = exp – D ⋅
2 ⋅ sin Hs
where ze is the height where a sunbeam reaching leaf i
enters the ellipsoid. Altitude ze is given by the intersection between the ellipsoid envelope and the beam line.
The latter is given by:
x – xi
cos Hs ⋅ cos A s

Leaf irradiance
The light submodel simulates light microclimate at
the leaf level to focus on the variation of leaf irradiance
within the crown. For this purpose, two approaches were
proposed. The first one applies to young trees where
shading between leaves is assumed not to occur. In this
case, variations in leaf irradiance are due solely to differences in leaf angle (cf. Eqs. (6) and (10)). The second
approach addresses larger trees, in which additional variations in leaf irradiance are due to shading effects.
In the case of larger trees, the tree crown is approximated as an ellipsoid as previously proposed by several
authors (e.g. [45, 67]). Parameters of the ellipsoid are
computed from the spatial co-ordinates (xi,yi,zi) of leaves
(i = 1,…N), as they are simulated from the architecture
submodel. The ellipsoid equation is given by:
x – x0
a

2

2

+

y – y0
b

2

2

+

z– z 0
c

2

2

=1

(1)

(2)

N

D=

Σ Li / V

i=1

y – yi
cos Hs ⋅ sin A s

=

z – zi
sin Hs

.

(5)

Altitude ze can be analytically derived by combining
equations (1) and (5). For each leaf i, the value of P0is is
compared with a random number T sampled between 0
and 1. If T is lower than P0is, the leaf is assumed to be
sunlit and beam leaf irradiance Iis is computed as a function of the relative geometry between the sun direction
and the leaf orientation (e.g. [55]):
Iis = (Rb0 / sin Hs) · |cos αi · sin Hs + sin αi · cos Hs · cos (Ai – As)| (6)
where Rb0 is the incident direct radiation, αi is leaf inclination and Ai is leaf azimuth. If T is greater than P0is, the
leaf is assumed to be shaded and beam leaf irradiance Iis
is equal to zero. This simple stochastic process allows us
to generate sunlit and shaded leaf populations whose partitioning depends on the spatial location within the tree.
For diffuse leaf irradiance, the sky is divided up into
solid angle sectors j corresponding to directions Ωj of
elevation Hj and azimuth Aj. Assuming an isotropic distribution of the diffuse incident radiation [66], the flux
Rdj coming from each sector j is
Rdj = Rd0 · (sin2 [Hj + dH] – sin2 [Hj – dH]) · (dA / π) (7)

where x0 = (xmin + xmax) / 2, y0 = (ymin + ymax) / 2, z0 = (zmin
+ zmax) / 2, and a = (xmax – xmin) / 2, b = (ymax – ymin) / 2,
c = (zmax – zmin) / 2. Minimum and maximum values of x,
y and z are retrieved from spatial co-ordinates (xi, yi, zi)
of leaves (e.g. xmin = Min[xi , i = 1,…N]). Parameters a, b
and c are half axis of the ellipsoid along X, Y and Z axis,
respectively. The crown volume V and leaf area density
D within the crown can then be written:
V = (4/3) · π · a · b · c

=

(3)

where Li is the leaf area of leaf i. The probability P0is
that a leaf i is sunlit is computed from Beer’s law applied
to the sun direction Ωs of elevation Hs and azimuth As.

where dH = 5° and dA = 15° are respectively the halfsize of elevation and azimuth classes. Rd0 is the incident
diffuse radiation above the tree.
For each direction Ωj , the attenuation of diffuse radiation P0ij is computed from Goudriaan’s form [25] of
Beer’s law
P0ij = exp – D ⋅

ze – zi
2 ⋅ sin H

⋅

1–σ

(8)

where σ is the scattering coefficient of leaves, i.e. the
sum of leaf reflectance and transmittance (σ ≈ 0.2 for
photosynthetically active radiation). Including the term
1 – σ is a simple way to account for scattering in light
attenuation [25]. Diffuse irradiance Iid of leaf i is thus:
Iid =

ΣΩ Rdj /sin Hj ⋅ P0ij ⋅ cos α i ⋅ sin Hj + sin α i ⋅ cos Hj ⋅ cos A i – A j . (9)
j
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The leaf irradiance submodel is used in SIMWAL in
three cases. First, direct leaf irradiance is computed at
each time step, i.e. when the sun direction changes.
Second, when a new leaf appears, the ellipsoid parameters are updated, and the direct and diffuse irradiance of
the new leaf is computed. Third, when the ellipsoid parameters have significantly changed (i.e. a 10% variation
of any parameter), the direct and diffuse irradiances of
all leaves are updated.
In the case of small trees without mutual shading, all
leaves are assumed to be sunlit and receive diffuse radiation from every sky direction. Direct leaf irradiance Iis is
thus given by equation (6) while diffuse irradiance Iid
obeys equation (9) where P0ij equals 1. This leads to [65]:
Iid = Rd0 · cos2 (αi / 2).

(10)

Carbon gains and losses

m–2

(11)

s–1)

is the carboxylation rate
where Wc (µmol CO2
limited by the amount, activation state and/or kinetic
properties of Rubisco, Wj (µmol CO2 m–2 s–1) is the carboxylation rate limited by the rate of RuP2 regeneration,
τ is the specificity factor for Rubisco, Rd (µmol CO2 m–2
s–1) is the rate of CO2 evolution in light that results from
processes other than photorespiration, and O and Ci (Pa)
are respectively the partial pressures of O2 and CO2 in
the intercellular air spaces. Rubisco activity is likely to
restrict assimilation rates under conditions of high irradiance and low Ci. RuP2 regeneration is likely to be limiting at low irradiance and when Ci is high. At a given leaf
temperature, the key model parameters (maximum carboxylation rate, maximum electron transport rate, and
respiration rate) are linearly related to leaf nitrogen content on an area basis Na [41]. Na is correlated to the actual time-integrated leaf irradiance <PARi > as [40]:
Na = a + bN0 <PARi > / <PARi0>

Ci / Ca =

PAR i + 51.1
1.538 PAR i + 40.88

.

(12)

where <PARi0> and N0 are respectively the mean irradiance and nitrogen content of fully sunlit leaves. The temperature dependence of the key model parameters is
given in Harley et al. [26] (leaf temperature is assumed
to be equal to air temperature). Two approaches can be

(13)

In the second approach, stomatal conductance is computed according to Jarvis [29]. This model assumes that the
stomatal conductance gs is affected by non-synergistic
interactions between plant and environmental variables.
Thus, gs (mmol H2O m–2 s–1) is computed as
gs = gs max f (PAR) f (VPD) f (Ca )

Leaf photosynthesis is simulated with an hourly time
step according to Farquhar et al. [21]. The Farquhar
model was used because it provides a physiologically
sound approach to account for the effect of CO2 and temperature on leaf photosynthetic rate. The model version
proposed by Harley et al. [26] was used without including the potential limitation arising from triose phosphate
utilisation. Net CO2 photosynthetic rate (Pn, µmol CO2
m–2 s–1) is expressed as
Pn = [1 – (0.5 O / (τCi))] min (Wc, Wj) + Rd .

used to compute Ci in the current version of the model.
In the first approach, valid only for high air humidity and
no water stress, the ratio of the partial pressure of CO2 in
the intercellular air spaces to the partial pressure of CO2
in the air Ci /Ca is computed by an empirical function of
leaf irradiance PARi (Le Roux, unpublished, established
for leaves of young and old walnut trees):

(14)

where VPD is the air water vapour pressure deficit at the
leaf surface (Pa), Ca is the air CO2 concentration (Pa),
and gs max is the maximum stomatal conductance. gs max is
empirically computed according to the leaf radiation
regime to account for the relationship between leaf photosynthetic capacity and gs max [41]. When using the second
approach, an analytical solution is used to couple the photosynthesis and stomatal conductance submodels [67].
Water restriction is not considered in the present version of the model. Leaf ageing is accounted for by an
empirical relationship, whereby photosynthetic rates
increase from budbreak until late July and decrease in
September and October [31]. Leaf fall arbitrarily occurs
on 1 November. A detailed version of the photosynthesis
submodel and a complete list of the parameters determined for walnut are given in [41].
Carbon losses are split into growth respiration R g
(associated with the synthesis of new biomass) and
maintenance respiration Rm (associated with the maintenance and turn-over of existing biomass). As each type
of organ has a different chemical composition, respiration is computed at the organ scale. Rm is assumed to be
proportional to the amount of structural carbon w st
(gDM) in each organ [47]:
Rm = m wst

(15)

where m is the maintenance coefficient (gCO2 gDM–1
day–1). Individual m values are not determined for each
organ; when unknown for a given type of organ, m is set
as proportional to the maximum carbohydrates content
of this organ, assuming this content reflects its proportion of live DM. This is supported by the following
assumptions: (i) for a given organ, the ratio of live DM
to total DM is proportional to its ability to store reserves
(i.e., the live DM is assumed to be made essentially of
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parenchyma cells of equivalent capacity), and (ii) the
maximum carbohydrates content is reflected in this
capacity of storage. The parameter m is modulated by
temperature using a Q10 value of 2 [30].
Rg is proportional to the structural dry matter increase
∆wst (gDM day-1):
Rg =

1 – Yg
Yg

∆ wst

(16)

where growth efficiency Yg is defined as the proportion
of the total C allocated to growth that is actually incorporated into the new DM [62]. Its value is generally close
to 0.7 to 0.8 [56]. We chose a value of 0.75 for all the
organs except fine roots which have a high turn-over.
Modelling root mortality could be done by removing
constructed tissues. However, to simplify the way of
modelling this process in this first version of the model,
we lowered the value of Yg to 0.5 for the fine roots (in
Eq. (16) ∆wst is only the increment in structural dry matter without considering mortality losses).
Carbon partitioning
The carbon allocation submodel in SIMWAL is basically a proportional model [34]. However, two major
extensions have been included to account for significant
features of carbon allocation in real trees:
1. Non-proportional changes in relative sink allocation, as observed for significant source-sink ratio
changes, are allowed through splitting the local “sink
strength”, which is determined by a single parameter in
basic proportional models, into two different components. These are a C demand, analogous to an affinity,
which drives allocation at low C availability, and a maximum import rate, which controls C allocation at high C
availability. A similar extension of proportional models
can be found in Escobar-Guttierrez et al. [20].
2. The decrease in C fluxes between source and sink
with increasing pathway length, a major characteristic of
carbon allocation within trees [34], is taken into account by
computing the fluxes from a given individual source allocated to the different individual sinks as proportional not
only to their demand, but also to a coefficient that is a
decreasing function of the source-sink distance. Thus, the
amount of carbohydrates flowing from an individual
source #i to an individual sink #j, as allocated by the model
regardless of any maximum import rate limitation, is:
Fij =

A j ⋅ f d ij

Σk A k ⋅ f d ik

· ACNi

(17)

where ACNi is the net amount of carbohydrates exported
by source #i, Aj the affinity or demand of sink #j, and
f (dij ) a decreasing function of the distance between the
two partners. dij is the metric length between i and j but
following the topological path (i.e. following the different junctions between the GUs). In the present version of
SIMWAL, f (dij ) was chosen after testing different forms
[37] as:
f (dij ) = (dij + a) –λ

(18)

where a (cm) and λ (dimensionless) are two parameters
determined empirically by moving forward by trial and
error.
Summing for all possible sources yields the total
amount of carbohydrates allocated to sink #j. However,
if this exceeds the maximum that can be imported by
sink #j, the actual amount imported will be the maximum
import rate, Bj :
Fj = min

Σi Fij , Bj

(19)

and the carbohydrates allocated in excess are retained to
be allocated at the next time step, together with the carbon that will be released by the different sources at that
next time step. This can be regarded as the short-term
storage that occurs in leaves or conducting tissues (see
review by Lacointe et al. [36] and refs. therein).
This approach, although very simple in its formulation, allows very flexible allocation patterns based on
source-sink relationships, including spatial aspects,
which take into account some architectural information.
A similar approach is used for continuous diffuse sinks
such as radial growth (see [37] for details).
Sources and sinks
In SIMWAL there are basically two C sources:
photosynthesis and reserve remobilisation. Reserve
remobilisation takes place in winter and spring when
photosynthesis is nil or insufficient to supply the different organs. In winter, each organ is assumed to live on
its own reserves for maintenance respiration. In spring,
organ reserves are used for respiration and growth until
photosynthesis reaches or exceeds C demand. Each
organ uses firstly its own local reserves, then reserves
from the closest storage organ, then if necessary the second closest organ, etc. For biological reasons, the reserve
content of a given organ cannot drop below a given
threshold. Therefore when this threshold is reached,
reserves from another organ are used to supply a given
sink. If all the organs are below the threshold, reserves
are no longer mobilised.
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The demand of each organ (sink) is split into three
components: maintenance respiration R m (Eq. 15),
growth (structure extension and associated respiration
R g, Eq. 16), and reserve reconstitution (after spring
mobilisation) or storage (for new organs). In SIMWAL
growth and reserve storage occur at the same time, at the
organ level, which is consistent with biological observations [31]. The following two sections describe the
growth and reserve storage processes.
Growth processes
We distinguish three growth processes; (i) bud growth
until budbreak, (ii) elongation of new shoots, roots and
leaves, and (iii) radial growth of pre-existent and new
organs (shoot or root). Carbon allocation and growth
processes are developed in two distinct submodels in
SIMWAL. However, they are intimately linked to each
other by the following processes; (i) growth is limited by
the carbon availability at a given time t, and (ii) growth
demand at t is adjusted according to growth at t – 1 and
consequently according to C availability at t – 1 (i.e. if C
availability allows growth to be high at t – 1, the demand
at t may be greater than at t–1 and vice versa). The
growth of a given organ is therefore not entirely defined
and depends on C availability. This feature gives SIMWAL a certain plasticity particularly in relation to external
factors (climate, pruning).
Bud growth
Bud growth is driven by air temperature. We take
1 January as the date of bud dormancy release whatever
the annual climate. This approximation introduces very
little error under temperate climates, where temperatures
inducing fast bud growth do not occur before February
or March [3]. This should not be the case using the
model with other types of climate. Branching rules for
walnut and variability in crown development are taken
into account by computing the probability of budburst Pb
for each bud j according to the bud position in the tree
and GU characteristics:
Pb (j) = f1 (axis order) × f2 (GU volume)
× f3 (bud position) × f4 (GU reserve)

(20)

where fi are empirical multiplier functions between 0 and
1 (for details see [37]). On 1 January, the drawing of a
random number T determines if budburst occurs
(T < Pb(j)) or not (T > Pb(j)). There is also a second random draw to test if latent buds (buds two or more year
old) will die or not, the probability of dying increasing

with bud age. Buds predetermined to burst in spring
grow according to an exponential law [51]:
wb (j) = wb0 · exp [Φ(k)]

(21)

where wb(j) is the weight of the bud j, wb0 is the initial
weight of the bud on 1 January and for each type k of
bud (apical or axillary) Φ increases linearly with the
amount of accumulated temperatures above the threshold
of 4.5 °C [53]. The increase in wb at a given time t is
then converted into a carbon demand (D(t)). According
to phenological observations, apical buds grow faster
than axillary ones (for details see [37]).
Shoot elongation
From biological observations, the growth of a new
shoot takes place in two phases: cellular multiplication
and elongation. The number of cells obtained at the end
of the multiplication stage determines the maximal potential elongation of the organ (i.e., after the multiplication
phase no new cellular division occurs and cells have finite
elongation possibilities). Provided assimilate availability
is sufficient, the multiplication phase is described by an
exponential law (cf. Eq. (22)). Elongation is described by
a logistic law (cf. Eq. (25)). It is defined by continuation
of the exponential law for the small values while the
upper asymptote is proportional to the point reached at
the end of the exponential phase for a non limiting carbon
supply [37]. In the case of limiting assimilates, the point
reached at the end of the exponential curve will be lower,
and hence so will be the maximum of the logistic curve.
The slope of the logistic curve (β, see Eq. (25)) gives at
each time step the maximum elongation rate of the organ
provided assimilates are not limiting.
Mathematically, for a given organ in its exponential
phase, carbon demand D(t) at time t is proportional to its
weight w at t – 1:
D (t) = c (t) × w (t – 1) with c (t) = c0 × g (t – 1) (22)
where c(t) is a proportionality parameter, c0 is the value
of c if available assimilates do not exceed demand, and
g(t – 1) is an increasing function of the amount of assimilates in excess (ε(t – 1)) with respect to the organ demand
at t – 1. g(t – 1) varies between 1 and gmax as a function of
ε(t – 1):
g(t – 1) = 1 for ε(t – 1) ≤ 0
1 < g(t – 1) < gmax for 0 < ε(t – 1) ≤ εthreshold
g(t – 1) = gmax for ε(t – 1) > εthreshold

(23)

where gmax is the maximum value of g(t – 1) and εthreshold
corresponds to a certain amount of assimilates in excess.
εthreshold is proportional to the carbon demand at t – 1
(D(t – 1):
εthreshold = γ (k) · D (t – 1)

(24)
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where γ (k) is a factor of proportionality (γ (k) > 0)
depending on the type k of organ.
For a given organ in the logistic phase, its potential
dimension E(t) at time t is given by:
E t =

Em
1 + exp – β t – t ip

(25)

where Em is the asymptote of the curve, tip is x coordinate of the inflection point (which is also the point with a
y coordinate Em/2) and β controls the slope.
Radial growth
For organs aged one year or more, we assume their
radial growth begins once they have reconstituted their
reserve after spring mobilisation. For new shoots, radial
growth begins once their first internode has ended its
elongation. Reserve storage is assumed to be concomitant with radial growth. Therefore a given organ at a
given time t has a demand D(t) for assimilates for both
the new structure and reserve storage. This demand D(t)
is directly linked to the assimilates available at t – 1:
D(t) = ∆C (t – 1)

(26)

where ∆C (t – 1) is the amount of carbon that has actually
been incorporated in the organ at t – 1 according to
assimilate availability. This formulation relies on the
observation that the activity of the enzymatic system,
which determines the sink strength, responds fairly
directly to the local concentration in assimilates and particularly sucrose [18]. If there is an excess of assimilates,
the incorporation of carbon in a given organ can exceed
the demand D(t). However, D(t) is limited by a maximal
value (Dmax) corresponding to the assumed physical limits of cell division rate. Therefore D(t) = min [∆C (t – 1),
Dmax].
Fine root growth
The growth of fine roots is modelled separately to
take into account their ability to grow throughout the
year according to soil temperature (water and mineral
nutrients being non-limiting [12, 54]). Fine root growth
rate V (cm day–1 gDM–1) is computed as:
V = Vopt {1 – [(T – Topt)2 / (Tt – Topt)2]}

(27)

where Vmax is the maximal growth rate, and T, Tt and Topt
are respectively the soil temperature at 20 cm depth (°C),
the threshold temperature at which growth can occur and
the optimum temperature where V = V max. A carbon
demand D(t) corresponding to the structure increment
according to V is then calculated at each time step.
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Tree pruning
A pruning operation has two major effects: budbreak
of latent buds and modification of the growth of organs
that were already growing [2, 4]. A tree shows a complex of inhibitive correlations [10], i.e. the growth of a
given organ is under the control of other organs that can
prevent it growing (for instance in apical dominance, the
growing apical bud prevents the axillary buds growing).
Therefore, by suppressing some organs, pruning can
break (though not always, see below) this complex of
inhibitive correlations, and some latent buds that were
previously inhibited can grow and give birth to new
shoots. For a given bud, its budbreak probability after
pruning (Pp) depends on [1, 42, 43]:
1. Its position within the tree below the point of pruning.
A bud close to the pruning point has a better chance
of breaking than a bud farther away;
2. The amount of foliage or organs removed by pruning.
The growth of a bud is inhibited by many other
organs (see above). This means that Pp increases with
the number of inhibiting organs removed;
3. The number of buds that were already growing at the
time of pruning (NBG). The larger NBG will be near
the pruning point, the lower Pp;
4. The date of pruning. Pp is close to 1 in spring and then
progressively decreases during the growing season;
5. The characteristics of the GUs (age, branching order,
number of growing points).
Budbreak after pruning is assumed to occur only in a
zone Zp of the tree close to the pruning point but whose
dimension (length, in m) depends on the amount of wood
removed. As a first approximation, Zp is equal to the
length L (m) of wood removed by pruning. Zp starts at
the pruning point and extends towards the root system.
Pp for a given bud in Zp is then computed according to:
Pp = f1 (L) × f2 (NBG) × f3 (Pruning Date)
× f4 (GU Order) × f5 (GU Age)

(28)

where f i are different empirical multiplier functions
between 0 and 1 [37].
The subsequent growth of the shoots born from budbreaks after pruning is driven in the same way as growth
described in the previous section, except that their final
characteristics (maximal dimensions, Emp) are calculated
from those they would have had without pruning (Em),
added to the probability of budburst:
Emp = Em (1 + Pp / 2).

(29)

This expression accounts for the observation that a shoot
born after pruning often has greater growth potential
than the other shoots. This potential depends on the same
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characteristics as Pp (for instance a shoot born in August
will have weak growth potential compared with one born
in June). Introducing Pp in equation (29) accounts for
this effect without overcomplicating the calculations (for
instance Pp will be low in August leading to Emp ≈ Em).
As for a shoot born in spring, shoot growth after pruning
depends on assimilate availability. Therefore in the case
of heavy pruning (i.e., heavily reducing leaf area), the
amounts of available assimilates will decrease, leading to
reduced growth. In this version of SIMWAL, the organ
reserves are not expected to take part in the carbon supply following pruning.

than five years. Hence we had to compare simulated 5year-old pruned trees with experimental data obtained on
9-year-old trees. In this case, only a qualitative comparison was possible. However, as the structures of simulated 5-year-old trees and observed 9-year-old ones were
very close, the comparison of qualitative variations of
simulated and observed tree structure after pruning was
possible (we have not attempted a strict quantitative
analysis of data). In this part of the work, our purpose
was to test the consistency of each submodel of
SIMWAL rather than to validate it in a strict sense.

3. RESULTS
2.2. Model inputs and data analysis
Initial trees, input parameters and climate
As far as possible, initial trees and input parameters in
simulations were drawn from our experiments on living
trees. Otherwise, parameter values were taken directly
from the literature. Different initial trees were used to
test the consistency of the different submodels, according to the available experimental data [31, 37, 41]: 2, 3
and 5 year-old trees were used for photosynthesis, architectural and carbon allocation, and pruning simulations,
respectively. Actual climate data recorded at ClermontFerrand, France, and corresponding to the years of the
different experiments were used (i.e., 1992, 1995 and
1997). Meteorological variables were minimal and maximal daily air temperatures, mean daily soil temperature
at 20 cm depth, daily global radiation, daily hours of
sunshine and daily air VPD. Hourly values of air temperature and radiation were computed from daily values
[37]. The air CO2 content was set at 350 ppm for all the
simulations.
We simulated three pruning intensities as performed
in an experiment in June 1997; 0, 20 or 40% of the ramifications along the trunk of young walnut were cut. This
is common practice in timber walnut plantations to
obtain knot-free boles [4].
Result analysis
We compared simulation results with field observations as far as possible. However, data were not analysed
statistically for several reasons. One was that the model
uses probability calculations in several cases. Therefore,
a statistical analysis would require running the model
many times to obtain the distribution of the output values. Prohibitively long simulation duration made this
impossible. Simulation time lengths in this first version
of SIMWAL also prevented simulation of trees older

3.1. Tree architecture
Starting from the same initial tree without any ramification, we compared the observed and simulated architecture dynamics (number of new GUs and their length)
of this tree in 1992 (figure 2). At the end of 1992, the
observed tree had nine ramifications of which four were
very small while the simulated tree had only six.
However, the difference between the two trees was only
obtained for the small ramifications which had a limited
number of internodes resulting from a process of abortion, relatively common in walnut. This process was not
taken into account in SIMWAL.
The mean GU length for the simulated tree was
greater than for the observed tree. Generally simulated
GUs had more and longer internodes. However, simulations were run with no water or nutrient limitation,
which was not the case in the field. This can explain that
the simulated tree had longer ramifications.

3.2. Tree photosynthesis
When using the simple Ci /Ca = f (PARi ) approach, the
model greatly overestimated the observed photosynthetic
rate at branch scale (figure 3). The effect of high air
water vapour pressure deficits (4 kPa at midday), which
was not taken into account in this approach, explains the
discrepancy. In contrast, simulated photosynthetic rates
were close to observed ones when using Jarvis’ model of
stomatal conductance. The model predicted a weak midday depression, which was not observed. However,
together with previous validation exercises [41], this
comparison indicates that the simulated local carbon
input rates (i.e. resulting from both the radiation interception and photosynthesis submodels) were consistent
with observed rates, especially at daily scale.
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3.3. Carbon partitioning at tree scale
Figure 4 shows the C partitioning between the different organs of a 5-year-old tree in 1995. Daily tree C
assimilation followed the seasonal course of radiation

fairly closely, radiation being the main factor driving
photosynthesis and consequently tree development in the
model. In spring C was preferentially incorporated into
leaves and new GUs. During this period C came essentially from reserve mobilisation, photosynthesis being
very limited (data not shown). There was then reconstitution of the reserves, in trunk and roots. Then C was
essentially allocated to root and shoot radial growths. At
the end of the season, C is essentially used for respiration. This sharing out shows no discrepancy with biological observations [31, 35].
At tree scale, we compared simulations and measurements for the proportion of C allocated to the different C
functions over one vegetation cycle (table I): shoot and

Table I. Annual global C balance (in % of net assimilation) for
a 5-year-old walnut tree in 1995.

Figure 3. Comparison of the observed and simulated values of
the net carbon assimilation on 24 July 1995 of a whole GU of a
small tree with two GUs (simulation was performed using
either Jarvis’ model of stomatal conductance or the simple
Ci /Ca = f (PARi ) approach).

Net assimilation
Night respiration
of the above-ground part
Root respiration
Biomass increase

Measurement

Simulation

100

100

25
22
53

16
22
62

Figure 4. Simulation of carbon (resulting from reserves remobilisation or photosynthesis) partitioning among the different organs (C
allocated to growth or respiration undistinctly) in 1995 for a 5-year-old tree.
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Table II. Simulated and measured tree reactions after pruning
performed in June 1997. Three pruning intensities were tested:
0, 20 and 40% of the axes along the trunk were cut.
Measurement
Treatment
0% 20%
Number of new
shoots appearing
after pruning
0
0
Shoot diameter
increase at the end
of the year (% of
the initial diameter) 17.6a, * 20.1b

Simulation

40%

0%

20%

40%

2.5

0

0

2

16.3a

29.4

49.4

30.5

* For measurements only, the same letter indicates that values are not
significantly different at the 5% level.

root respiration rates, and biomass increase (i.e., sum of
growth and reserve storage processes). Shoot night respiration was a slightly underestimated by the model. In
contrast, biomass increase was a little overestimated.
Root respiration seemed well simulated. Considering that
data resulted from integration over a whole growth period, the deviations between simulated and observed values
of C partitioning in functions and organs were rather low.
3.4. Tree pruning
We observed an average of 2.5 new shoots per tree
after the 40% pruning treatment against no new shoot for
both the 0 and 20% treatments in 1997 (results from 12
trees per treatment, table II). Simulations showed results
very close to observations (0 new shoots for the 0 and
20% pruning treatment and 2 for the 40% treatment).
The diameter increment of shoots was significantly
greater for the 20% treatment than for the control, which
is a classical observation (table II). The 40% treatment
removed too much leaf area to allow the same increase
and consequently shoot diameter growth was not statistically different from control. Qualitatively, simulations
gave the same results (the 0 and 40% treatments were
close, while the 20% treatment was much higher), but all
the values were overestimated compared with observations. Together with a potential problem of parametrisation, this discrepancy may also result from the fact that
water and nutrients were not limiting in the model,
which was not the case in the field.
4. DISCUSSION
The results presented here show that the model is
globally consistent with observations. Tree architectural

development, photosynthesis, C allocation in organs and
functions show no erratic pattern, although there are
some quantitative discrepancies between simulations and
observations. Validation in the strict sense would require
many more simulations to test the sensitivity of the main
parameters, to establish the output variable distributions,
etc. This was out of the scope of this work. We have
ascertained that the model simulates walnut development
consistently, allowing further work.
SIMWAL presents several novel features. The first is
the reciprocal relationships linking growth processes to
C partitioning. The intimate link between these processes
allows close simulation of climate and pruning effects on
(i) tree structure development, and (ii) the adjustment of
processes to the new external conditions. When climatic
conditions change, tree C supply changes accordingly,
and organ growth is modified in proportion. At the next
time step, to fit this change in local C supply, the organ
growth demand will be adjusted, and so on. Assimilate
partitioning is the second novel feature of SIMWAL.
The formalisation used (i) allows clear identification of
sink strengths and supply sources at the organ scale, and
(ii) takes into account the distance between the different
organs (see [34] for details). We explicitly split sink
demand in respiration, growth and reserve storage, while
in numerous models respiration is often subtracted
before C allocation among organs, and reserve storage is
often uncoupled with growth processes [34]. In many
models only excess carbon is allocated to the reserves,
while biological observations show this is not as simple
as that [9]. By construction, SIMWAL clearly simulates
the reserve dynamics and particularly reserve remobilisation and organ reserve reconstitution. The third novel
feature is the way of representing the growth processes
in two distinct stages, in agreement with biological
observations: i) the exponential phase (cellular multiplication) which determines the potential final size of an
organ and ii) the elongation phase. Both are conditioned
by carbohydrates availability. Finally, tree reaction to
pruning is modelled taking into account the inhibitive
correlations among organs at tree scale. Pruning breaks
this complex of inhibitive correlations and leads to the
development of latent buds. In SIMWAL, inhibitive correlations are modelled empirically by computing the distance over which pruning suppresses correlations (i.e., in
determining the wood length in which buds can react to
pruning) in relation to intensity, date, etc. of pruning. A
better way of modelling inhibitive correlations would be
directly to model the processes leading to the inhibition
of one organ by another. However, these processes still
remain largely unknown [1]. We artificially increased
the growth demand of the sylleptic shoots born following
pruning. Another way of modelling this process would
be to increase C supply instead of C demand, and in
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particular to mobilise organ reserves following pruning.
This has not yet been tested in SIMWAL. Another way
of modelling the effect of pruning has been used by
Génard et al. [24]. In this case, pruning modifies the
shoot-root ratio and tree growth is then modified to
restore this equilibrium between the above- and belowground parts. However, the model was only tested on a
1-year-old peach tree with very simple root and shoot
architectures and did not consider budbreak possibilities
of latent buds.
SIMWAL has of course some limitations. Some are of
biological or physiological nature, others are linked to
programming difficulties or data processing limitations.
Concerning biological processes, bud dormancy is broken on 1 January whatever the climate, which is not very
realistic. We could improve this by modelling bud dormancy dynamics according to temperature (see [3]). This
improvement would also enable us to model winter pruning effects, which is not possible at present. A greater
limitation of SIMWAL is taking water and nutrients to
be optimum. This assumption naturally leads to an overestimation of tree growth as shown in the results. In
addition to these limitations, choosing the form and
adjusting the distance function f (dij ) in the C partitioning
submodel is a key problem in SIMWAL. Bad choices
lead to an unbalanced growth between above- and
below-ground parts (no a priori assumption is made
about the root-shoot ratio). Apart from problems of parametrisation, the difficulty of reaching a correct rootshoot ratio is perhaps also linked to the fact that there is
no water or nutrient control in the model. Water and
nutrients (particularly nitrogen) could implicitly restore
the root-shoot ratio, by limiting either root or shoot
development [63]. Accounting for water fluxes and
nutrient balance would thus be required, but this would
imply substantial modifications of SIMWAL. The last
major limitation of SIMWAL is the extreme simplification of the root system in comparison with the complex
above-ground part. Consequently, it seems that we cannot take this model further without modelling a root system with a minimum of architectural and physiological
processes. Attempts are currently being made to merge
allocation and architectural root models to improve their
ability to simulate root development and root-shoot relationships [46, 61]. We also need a realistic 3D development of the root system to model nutrient and water
absorption correctly.
However, such modifications will further increase the
complexity of SIMWAL, which is already limited by
calculation time. At present we cannot simulate walnut
trees bigger than 5- or 6-year-old. We need to improve
the programming, and also to test some simplifications
of the model. In particular, there may be no point in sim-

583

ulating a 20-year-old tree at leaf scale. Bulking organs of
similar nature and spatially close to each other (e.g.
using leaf clusters instead of individual leaves) is one
possible solution we will be investigating.
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