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Abstract – Functional-structural tree models represent tree/aboveground environment interactions. Actually, plant architecture and
function induce large variations in environmental variables within the canopy, while these variations themselves induce a range of
responses at the organ scale which modulate plant function and architecture dynamics. This paper gives an overview of (i) processes
involved in the short-term interactions between the tree foliage and the aboveground environment and (ii) associated modelling
approaches. Then, it is shown that detailed models of tree foliage/aboveground environment interactions can be used to test simplifying assumptions such as the constancy of light or water use efficiency recently used in several functional-structural tree models. We
conclude that a good knowledge of basic processes involved in these short-term interactions is available. The point is now to compare models focusing on tree-atmosphere exchanges, and to use these models to test assumptions and derive summary submodels for
tree functional-structural models.
microclimate / radiation / wind / photosynthesis / transpiration / acclimation / modelling / integration
Résumé – Interactions à court terme entre le feuillage de l’arbre et son environnement aérien : une revue des approches de
modélisation disponibles pour les modèles d’arbre structure-fonction. Les modèles d’arbres structure – fonction représentent les
interactions entre l’arbre et son environnement aérien. En effet, la présence et le fonctionnement de la plante induisent de grandes
variations des variables climatiques dans le couvert, et ces variations du microclimat peuvent elles mêmes moduler les réponses de la
plante à l’échelle de l’organe (et donc son fonctionnement et son développement). Cet article présente une revue critique des mécanismes impliqués à court terme dans les interactions entre le feuillage de l’arbre et son environnement microclimatique, ainsi que les
approches proposées pour leur modélisation. Il est ensuite montré que des modèles détaillant les interactions entre l’arbre et son environnement aérien peuvent servir à tester des hypothèses simplificatrices du fonctionnement de l’arbre, comme la constance de l’efficience d’utilisation de la lumière ou de l’eau. Nous concluons que les processus impliqués dans ces interactions sont assez bien
connus. Il faut maintenant comparer les modèles de simulation des échanges plante–atmosphère, et développer des modèles simples
qui puissent être intégrés dans les modèles dynamiques structure–fonction.
microclimat / rayonnement / vent / photosynthèse / transpiration / acclimatation / modélisation / intégration
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1. INTRODUCTION
Interactions between trees and the environment have
been extensively studied for their consequences for both
the tree and the environment. From the tree point of
view, growth and development processes are closely
related to resource availability (light, water, carbon,
nutrients, heat). Organs of the same tree may be subject
to contrasting environmental conditions, and this may
result in differential responses which may have consequences on growth and morphology at the whole tree
scale. From the environment point of view, trees act as
modifiers of both soil properties and microclimate variables. This may be due simply to the presence of the tree
(e.g. wind attenuation) or also due to tree functioning
(e.g. increase of air humidity due to transpiration). Such
effects of trees on microclimate have been used for environmental purposes such as carbon sequestration in a
global change perspective [40], or fuel economy and pollutant capture in urban environment [50, 85].
The framework of tree structure – function models is
primarily aimed at understanding tree growth and development. Functional-structural tree models generally have
to represent several processes and to account for the
interactions occurring between these processes. Two
kinds of models can be distinguished here: i) static models where tree structure is a model input and assumed not
to change. These models mainly deal with instantaneous
processes involved in resource acquisition and use (e.g.
transpiration and/or photosynthesis) and study the interactions between these processes and tree architecture; ii)
dynamic models aimed at simulating tree architecture
dynamics as the result of the interactions between tree
structure, function and the environment. Such models are
structural-functional tree models sensu stricto and should
include both instantaneous and delayed tree responses to
the environment.

mainly involve the spatial distribution of leaf area. This
is the reason why any model dealing with the spatial distribution of processes within the canopy have been
included in the review. In contrast, “big leaf” models are
not in the scope of this overview because they do not
account for spatial distribution. Due to the rather large
scope, only short-term plant responses involved in aerial
resource acquisition are considered, namely stomatal
conductance, photosynthesis and transpiration. In particular, tree responses in terms of phenology, primary and
secondary growth, flowering and reproduction are disregarded. The (potentially important) interactions between
tree structure, tree function and aerial phytopathogens
are also beyond the scope of this review. Notice that tree
belowground interactions are reviewed by Pagès et al.,
this issue.
The first and second section of the paper deal with
leaf responses to the aerial environment and environmental changes due to tree structure and function,
respectively (figure 1). Due to the large topic, these sections are rather an overview than a true review of existing knowledge and modelling approaches. The third section is devoted to the representation of those processes in
the structural – functional tree models, both static and
dynamic. Detailed models of tree foliage-environment

In both static and dynamic structural – functional tree
models, the tree is represented by a collection of organs
that can be defined at several scales [53]. Tree organs
interact with each other through physical connections
(i.e. tree topology) which allows them to internally
exchange substances (e.g. see [77]). They also interact
with the environment as a function of their spatial distribution and functioning. Such a framework implies a spatial distribution of both the environmental conditions
(i.e. the effect of the tree on microclimate) and the tree
responses (i.e. at a local scale).
This paper aims to provide a comprehensive review of
(i) the processes involved in the short-term interactions
between the tree foliage and the aboveground environment and (ii) the way these interactions are represented
in functional-structural tree models. Such processes

Figure 1. Schematic representation of the interactions between
tree structure, tree function and the aboveground environment.
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interactions are generally inadequate for simulations
over long-term periods (as required by models predicting
tree architecture dynamics for instance). However, in the
fourth section, it is shown that such detailed models can
be used to test a number of simplifying assumptions such
as the constancy of light or water use efficiency recently
used in several functional-structural models of tree
growth and development.
2. LEAF RESPONSES TO ENVIRONMENTAL
VARIABLES
2.1. Instantaneous leaf responses to aboveground
environmental variables
Short-term variations in the aboveground environment
induce instantaneous responses of several physiological
processes at leaf level, namely stomatal conductance,
transpiration and photosynthesis.
Stomatal function
Although the physiology of stomata has been extensively studied, the mechanisms regulating stomatal
behaviour are still poorly understood. Firstly, the roles of
air relative humidity, air vapour pressure deficit or
whole-leaf transpiration rate are still debated [e.g. 1, 15,
55, 89, 93, 95]. Furthermore, stomata have also been
assumed to respond to hydrostatic signals and to signals
transmitted by abscisic acid [e.g. 15, 27, 55, 130], but the
relative importance of hydraulic and chemical signals is
still unclear (see the review by Whitehead [138]). The
response of stomata to environment is traditionally
viewed as a “feedforward” response, i.e. where conductance responds to environmental factors that affect the
transpiration rate [44]. In contrast, Monteith [93] reinterpreted data on stomatal responses to vapour pressure
deficit (VPD) and concluded that there is a “feedback”
response of whole-leaf transpiration rate on stomatal
conductance. Alternatively, according to Wong et al.
[142], stomata can sense the intercellular CO2 concentration which depends on leaf photosynthesis. This way,
conductance can be viewed as a slave of leaf photosynthesis. Finally, changes in stomatal conductance can also
be viewed as a way to avoid xylem embolism [124, 135].
Due to the poor understanding of the mechanisms regulating stomatal behaviour, no unique modelling
approach has emerged to account for stomatal response
to environmental conditions. However, four major
approaches can be identified (Monteith’s feedback
model has not been used so far in functional-structural
tree models, and models representing the co-ordination
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between stomatal conductance and hydraulic architecture
have not been widely used in the context of structuralfunctional tree models, but see the modelling framework
proposed by Jones and Sutherland [69]). The first
approach does not link stomatal conductance and photosynthesis, while the second and third approaches exploit
this linkage. The fourth approach can be viewed as a
simple, empirical expression resulting from assumptions
made in the third approach.
First, Jarvis [66] proposed a phenomenological model
for simulating stomatal conductance. Assuming that the
stomatal conductance gs is affected by non-synergistic
interactions between plant and environmental variables,
this model computes gs as
gs = gsmax f (PAR) f (VPD) f (Cs) f (Tl) f (Ψ)

(1)

where PAR is the leaf irradiance, VPD is the air water
vapour pressure deficit at the leaf surface, Cs is the air
CO2 concentration at the leaf surface, Tl is leaf temperature, Ψ is the shoot water potential, and gsmax is the maximum stomatal conductance. This approach offers a simple, convenient modelling framework to identify the
relative importance of each variable on gs. However, the
basic assumption of this multiplicative model has rarely
been tested (e.g. [9]). In most cases, users document the
stomatal responses to PAR, VPD, Tl and Cs by applying
a non-linear optimisation technique on available data
sets covering a range of natural environmental conditions encountered during several diurnal cycles.
An alternative, optimisation approach of stomatal
function was proposed by Cowan and Farquhar [28].
During a given time period, optimising the cost of water
loss for CO2 acquisition implies that stomatal aperture
should change with time so that the gain ratio remains
constant
(∂E/∂gs) / (∂A/∂gs) = λ.

(2)

The optimisation theory is appealing because, as deterministic approaches, it can predict unique characteristics
of leaf gas exchanges such as the midday stomatal
depression. However, the approach shares the drawbacks
of other goal-seeking approaches, and is unable to prescribe a unique optimisation coefficient.
A third approach is Ball’s empirical model [6]. This
formulation directly relates stomatal conductance to leaf
photosynthetic rate
gs = m A h / Cs + b

(3)

where h is air relative humidity, and m and b are parameters. A modified version of this model was proposed by
Leuning [81] and interpreted in terms of guard cell
function [38]. This approach is attractive since it requires
fewer tunable parameters than the Jarvis model for
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instance. Aphalo and Jarvis [2] concluded that this
model is useful for describing changes in intercellular
CO2 concentration and can be used as a submodel in
models of canopy functioning, but it cannot be viewed as
a mechanistic model.
In some cases, the ratio of the partial pressure of CO2
in the intercellular air spaces to the partial pressure of
CO2 at the leaf surface Ci/Cs is computed by an empirical function of leaf irradiance PAR and VPD (e.g. [144])
Ci/Cs = f (PAR, VPD).

(4)

This approach can be used if stomatal conductance has
not to be computed explicitly (i.e. in tree models focusing on carbon gains which do not represent transpiration
losses).
Transpiration
Because transpiration can be regarded as a physical
process, all transpiration models use the same basic
approach, i.e. the energy balance (e.g. see [94])
Rn + M = H + λE

(5)

where Rn and M are the net gains of energy from radiation and metabolism, respectively, and H and λE are
losses of sensible and latent heat, i.e. by convection and
evaporation, respectively. Rn can be estimated from
radiative transfer models (see below) which include the
treatment of thermal infrared radiation, i.e. radiation
emission by vegetation. M is generally neglected because
it only accounts for a few percent of energy gains. H and
λE are computed from flux-gradient relationships
H = ρ · cp · gb · (Ts – Ta)
λE =

ρ ⋅ cp
γ

⋅ gw ⋅ e s – e a

(6)
(7)

where ρ, c p, γ are the air density (kg m–3), the heat
capacity of the air (J kg–1 K–1), and the psychrometric
constant (Pa K–1), respectively. Ts and Ta are air and leaf
temperatures, and es and ea are the water vapour pressure
in the substomatal spaces and in the air, respectively.
Conductances gb and gw (m s–1) relate to the leaf boundary layer and to water transport from the sub-stomatal
spaces to the air. Vapour pressure is assumed to be saturating in sub-stomatal spaces. Conductance gb is a function of local wind speed while gw includes both stomatal
and leaf boundary layer conductances (see e.g. [94]).
Modelling transpiration requires the solution of the system of equations (5, 6, 7). An analytical solution was
provided by Penman [108] for the case of wet surfaces
(i.e. gw = gb) and Monteith [91] further included the

effect of stomatal conductance, leading to the classical
Penman-Monteith combination equation
λE =

s ⋅ Rn + ρ ⋅ cp ⋅ gb ⋅ Da
s+γ 1 +

gb

(8)

gs

where s is the slope of the saturation vapour pressure
curve with respect to temperature and Da is vapour pressure deficit of the air. Mc Naughton and Jarvis [87]
rewrote the Penman-Monteith equation as
λE = Ω · λEeq + (1 – Ω) · λEimp

(9)

where Ω is a dimensionless “decoupling” factor
(0 < Ω < 1), λEeq is the equilibrium evaporation rate and
λEimp is the imposed evaporation rate. λEeq depends only
on available energy (i.e. Rn) while λEimp depends on surface conductance and water vapour deficit (see [67]).
The decoupling factor Ω makes explicit the relative contribution of λEeq and λEimp to actual transpiration λE. It
depends on the relative magnitude of leaf boundary and
stomatal conductances (see [67]). For tree canopies (temperate forests [87, 88], mediterranean oak-savannas
[65]), Ω values computed at canopy scale are low (≈ 0.2)
due to the large boundary layer conductance with regard
to surface conductance. This observation led Infante et
al. [65] to approximate λE by the only term λE imp.
However, Daudet et al. [29] showed significant variations of Ω values within the crown of an isolated tree,
i.e. ranging from 0.2 to 0.6.
As an alternative to the Penman-Monteith solution
(Eq. 8), numerical methods can also be used to solve the
energy balance equation. This allows to take into
account explicitly the effect of leaf temperature on every
variable affecting the energy balance, namely radiation
emission by the leaf surface, the saturation vapour pressure in the sub-stomatal space, and stomatal conductance. All terms of the energy balance (i.e. Rn, H and
λE) are thus leaf temperature-dependent. Leaf temperature thus appears as the tuning variable of the energy balance, i.e. the variable to be computed from equation (5).
Due to the non-linearity of equation (5) with respect to
temperature, a numerical solution involves iterative
processes, such as the Newton-Raphson method (see
[100]).
Photosynthesis
In contrast to stomatal conductance, there is a general
consensus on the way environmental variables affect leaf
photosynthesis [45]. Leaf photosynthesis instantaneously
responds to a few environmental variables such as light
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intensity, temperature, air CO2 concentration and air pollutants. This response reflects changes in both stomatal
conductance and mesophyll capacity which depends on
the activity of Rubisco and on the capacity for electron
transport to regenerate RuP2. Light has a key role by providing the energy transduced in the electron transport
chain and thus can restrict RuP2 regeneration, while CO2
can limit RuP2 carboxylation. Leaf temperature strongly
influences photosynthetic rates, essentially through its
effect on enzymatic activity and Rubisco specificity [70].
Three approaches can be distinguished as far as photosynthesis formulation is concerned. In the first
approach, leaf photosynthesis is not computed explicitly.
Instead, the model computes photosynthate production P
as proportional to leaf mass Wl or area Al (e.g. [84]), or
to absorbed radiation PARa according to Monteith’s
model [92]
P = σl Wl

or

P = σl Al

(10a)

P = LUE PARa

(10b)

where σl is the leaf specific activity (gC
or gC m–2)
–1
and LUE is the light use efficiency (gC MJ ). An alternative, simple approach [34] is to assume that P is proportional to transpiration (E, kg H2O unit time–1), so that

481

where Wc (µmol CO2 m–2 s–1) is the carboxylation rate
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,
and Rd (µmol CO2 m–2 s–1) is the rate of CO2 evolution
in light which results from processes other than photorespiration. Rubisco activity is likely to restrict assimilation rates under conditions of high irradiance and low
CO2 concentration. RuP2 regeneration is likely to be limiting at low irradiance and when CO2 concentration is
high. Introducing the effect of nitrogen on photosynthesis is straightforward in Farquhar’s model since the three
key parameters of the model (the maximum carboxylation rate V cmax , the light-saturated rate of electron
transport Jmax, and the dark respiration rate Rd) are proportional to the amount of leaf nitrogen on an area basis
(e.g. [47, 79]). Because the Farquhar model requires the
value of CO2 concentration in sub-stomatal cavities (Ci)
as input, the model must be used in conjunction with a
stomatal conductance module.

g–1

P = WUE E

(10c)

where WUE is the prescribed water use efficiency
(gC kg H2O –1).
A second class of models simulate leaf photosynthesis
A by empirical relationships such as
A = Amax f (PAR) g1 (Ta) g2 (Ca) g3 (VPD) g4 (Ψ) g5 (N) (11)
where A max is the maximum leaf photosynthetic rate
observed at saturating leaf irradiance PAR and in optimal environmental conditions, f is an empirical function
accounting for the effect of leaf irradiance, and g represents a multiplicative function accounting for the effects
of environmental parameters or leaf status such as air
temperature (Ta) and CO2 concentration (Ca), air water
vapour pressure deficit (VPD), plant water potential (Ψ),
and/or leaf nitrogen content (N). The most common relationships for f (PAR) are the rectangular (e.g. [64]) or
non rectangular (e.g. [132]) hyperbola.
Twenty years ago, Farquhar et al. [45] proposed a biochemically-based approach to account for the effects of
the major environmental variables on the main leaf photosynthetic processes. This model was designed to
describe the photosynthetic rate of C3 species as a function of leaf irradiance, intercellular CO2 concentration
and leaf temperature. Leaf net CO2 assimilation rate (A,
µmol CO2 m–2 s–1) can be expressed as
A = min (Wc , Wj ) + Rd

(12)

Foliage responses to a fluctuating environment
The term “instantaneous” response can be misleading,
because it assumes permanent steady-state between leaf
gas exchanges and environmental variables. The inertia
of leaf responses can generally be neglected when variations of environmental variables are slow, but can
become crucial when environmental variables exhibit
high-frequency variations. For instance, in some environments (i.e. forest floor or within dense tree canopies),
a substantial amount of total radiation flux can be
received as short-lived episodes of high intensity, i.e.
sunflecks. It has been shown that light induction of the
photosynthetic apparatus is required to obtain significant
amounts of carbon fixation [18]. The kinetics of the
response of leaf gas exchanges to sunflecks, and thus the
efficiency of sunfleck utilisation differ markedly
between tree species (e.g. [136]), depending on several
factors that operate at different time scales [105]. In a
similar way, not just the actual value of temperature
experienced by a tree, but also the rate of cooling is of
paramount importance in determining plant responses to
drops in non-freezing temperature (as reviewed by
Minorsky [90]). Despite all these dynamic responses of
tree functioning to environmental factors, leaf gas
exchanges are generally treated by steady-state
approaches in functional-structural tree models (see
Sect. 3.1) because the errors due to a steady-state treatment of these exchanges are small compared to errors
due to the treatment of other processes such as carbon
allocation.
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2.2. Delayed tree responses
to aboveground environmental variables
In addition to their instantaneous effects on tree function, aboveground environmental variables such as light
and temperature can also induce delayed responses of
tree foliage.
Light regime influences morphological characteristics
of both leaves and shoots. In particular, mean leaf surface and petiole length are often correlated to the local
light regime (e.g. [98]). Concurrently, light interception
properties of individual shoots depend on light regime
(e.g. [110, 125, 127]). Shade shoots generally exhibit
more horizontal foliage [86], more regular leaf dispersion ([110] figure 2a) and larger STAR (Shoot to Total
Area Ratio [127]). Those features increase their efficiency for light capture (e.g. [63, 128]).
Several biochemical and physiological leaf characteristics are also strongly sensitive to the leaf light regime.
In particular, specific leaf area (SLA), amount of nitrogen per unit leaf area (Na) and leaf photosynthetic capacities are generally highly correlated with time integrated
leaf irradiance (e.g. [41, 43, 78, 79, 114] figure 2b).
Lower, shaded leaves of dense canopies usually exhibit
low amount of nitrogen per area when compared to sunlit upper leaves. This results in an improved utilisation of
leaf nitrogen for photosynthesis at the whole plant or
canopy scale (e.g. [47, 62]). The light regime experienced during leaf ontogeny is crucial in determining the
leaf structural features, but it has also been shown that
the light environment experienced by a given bud during
the previous year can strongly influence the characteristics of leaves derived from this bud in beech [42]. In the
same species, shoot morphological attributes such as leaf
number and total leaf area were reported to be largely
determined by the light regime of the previous year,
while leaf properties such as SLA and Na are mainly
determined by current-year light regime [75].
Furthermore, fully mature leaves can acclimate to
changing (increasing or decreasing) light environments,
although the ability to acclimate and the delay involved
in acclimation vary strongly between species. While
some species exhibit no ability of photosynthetic acclimation (e.g. Alocasia: [121]), fully mature leaves of
other species exhibit substantial acclimation responses
(e.g. [11, 12]). Such acclimation can result from changes
in anatomical features or photosynthetic capacities per
unit cell volume, and generally depends on the extent to
which damage due to photoinhibition can be recovered
[107]. Furthermore, the time required for completion of
acclimation seems to be higher in woody species (c.a. 45
days: [7, 11, 12]) than in herbs (4 to 14 days: [22, 46]).

Figure 2. Illustration of some delayed tree responses to aboveground environment: (a) vertical projection of a shaded and a
sunny branch from the middle part of a beech crown (after
[110]); (b) relationship between the amount of nitrogen per unit
leaf area and daily intercepted PAR for walnut leaves sampled
within a mature tree and seedlings (after [78]).

Models of foliage acclimation to light are rare and
mainly concern photosynthetic light acclimation, especially leaf nitrogen. Two approaches have been proposed
so far, either empirical relationships between photosynthetic capacity, nitrogen per area, and time integrated
leaf irradiance (e.g. [35]), or models of photosynthetic

483

Tree foliage-aerial environment interactions

light acclimation based on the dynamics of starch, soluble sugars and soluble proteins pools [39, 133].
As with the light regime, the temperature experienced
by tree foliage has long-term physiological implications.
In particular, the temperature response of photosynthetic
capacity strongly depends on growth temperature (e.g.
[61]). To our knowledge no model of foliage acclimation
to temperature is presently available.
3. ABOVEGROUND ENVIRONMENTAL
CHANGES DUE TO TREE STRUCTURE
AND FUNCTION
In the framework of tree structure-function models,
plant-driven environmental changes mainly concern the
spatial heterogeneity of microclimate variables induced
by the presence of the tree. The aboveground environment includes variables related to energy (radiation,
heat, momentum characterised by vertical and horizontal
wind speed) and gas (water vapour, CO2 and other biogenic gases) content of the air. Heat and gas contents of
the air are called “scalars” because they are characterised
by a single variable, either temperature or gas concentration. The modification of microclimate is primarily due
to the production and capture of energy and gases by the
tree components.
Representation of canopy architecture
for simulating tree-environment interactions
Microclimate modification depends on the resource
field above the canopy, the surface properties of tree
components, and tree architecture. With regard to tree
architecture, light, wind and scalars are affected only by
the spatial distribution of tree components (i.e. the geometrical component of tree architecture). On contrast,
due to stemflow, rainfall interception also depends on
tree topology (i.e. the physical connections between tree
components making the branching system). For all
resources, the modelling approach is primarily driven by
the way to represent tree architecture. Three major
approaches can be distinguished (in addition to the big
leaf approach which is unsuitable for tree structure-function models). Firstly, in the turbid medium approach
[116], the canopy is abstracted as a “leaf gas” and geometrical structure is described in terms of tree component density functions, on an area basis (i.e. intercepting
surfaces, especially the spatial distribution of leaf area
density). The canopy can be described as a multi-layered
medium [82], a collection of crowns modelled by geometric shapes [76] or a matrix of 3D cells [123]. In the
latter case the space occupied by vegetation is divided
into horizontal layers and vertical slices, the intersection

of which makes cubic cells. Note that the turbid medium
approach disregards tree topology. Secondly, plant architecture including both geometry and topology can be
described from virtual plants, where the shape, size,
location, orientation and topological links of every tree
component is explicitly taken into account [54]. Thirdly,
some tree structure-function models use simpler architecture descriptions, mainly based on the cumulative leaf
area index in vertical and horizontal directions, for light
and wind attenuation, respectively [29, 109].
3.1. Radiation transfer
With regard to radiation, tree components act as sinks
for interception and sources in case of the emission of
thermal infra red radiation. Scattering processes at the
surface of the organs depends on wavelength and redistribute a fraction of intercepted radiation in space. Due to
the spatial distribution of the organs in the canopy, fractional interception of direct sun light generates a bimodal
(i.e. either shaded or sunlit) distribution of light within
the canopy (e.g. [117]). This leads to very high variability in the light conditions encountered in canopies [5, 8,
25] (figure 3a) although light distribution is made more
uniform due to the ratio of diffuse to global incident
radiation (D/G), scattering and penumbra effects [102].
Temporal variability of the light regime also occurs in
canopies at different time scales, i.e. due to the sun
course, clouds and the effect of wind on foliage movements [115].
Many simulation models have been proposed for radiation transfer within canopies. Models deal with only
interception, interception plus scattering in the solar
spectrum (0.3–3 µm), or interception plus scattering plus
emission in the case of the thermal infrared radiation
(5–50 µ m). Most of radiation models use the turbid
medium analogy, and therefore are based on the general
equation of radiation transfer (see [116]):
dIΩ
dL

=

GΩ
cos θ

⋅ IΩ +

1
π

Γ Ω', Ω
4π

cos θ

⋅ IΩ' ⋅ dΩ'.

(13)

The left member of equation (13) represents the change
in photon flux IΩ coming from direction Ω when crossing a small vegetation layer dL. The first term of the
right member accounts for interception according to the
projected area of the vegetation components GΩ in direction Ω and zenith angle θ. The second term of the right
member accounts for scattering: it increases IΩ with radiation coming from every direction Ω', according to the
optical properties of the plant components Γ(Ω', Ω) (i.e.
the fraction of radiation coming from direction Ω' which
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is reflected and/or transmitted in direction Ω). Several
methods have been proposed to solve the integro-differential equation (13) (see review by Myneni et al. [97]).
The simplest models disregard the scattering term, and
this leads to the classical exponential attenuation, i.e.
Beer’s law:

0
IΩ = IΩ ⋅ exp –

GΩ
cos θ

⋅L

(14)

where IΩ0 is the incident radiation coming from direction
Ω and L is leaf area index. Light models where tree

Figure 3. Illustration of some environmental changes due to tree structure and function: (a) comparison of light spectrum in sunflecks
or in the shade at the top, i.e. 6.5 m aboveground level, and in the centre, i.e. 3.8 m aboveground level, of an isolated walnut tree
crown (after [25]); (b) throughfall heterogeneity under Sitka spruces (from [49]); (c) mean vertical profiles of normalised standard
deviations of one horizontal wind component (σu/U*) measured in plots with Sitka spruce trees spaced at intervals of c.a. 4, 6, and 8 m
(from [56]); (d) profiles of average temperature θ, mass fraction of water vapour q, and volume fraction of CO2 c within a forest stand,
with concurrent measured fluxes of sensible heat H (W m–2), latent heat λE (W m–2) and CO2 fluxes Fc (mg m–2 s–1) (from [36]).
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crowns and/or shoots are abstracted as turbid medium
geometric shapes (frustrums, ellipsoids, cylinders) have
been proposed by Norman and Jarvis [99] and the
Finnish group (e.g. [76, 103]). Some of these models
allow grouping of foliage within shoots and of shoots
within tree crowns to be taken into account. A simplified
version of Norman and Jarvis’ model was then used in
MAESTRO [137] while Cescatti [17] proposed a flexible parameterisation allowing for a large range of crown
shapes in the model FOREST. Among light models
abstracting the canopy as a matrix of 3D cells, some deal
only with the interception process (e.g. [21, 33, 139])
while others include an accurate treatment of scattering,
mainly for remote sensing purposes (e.g. [52, 74, 96]).
We also developed a light transfer model based on 3D
cells (RIRI [122]). It was first applied to intercropping
systems and allows light partitioning between vegetation
components to be simulated. The RIRI model was
recently used to compute light distribution within an isolated tree crown [25].
Computation of light interception (i.e. disregarding
scattering) from virtual plants is easy since it only consists of projecting the vegetation components in a set of
directions [20, 106, 110, 129]. Including scattering in
virtual plant models can be made from ray-tracing techniques [30] or radiosity methods [19], but it is much
more difficult, mainly due to the large number of radiation exchangers in a tree canopy. An intermediate solution was proposed by Dauzat et al. [31] who computed
interception from virtual plants and scattering by the turbid medium analogy.
3.2. Rainfall interception
Rainfall interception by tree canopies involves
processes similar to those involved in radiation interception. A fraction of incident rainfall reaches the soil surface through the gaps between the plant components.
Intercepted rainfall may evaporate, or be redistributed by
splashing, dripping and stemflow. Splashing and dripping may be regarded as “rain scattering” processes
because they alter the direction and size of droplets.
Studies on rainfall interception have been mostly motivated by environmental purposes [16]: water loss due to
interception, erosion due to stemflow and dripping, disease survival due to wetness duration and disease dispersal due to splashing. In the context of the relations
between tree structure and tree function, direct throughfall and stemflow induce spatial variability of rainfall
water at the ground surface (e.g. [3, 49, 83] figure 3b)
which has been correlated to the distribution of superficial fine roots [49] and soil water uptake [10]. Rainfall
interception may therefore be regarded as the first step of
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water resource partitioning between plants, i.e. due to
their individual funnelling ability (see the review by
Bussière [16]).
Theoretical treatment of rainfall interception has
received much less effort than other microclimatic variables. Almost all models are based on Rutter et al.’s
[118], i.e. an equation for the balance of rainwater storage by the canopy (C):
dC
C
= Pg – p ⋅ Pg – K ⋅ exp b ⋅ C – Ep ⋅
dT
S

(15)

where Pg is incident rainfall, p is the free throughfall
coefficient, Ep is potential evaporation rate, S is the maximum canopy storage capacity, and K and b are coefficients. The three last terms of right member of equation
(15) account for free throughfall, drainage from the
canopy (stemflow plus dripping) and evaporation loss,
respectively. Model parameters have to be empirically
related to canopy structure (e.g. LAI and bark content
since bark largely contributes to storage capacity [60]).
Rutter et al.’s model was improved by Gash [51] who
refined the interception loss terms. In order to avoid the
use of empirical parameters, Jiagang [68] proposed a
rainfall interception model explicitly based on the turbid
medium analogy. All these models were firstly aimed at
estimating the interception loss at canopy level and do
not deal with spatial distribution of rainfall either within
the canopy or at the ground surface, although this would
be of interest in the context of tree structure-function
models. Simple computations of rainfall interception by
virtual plants including throughfall, stemflow and dripping was proposed by Salmon [119]. Although leaf surface properties (e.g. wetness, rugosity) were not included
in the model, simulated spatial patterns of rainwater on
the ground were in good agreement with measurements.
3.3. Momentum transfer
Like radiation, momentum is absorbed by the tree
components which act as passive momentum sinks, due
to the drag force. However, unlike radiation, local
absorption of momentum has consequences for wind
characteristics at larger distances, due to momentum
transport by turbulent structures. Both processes (i.e.
drag force and momentum transport) result in an exponential vertical profile of the horizontal mean wind speed
in closed forest canopies (e.g. [120, 131]) and affect turbulence within the canopy (i.e. fluctuations of wind
speed [71]). Turbulence within canopies is mainly dominated by coherent structures, with a spatial scale of several times the height of the canopy [24]. Such eddies are
responsible for most of the exchanges between the
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canopy and the atmosphere. For example, Collineau and
Brunet [24] reported time scales of 60 s and length scale
of 120 m for a pine forest. Wind characteristics are also
affected by the vegetation density, especially tree spacing (e.g. figure 3c [56]). Heterogeneous or discontinuous
canopies induce spatial variation of mean wind speed in
the horizontal plane, as reported by Green et al. (1995) in
case of an orchard and Daudet et al. (1999) within an
isolated tree crown.
With regard to momentum absorption, all simulation
models are based on the equation of momentum balance
which is applied to horizontal layers or 3D cells describing both the canopy space and the space above the
canopy. For the horizontal direction x, the equation of
instantaneous momentum balance of a small fixed volume dx.dy.dz can be written (e.g. see [140])

where CD is the drag coefficient (≈ 0.2 [14]) and a (x,y,z)
is leaf area density. Equation (17) shows that correlation
terms of wind fluctuations are a major determinant of
momentum balance. However, they are unknown, so
additional assumptions have to be made to relate the correlation terms to mean wind speed, i.e. the variable of
interest. This process is called “equation closure”. The
simplest assumption (1st order closure) consists of introducing a function of turbulent diffusivity, e.g. in the 1D
case

∂ρu
∂ ρu ∂ ρu ∂ ρu ∂p
∂ρu ∂ρu
∂ρu
(16)
= u
+v
+w
+ kM
+ 2 + 2 –
2
∂t
∂x
∂y
∂z
∂x
∂x
∂y
∂z

profile above a closed canopy (i.e. where S DF u = 0)
and an exponential profile within the canopy. However,
due to the weakness of 1st order closure (e.g. see discussion by Wilson [140]), higher order schemes of equation
closure have been proposed, especially in 3D wind models (e.g. [57, 143]). They need additional equations,
especially the balance of turbulent kinetic energy.

2

2

2

where u, v, w are components of wind speed in directions
x, y, z, respectively, p is air pressure, ρ is air density and
kM is molecular diffusivity of momentum. Equation (16)
expresses that components of momentum change are
transport by the air movement in three directions (x, y, z)
(i.e. the 1st term of right member), molecular diffusion
due to viscosity forces (i.e. the 2nd term) and the gradient
of air pressure, (i.e. the 3rd term). Equations similar to
(16) can be written for momentum conservation along
directions y and z, although a gravity component has to
be included for the z direction. Assuming the air is an
incompressible fluid makes ρ a constant and is a first
simplification in solving equation (16). Moreover equation (16) applies to instantaneous wind speed while we
are interested in mean wind speed. As proposed by
Reynolds, variables u, v, w are therefore separated into
mean and fluctuating quantities, characterised by an overbar and prime, respectively, and equation (16) is averaged
over time and space. In simple cases (horizontally homogeneous canopies, flat terrain, stationary conditions),
momentum transport and the drag force due to plants are
the only significant terms (Brunet, pers. comm.), so averaging of equation (16) simplifies to (e.g. [140])
∂ u' u' ∂ u' v' ∂ u' w'
+
+
+ S DF u = 0
∂x
∂y
∂z

(17)

where SDF(u) is momentum absorption by plant components, including both viscosity and pressure forces.
Wilson and Shaw [141] proposed SDF(u) to be modelled
as:
S DF u = C D ⋅ a x, y, z ⋅ u

2

(18)

u' w' = Km ⋅

∂u
.
∂z

(19)

Such an assumption with an adequate choice of the function Km leads to the classical logarithmic vertical wind

Computations of wind distribution from virtual plants
has never been proposed. Indeed the gain due to a fine
description of tree architecture would be very low, since
turbulence occurs at scales larger than that of plant
organs, and because the assumptions used in the models
(especially, equation closure) are weak in comparison to
those associated with canopy structure [13].
Due to the complexity of momentum transfer, simpler
empirical approaches have been proposed. In particular,
Daudet et al. [29] related horizontal wind attenuation
within the crown of an isolated tree to the cumulated leaf
area computed from crown edge along the wind path.

3.4. Scalar transfer
The heat and gas contents of air are influenced by
both tree structure and tree function. Tree structure passively affects the turbulent transfer of scalars via its
action on wind characteristics, while tree function provides scalar sources or sinks, e.g. of heat due to the energy balance of the tree components, water vapour due to
transpiration, CO2 in relation to photosynthesis and respiration, and trace gases emitted or absorbed by the tree
foliage (e.g. isoprene [58]; NO-NO2-O3 triad [72]). Both
transport and production processes result in spatial variation of these scalars within tree canopies (e.g. figure 3d
[36]), especially along vertical transects in dense forest
stands.
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The starting point for modelling scalar transfer is the
conservation law for the mass of the scalar entity [112].
Two approaches have been proposed. In the Eulerian
approach, the conservation law is applied to a small volume fixed in space
∂c
∂ c ∂ c ∂ c
∂u
∂c
∂c
=– u
+v +w
+ kc
+ 2 + 2
2
∂t
∂x
∂y
∂z
∂x
∂y
∂z
2

2

2

(20)

where c is scalar concentration and kc the molecular diffusivity of scalar c. Equation (20) is similar to
Equation (16) for momentum transfer: the 1st and 2nd
terms of right member account for scalar transport due to
air movement and molecular diffusion, respectively.
As for momentum transfer, variables are split into
mean and fluctuation, and Eq. (20) is averaged over
space and time
∂uc ∂vc ∂wc ∂u'c' ∂v'c' ∂w'c'
∂c
=–
+
+
–
+
+
+ S c x, y, z, t (21)
∂t
∂x ∂y ∂z
∂x
∂y
∂z

where the terms of right member account for an advective flux, an eddy flux and scalar source Sc, respectively.
The latter is a term of molecular diffusion occuring at
solid surfaces (see [48]), i.e. due to the presence and
functioning of tree components (e.g. transpiration rate
for air moisture, net assimilation for CO2). Like momentum transfer, Equation (21) contains unknown terms of
fluctuation correlation and then needs additional
hypotheses for equation closure. All closure models
involve a gradient-diffusion hypothesis at either first or
higher order. All workers involved in turbulent transfer
(e.g. [37, 48, 112, 140]) agree that such unavoidable
equation closure makes the Eulerian approach inappropriate within the canopy. This is because gradient-diffusion hypothesis assumes scalar transfer at local scale,
while transfer is dominated by eddies of length scale
comparable with canopy height.
An alternative to the Eulerian approach is the
Lagrangian one, where the conservation equation is
applied to a fluid particle, i.e. an infinitesimal control
volume moving with the fluid
dc
=S X t, t
dt

(22)

where X(t) is the position of the particle at time t and
S (x,t) describes the scalar source distribution. Due to the
random nature of turbulence, the solution of the
Lagrangian conservation equation (Eq. 22) deals with a
mean value of the scalar concentration field

c x, t =

P x, t x 0, t0 ⋅ S x 0, t0 dx 0 dt0
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(23)

where P x, t x 0, t0 is the transition probability function,
i.e. the conditional probability that a fluid particle lying
at position x at time t was at position x 0 at time t 0.
P x, t x 0, t0 only depends on fluid motion, and needs to
be modelled in order to evaluate c(x,t) from equation (23). The model for P has a similar role as equation
closure in the Eulerian approach [112]. An analytical
model was proposed by Raupach [111] in the case of
steady, homogeneous turbulence. In the case of a pine
forest treated as a multilayer canopy, Ogée [101] rewrote
equation (23) as a system of linear equations relating the
vertical profiles of scalar concentration and source to the
vertical profiles of mean wind speed and turbulence.
From our knowledge, no scalar transfer model has been
proposed in the case of complex 3D canopies. Authors
however agree that Lagrangian theory only needs a
rather crude model for the wind field [37, 140]. Further
details on both the Eulerian and the Lagrangian approach
for scalar transfer within canopies can be found in the
excellent reviews proposed by Raupach [112], Denmead
and Bradley [37] and Wilson [140].
4. CURRENT REPRESENTATIONS OF TREE
FOLIAGE/ENVIRONMENT INTERACTIONS
IN FUNCTIONAL-STRUCTURAL TREE
MODELS
Table I gives the characteristics of static models integrating interactions between tree structure, tree function
and the aboveground environment. Models were sampled so that they represent the range of modelling
approaches proposed in the literature. In the context of
structural-functional tree models, models quoted in
table I were also chosen so that they explicitly simulate
photosynthesis and/or transpiration at a intra-canopy
scale, in order to predict carbon and/or water fluxes by
scaling from the leaf to the tree or the canopy (e.g. [82,
134]), or to describe the spatial variations at an intracanopy scale (e.g. [31, 123]). Thus all quoted models
explicitly include radiation transfer, leaf photosynthesis
and/or energy balance calculations.
Modelling radiation transfer uses either the turbid
medium approach applied to geometric shapes (e.g.
[134]), multilayer (1D model, e.g. [82]), 2D (e.g. [23])
and 3D (e.g. [123]) tree canopies, or virtual plants
described at leaf scale (e.g. [31]). Transpiration is computed from the energy balance, either analytically (i.e.
the Penman-Monteith equation, e.g. [137]) or numerically solved (e.g. [123]). Leaf conductance is generally
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Table I. Representation of the interactions between tree structure/function and the aboveground environment in eight static functional-structural tree models (EB: energy balance; Emp. empirical; P-M: Penman-Monteith; TM: turbid medium).
Model

Radiation

Transpiration

Stomatal
conductance

Photosynthesis

Wind

Scalar
transfer

Leaf
nitrogen

Drought

Cohen et al.,
1987

TM
2D cells

EB

Jarvis, 1976

Emp.

Emp.

1D

-

Dauzat et al.
1999

Virtual
Plants

EB
Iterative

Jarvis, 1976

-

Emp.
1D

-

-

Coupling
with sapflow

Leuning et al.
1995

TM
Multilayer

EB
P-M

Modified
Ball et al.
(1987)

Farquhar et al.,
1980

Emp.
1D

-

Emp.
1D

-

Pearcy and
Yang, 1996

Virtual
Plants

-

-

Emp.

-

-

-

-

Sinoquet
et al., 2000

TM
3D cells

EB
Iterative

Jarvis, 1976

Farquhar
et al., 1980

Emp.
3D

-

Emp.
3D

-

Thorpe et al.,
1978

TM
Tree shapes

EB
Iterative

f (PAR)

Emp.

-

-

-

-

Wang and
Jarvis, 1990

TM
Tree shapes

EB
P-M

Jarvis, 1976

Emp. or
Farquhar et al.

Emp.?

-

-

-

- -

modelled by using the Jarvis model [66], although a
modified version of Ball et al.’s approach is used by
Leuning et al. [82]. All models include the biochemical
leaf photosynthesis model proposed by Farquhar et al.
[45], except the oldest ones (e.g. [23, 134]) where an
empirical assimilation vs. irradiance relationship is used.

true for isolated trees, see [29]). Disregarding the effect
of tree function on air characteristics however prevents
from simulating tree function in contrasting growing
conditions (e.g. isolated vs. densely planted trees),
except if microclimate variables are measured within
each canopy.

Models quoted in table I scarcely treat momentum
and scalar transfer. On one hand, when simulated, wind
distribution is computed as a vertical profile, i.e. the
approximate exponential attenuation assumed in horizontally homogeneous canopies (e.g. [31, 82]). In
Sinoquet et al.’s model [123], the horizontal attenuation
of wind speed in an isolated crown is approximated by
an empirical relationship (see [29]). On the other hand,
scalar transfer has never been included in structuralfunctional tree models. This is because quoted models
simulate fluxes at the interface between tree foliage and
the atmosphere from a tree perspective: CO2 and H2O
fluxes are viewed as photosynthesis and transpiration
processes, respectively, rather than scalar sources for the
atmosphere. As mentioned by Leuning et al. [82], integrating Lagrangian transfer within tree models would be
a complex task (see above), and would need taking into
account the contribution of the soil (i.e. respiration and
evaporation). Moreover, in a number of cases, air characteristics (i.e. wind, temperature and humidity) do not
show large spatial variations, and/or these spatial variations do not have large effects on CO2 and H2O fluxes
between the tree and the atmosphere (this is particularly

Some models take into account the spatial distribution
of physiological parameters, especially photosynthetic
leaf properties which can be related to leaf nitrogen
content (see above). In a multilayer canopy model [82],
spatial distribution of leaf N was described by an exponential function of the cumulative downward leaf area
index, i.e. an implicit way to relate leaf nitrogen content
to leaf irradiance. In the 3D model proposed by Sinoquet
et al. [123], the spatial distribution of leaf N was simulated from leaf irradiance integrated on 7 days (see [78]).
Such relationships are empirical and do not derive from a
mechanistic model of leaf plasticity to the light environment. In the other models, nitrogen is implicitly assumed
to be uniformly distributed. This can lead to significant
underestimation of assimilation rates (≈ 10%, [62]).
In most models quoted in table I, drought effects are
not explicitly accounted for, but they could be included
by adding the effect of soil or leaf water potential in the
stomatal conductance model of Jarvis [66]. This requires
to use soil and/or leaf water potential as an additional
input variable. Dauzat et al. [31] coupled their transpiration model with internal water fluxes, i.e. in the tree
topology, in order to simulate the distribution of water
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potential within the tree. Despite the increasing model
complexity, such a way may be regarded as an useful
integration exercise in the context of structural-functional tree models.
Table II gives features of tree-environment interactions treatment in a range of structural-functional models
of tree dynamics. All models include submodels of light
interception (except [34]) and photosynthate production,
because they assume that carbon balance is the key
determinant of tree growth and architecture dynamics.
Submodels of light interception may range from simple
to complex: LIGNUM [109] uses a modified Beer’s law
where PAR attenuation is computed from the biomass
above each location. In contrast, ECOPHYS [113]
includes light calculations based on virtual plants. This
was made possible because ECOPHYS deals with young
trees, i.e. with a limited number of leaves. In the other
models, 3D computations of leaf or shoot irradiance are
based on the turbid medium analogy. Models quoted in
table II also apply different approaches to compute photosynthate production. In the simplest approaches, photosynthate production is calculated from a constant light
use efficiency (LUE) (Eq. 10b) [73, 129] or from the leaf

specific activity approach (Eq. 10a) [109]. De Reffye
et al. [34] estimate local carbon gains from local transpiration by assuming a constant water use efficiency
(WUE) within the tree. In contrast, the most sophisticated treatment of photosynthesis corresponds to the biochemical model of Farquhar et al. [45] (e.g. [4]).
Despite the fact that they are designed to simulate tree
growth and architecture dynamics over long periods
(generally several years), most models in table II do not
deal with delayed tree responses such as light acclimation: the only exception is the model SIMWAL [4] that
accounts for light acclimation of leaf photosynthetic
properties (via empirical relationships between leaf nitrogen and leaf irradiance). Similarly no model explicitly
accounts for stomatal conductance, because they mostly
disregard plant water relations. Balandier et al. [4] however used an empirical relationship (Eq. 4) to implicitly
account for the effect of stomatal aperture on internal
CO2 concentration Ci. Because transpiration is computed
from internal water fluxes, De Reffye et al. [34] did not
take into account stomata in their model. Finally, no
model includes tree-driven environmental changes,
except the effect of tree structure on light interception.

Table II. Treatment of some instantaneous and delayed tree responses to aboveground environmental variables, and representation of
some environmental changes due to tree structure and function in six dynamic structural-functional tree models.
ECOPHYS
(Rauscher
et al., 1990)

WALSIM
(Balandier
et al., 2000)

LIGNUM
(Perttunen
et al., 1996)

Takenaka (1994b)
Kellomaki (1995)

De Reffye
et al. (1997)

None

Ci/Ca = f (PAR)

None

None

?

Rectangular
hyperbola
A = f (PAR,
T,age)

Farquhar
model
A = f (PAR,
T,N,Ca)

Annual
productivity
P = f (PAR)

Constant
LUE

Constant
WUE

*light acclimation of
photosynthetic capacities

None

N = f (light
regime)

None

None

None

*light acclimation of shoot
morphology (STAR…)
except shoot length and volume

None

None

None

None

None

*wind speed

No

No

No

No

No

*air VPD

No

No

No

No

No

f (biomass
above each
location)

Beer’s law
for leaf clusters

No

No

No

No

Instantaneous tree responses
*stomatal function
*photosynthate production

Delayed tree responses

Tree-driven environmental changes

*light quantity

*light quality

Interception of
Interception of
direct and diffuse direct and diffuse
by each leaf
by each leaf
No

No
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5. THE NEED OF SIMPLE, REALISTIC
FORMULATIONS FOR ABOVEGROUND
INTERACTIONS IN FUNCTIONALSTRUCTURAL TREE MODELS
Process representations used in detailed models representing the tree-environment interactions (see table I) can
be too complex and inadequate for simulations over long
periods required by models predicting tree architecture
dynamics for instance. However, the detailed models –
mostly static models – can be used to test simplifying
assumptions used in dynamic tree models (see table II)
such as (i) the constancy of light use efficiency (LUE), i.e.
carbon assimilation rate per unit of absorbed PAR is
approximately constant in absence of water stress, (ii) the
constancy of water use efficiency (WUE), i.e. carbon
assimilation rate per unit of transpired water is approximately constant, or (iii) the optimisation of leaf nitrogen
allocation in the foliage with respect to carbon acquisition.
Here, simulations performed with the RATP model
were used to test the first two assumptions. The model
was applied to an isolated, 20-year-old walnut tree
crown. RATP has already been parameterised and tested
for this canopy [123]. In the reference run, the daily net
assimilation and transpiration rates were computed at the
3D cell scale (i.e. 0.5 × 0.5 × 0.5 m). This allowed quantification of the spatial heterogeneity of both LUE and
WUE within the tree crown. In a second run, carbon gain
was not computed by the Farquhar photosynthesis model
(i.e. as used in the reference run), but assuming a constant LUE. In a third run, carbon gain was computed
assuming a constant WUE. Constant LUE and WUE
used in the second and third runs were computed as the
ratio of total carbon gain computed at tree scale in the
reference run to total absorbed PAR and transpired
water, respectively.
5.1. Testing the constant LUE
and constant WUE hypotheses
The light use efficiency simulated by the RATP
model at the 3D cell scale was roughly constant within
the tree crown (figure 4a). Light use efficiency only
slightly decreased with increasing daily leaf irradiance
(from 0.45 to 0.35 gC mol APAR-1). Thus, using a single
value for LUE at the 3D cell scale led to similar values
of local carbon gains than computing leaf photosynthetic
rates by the Farquhar model (figure 4b).
In contrast, the spatial variations of the water use efficiency computed by the RATP model at the 3D cell scale
were important within the tree crown (figure 5a). Water
use efficiency increased from 2.1 gC kgH2O–1 water

Figure 4. (a) spatial variations of the daily light use efficiency
LUE as a function of daily leaf irradiance PAR within an individual walnut tree crown, both simulated by the RATP model,
and (b) comparison of the daily, local photosynthetic carbon
gains simulated by the RATP model (i.e. using the Farquhar
photosynthesis model) or assuming a constant light use efficiency.

transpired for the shade leaves at the centre of the tree
crown, up to 4.5 gC kgH2O–1 water transpired for the sun
leaves at the edge of the crown. Because of this strong
variability, using a single value for WUE significantly
overestimated carbon gains by shade leaves and underestimated carbon gains by sun leaves (figure 5b).
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Figure 6. spatial variations of the daily light use efficiency
LUE as a function of daily leaf irradiance PAR within an individual walnut tree crown, simulated as in Figure 4 but assuming a uniform distribution of leaf nitrogen within the canopy.

Figure 5. (a) spatial variations of the daily water use efficiency
WUE as a function of daily leaf irradiance PAR within an individual walnut tree crown, both simulated by the RATP model,
and (b) comparison of the daily, local photosynthetic carbon
gains simulated by the RATP model (i.e. using the Farquhar
photosynthesis model) or assuming a constant water use efficiency.

5.2. Implications for the representation of local
carbon gains in functional-structural tree models
Local photosynthetic rates largely determine local
shoot growth and the development and growth of organs
such as flower buds and fruits [26, 32, 59]. For this rea-

son, carbon-based models simulating fruit growth [80]
must accurately represent individual shoot or leaf carbon
gain. Similarly, tree structural growth models sometimes
need to represent the heterogeneity of carbon sources
within the tree crown according to the allocation scheme
used (see [77]). However, the simulation results presented above showed that, according to model objectives, a
detailed representation of leaf photosynthetic rates is not
necessarily needed in functional-structural tree models.
For instance, using a constant LUE is adequate for simulating local carbon gains within the walnut tree crown
studied. The constancy of the daily light use efficiency
within the tree crown resulted from the linear relationships observed in the field between the amount of nitrogen per unit leaf area, leaf photosynthetic capacities, and
local leaf irradiance [78, 79]. Indeed, assuming a uniform distribution of leaf nitrogen when simulating LUE
distribution within the walnut tree canopy resulted in a
strong decrease of LUE with increasing time-integrated
leaf irradiance (figure 6). This result is consistent with
the conclusion of Dewar et al. [39] drawn from a biochemically-based model. From a practical point of view,
provided that the LUE value is known, this approach is
adequate for simulating tree architecture dynamics over a
long time period under a given environment (e.g. a given
nutrient availability and atmospheric composition). Such
an approach has already been used in several functionalstructural tree models [73, 129], assuming autonomy of
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branches with respect to their carbon balance [126].
However, prescribing the LUE value implies first either
to measure it or to compute it from a detailed simulation
model representing explicitly leaf or shoot photosynthesis.
In contrast to LUE, WUE is not a conservative variable within vegetation canopies. Thus, using a constant
WUE to compute local carbon gains from simulated
local water losses [34] is not straightforward and can
lead to systematic biases (figure 5b).

tion, tree height and diameter distribution, tree architecture). Given the number of models available in the literature, model comparison (i.e. between static models, and
between static and dynamic models, see tables I and II)
and improved communication between modellers are
needed to address these questions.
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6. CONCLUSION
This overview shows that both (i) a good knowledge
of processes involved in the interactions between trees
and the aboveground environment and (ii) a range of
modelling approaches to simulate these interactions are
presently available for functional-structural tree models.
This is especially the case for physical processes like
radiation interception and energy balance, and biological
processes like photosynthesis where the complex biochemistry has been summarised in the relatively simple
model of Farquhar et al. [45]. Although much attention
has been paid to other complex physical processes like
momentum and scalar transfer, associated models remain
complex and difficult to include in functional-structural
tree models. Moreover the gain due to such inclusion in
terms of model improvement is questionable. With
regard to biological processes other than photosynthesis,
available models are mostly empirical. This is especially
the case of the stomatal conductance and the foliage
acclimation to the environmental variables. A research
effort is therefore needed to derive simple, general formulations of tree responses, as proposed by Dewar et al.
[39] for leaf acclimation to light for instance.
An important question is to determine which knowledge and/or modelling approach should be incorporated
into structural-functional tree models for given model
objectives. Detailed models should be used in order to
(i) assess the weight of basic processes on tree function
(e.g. the potential effects of the interactions between tree
function and scalar concentration within the canopy),
(ii) evaluate strategies of tree function (e.g. optimisation
of resource capture at the whole tree scale) and make the
bridge between teleonomic and process-based models
(e.g. effect of leaf nitrogen distribution on tree carbon
gain, [62]), or (iii) to test simplifying assumptions and
derive summary models (e.g. as illustrated in the previous section). Summary models should be further used for
decision making, where the purpose is rather to obtain
reasonably good predictions at the stand or tree scale
(e.g. CO2 and H2O fluxes, biomass and harvest produc-
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