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Short term interactions between tree foliage
and the aerial environment:
An overview of modelling approaches available
for tree structure-function models

Hervé Sinoquétand Xavier Le Roux

UMR PIAF, INRA — Université Blaise Pascal, Site de Crouelle, 234 avenue du Brézet,
63039 Clermont-Ferrand Cedex 02, France

(Received 9 March 1999; accepted 4 November 1999)

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 indua# a range
responses at the organ scale which modulate plant function and architecture dynamics. This paper gives an overvievsségi) proce
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 usqalitp-test sim

ing assumptions such as the constancy of light or water use efficiency recently used in several functional-structuralstrg¢éemode
conclude that a good knowledge of basic processes involved in these short-term interactions is available. The pointasmnow to ¢

pare 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 a court terme entre le feuillage de I'arbre et son environnement aérien : une revue des approches de
modélisation disponibles pour les modeles d’arbre structure-fonctiorLes modeles d’arbres structure — fonction représentent les
interactions entre I'arbre et son environnement aérien. En effet, la présence et le fonctionnement de la plante indaisded de gr
variations des variables climatiques dans le couvert, et ces variations du microclimat peuvent elles mémes moduler lde f&ponses
plante a I'échelle de I'organe (et donc son fonctionnement et son développement). Cet article présente une revue crit@pie des m
nismes impliqués a court terme dans les interactions entre le feuillage de I'arbre et son environnement microclimatigedeainsi
approches proposées pour leur modélisation. Il est ensuite montré que des modeles détaillant les interactions ensenl'anvie et
ronnement aérien peuvent servir a tester des hypothéses simplificatrices du fonctionnement de I'arbre, comme la coesfiance de I
cience d'utilisation de la lumiére ou de I'eau. Nous concluons que les processus impliqués dans ces interactions samt assez bie
connus. Il faut maintenant comparer les modéles de simulation des échanges plante—atmosphére, et développer des modéles simples
qui puissent étre intégrés dans les modeles dynamiques structure—fonction.

microclimat / rayonnement / vent / photosynthése / transpiration / acclimatation / modélisation / intégration
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1. INTRODUCTION mainly involve the spatial distribution of leaf area. This
is the reason why any model dealing with the spatial dis-
Interactions between trees and the environment havdribution of processes within the canopy have been
been extensively studied for their consequences for botrincluded in the review. In contrast, “big leaf” models are
the tree and the environment. From the tree point ofnot in the scope of this overview because they do not
view, growth and development processes are closelyaccount for spatial distribution. Due to the rather large
related to resource availability (light, water, carbon, scope, only short-term plant responses involved in aerial
nutrients, heat). Organs of the same tree may be subjed€source acquisition are considered, namely stomatal
to contrasting environmental conditions, and this may conductance, photosynthesis and transpiration. In partic-
result in differential responses which may have conse-ular, tree responses in terms of phenology, primary and
quences on growth and morphology at the whole treesecondary growth, flowering and reproduction are disre-
scale. From the environment point of view, trees act asgarded. The (potentially important) interactions between
modifiers of both soil properties and microclimate vari- tree structure, tree function and aerial phytopathogens
ables. This may be due simply to the presence of the tre@re also beyond the scope of this review. Notice that tree
(e.g. wind attenuation) or also due to tree functioning belowground interactions are reviewed by Pages et al.,
(e.g. increase of air humidity due to transpiration). Suchthis issue.
effects of trees on microclimate have been used for envi- The first and second section of the paper deal with

ronmental purposes such as carbon sequestration in gaf responses to the aerial environment and environ-

global change perspective [40], or fuel economy and pol-mental changes due to tree structure and function,

lutant capture in urban environment [50, 85]. respectively figure 1). Due to the large topic, these sec-
The framework of tree structure — function models is tions are rather an overview than a true review of exist-

primarily aimed at understanding tree growth and devel-ing knowledge and modelling approaches. The third sec-

opment. Functional-structural tree models generally havetion is devoted to the representation of those processes in

to represent several processes and to account for th#éhe structural — functional tree models, both static and

interactions occurring between these processes. Twdlynamic. Detailed models of tree foliage-environment

kinds of models can be distinguished here: i) static mod-

els where tree structure is a model input and assumed nc

to change. These models mainly deal with instantaneou: ; R . :

processes involved in resource acquisition and use (e.g SHORT-TERM ENVIRONMENTAL

transpiration and/or photosynthesis) and study the inter- CHANGES DUE TO TREE STRUCTURE .

actions between these processes a.nd tree archlt_ecture; | AND FUNCTION ‘

dynamic models aimed at simulating tree architecture ; S e

dynamics as the result of the interactions between tree  * Momentum transfer -

structure, function and the environment. Such models are = *Radiation transfer -

structural-functional tree modedensu strictand should *Scalar transfer

include both instantaneous and delayed tree responses ' «Rainfall interception

the environment. coe o

In both static and dynamic structural — functional tree
models, the tree is represented by a collection of organs | TREE STRUCTURE ABOVE-GROUND
that can be defined at several scales [53]. Tree organ: AND FUNCTION ENVIRONMENT
interact with each other through physical connections :

(i.e. tree topology) which allows them to internally
exchange substances (e.g. see [77]). They also interac
with the environment as a function of their spatial distri- L o ‘

bution and functioning. Such a framework implies a spa- B FOLIA;GE RESPONSES 10

tial distribution of both the environmental conditions ENVIRONMENTAL VARIABLES

(i.e. the effect of the tree on microclimate) and the tree . Leaf/atmosphere exchanges
responses (i.e. at a local scale). * Foliage acclimation

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 environ-

ment and (i) the way these interactions are representetrigure 1. Schematic representation of the interactions between
in functional-structural tree models. Such processestree structure, tree function and the aboveground environment.
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interactions are generally inadequate for simulationsbetween stomatal conductance and hydraulic architecture
over long-term periods (as required by models predictinghave not been widely used in the context of structural-
tree architecture dynamics for instance). However, in thefunctional tree models, but see the modelling framework
fourth section, it is shown that such detailed models canproposed by Jones and Sutherland [69]). The first
be used to test a number of simplifying assumptions suchapproach does not link stomatal conductance and photo-
as the constancy of light or water use efficiency recently synthesis, while the second and third approaches exploit
used in several functional-structural models of tree this linkage. The fourth approach can be viewed as a
growth and development. simple, empirical expression resulting from assumptions
made in the third approach.
First, Jarvis [66] proposed a phenomenological model
2. LEAF RESPONSES TO ENVIRONMENTAL for simulating stomatal conductance. Assuming that the
VARIABLES stomatal conductanag, is affected by non-synergistic
interactions between plant and environmental variables,

this model computeg, as
2.1. Instantaneous leaf responses to aboveground

environmental variables 05 = Ggmax! (PAR)f(VPD) f(CY f(T)) f(¥) 1)

L : . where PAR is the leaf irradiance, VPD is the air water

Short-term variations in the aboveground environment apour pressure deficit at the leaf surfa€gjs the air
induce instantaneous responses of several physiologic O, concentration at the leaf surfadg/s leaf tempera-
processes at leaf level, namely stomatal conductancey & y'is the shoot water potential, ag'gn is the max-
transpiration and photosynthesis. imum stomatal conductance. This approae){ch offers a sim-
ple, convenient modelling framework to identify the
relative importance of each variable gnHowever, the
. basic assumption of this multiplicative model has rarel

_Although the physiology of stomata has been exten-p.q tasteqd ?e.g. [9]). In mostpcases, users document )t/he
sively studied, the mechanisms regulating Stomatalstomatal responses to PAR, VPDandC_ by applying
behaviour are still poorly understood. Firstly, the roles of a non-linear optimisation t’echnique on available data

\?\/I}:orlglfle;[;etrgr?sig:?;:i)gnarla:tgi\egusrtilﬂjisbzl:er:il Feegc'lt TS sets covering a range of natural environmental condi-
N 9 = —“itions encountered during several diurnal cycles.
55, 89, 93, 95]. Furthermore, stomata have also been 9 y

assumed to respond to hydrostatic signals and to signals An alternative, optimisation approach of stomatal
transmitted by abscisic acid [e.g. 15, 27, 55, 130], but thefunction was proposed by Cowan and Farquhar [28].
relative importance of hydraulic and chemical signals is During a given time period, optimising the cost of water

still unclear (see the review by Whitehead [138]). The l0ss for CQ acquisition implies that stomatal aperture
response of stomata to environment is traditionally Should change with time so that the gain ratio remains

viewed as a “feedforward” response, i.e. where conduc-constant

tance _res_ponds to environmental factors that affgct the (OE/dg,) / (0A/dg) = . )
transpiration rate [44]. In contrast, Monteith [93] reinter-

preted data on stomatal responses to vapour pressuréhe optimisation theory is appealing because, as deter-
deficit (VPD) and concluded that there is a “feedback” ministic approaches, it can predict unique characteristics
response of whole-leaf transpiration rate on stomatalof leaf gas exchanges such as the midday stomatal
conductance. Alternatively, according to Wong et al. depression. However, the approach shares the drawbacks
[142], stomata can sense the intercellular, E@centra-  of other goal-seeking approaches, and is unable to pre-
tion which depends on leaf photosynthesis. This way, Scribe a unique optimisation coefficient.

conductance can be viewed as a slave of leaf photosyn- A third approach is Ball’'s empirical model [6]. This
thesis. Finally, changes in stomatal conductance can alsgormulation directly relates stomatal conductance to leaf
be viewed as a way to avoid xylem embolism [124, 135]. photosynthetic rate

Due to the poor understgnding of the_ mechanisms. reg- g.=mANC_+b 3)
ulating stomatal behaviour, no unique modelling s s
approach has emerged to account for stomatal response&hereh is air relative humidity, anchandb are parame-
to environmental conditions. However, four major ters. A modified version of this model was proposed by
approaches can be identified (Monteith’s feedback Leuning [81] and interpreted in terms of guard cell
model has not been used so far in functional-structuralfunction [38]. This approach is attractive since it requires
tree models, and models representing the co-ordinatiorfewer tunable parameters than the Jarvis model for

Stomatal function
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instance. Aphalo and Jarvis [2] concluded that this effect of stomatal conductance, leading to the classical
model is useful for describing changes in intercellular Penman-Monteith combination equation
CO, concentration and can be used as a submodel in

models of canopy functioning, but it cannot be viewed as _S[Rn+ple, [0, D,

a mechanistic model. = (8)
In some cases, the ratio of the partial pressure gf CO S+V(1+)

in the intercellular air spaces to the partial pressure of 9s

CO, at the leaf surfac€/C, is computed by an empiri-

cal function of leaf irradiance PAR and VPD (e.g. [144]) Wheres is the slope of the saturation vapour pressure
curve with respect to temperature dbyglis vapour pres-

C/Cs=f(PAR, VPD). (4)  sure deficit of the air. Mc Naughton and Jarvis [87]

This approach can be used if stomatal conductance halEWrote the Penman-Monteith equation as

not to be computed explicitly (i.e. in tree models focus- AE=Q-AE_+ (1-Q) -AE (9)
ing on carbon gains which do not represent transpiration ed me
losses). where Q is a dimensionless “decoupling” factor
(0 <Q <1),AE,is the equilibrium evaporation rate and
Transpiration AE;,, is the imposed evaporation radE, depends only
on available energy (i.&n) while AE;, depends on sur-

Because transpiration can be regarded as a physicdfce conductance and water vapour deficit (see [67]).
process, all transpiration models use the same basid Ne decoupling factaR2 makes explicit the relative con-

approach, i.e. the energy balance (e.g. see [94]) tribution of AE,, andAE,  to actual transpiratioAE. It
depends on the relative magnitude of leaf boundary and
Rn+M=H +AE ) stomatal conductances (see [67]). For tree canopies (tem-

. . forests [87, 88], mediterranean oak-savannas
whereRnandM are the net gains of energy from radia- perate
tion and metabolism respgctively ahldgzd AE are [65]), Q values computed at canopy scale are leW.g)

' ' &ue to the large boundary layer conductance with regard

g’: ;egrgftiz(ansr'gf 22;1\/'2};‘; Egﬁt’b'ée'eg%/irﬁg?ggcft:g%an 0 surface conductance. This observation led Infante et
b ' P al. [65] to approximaté\E by the only termAEimp.

radiative transfer models (see below) which include theHowever, Daudet et al. [29] showed significant varia-

treatment of thermal infrared radiation, i.e. radiation ,. L .
T . . ' tions of Q values within the crown of an isolated tree,
emission by vegetatioM is generally neglected because i.e. ranging from 0.2 to 0.6.

it only accounts for a few percent of energy gakhsnd

AE are computed from flux-gradient relationships As an alternative to the Penman-Monteith solution
_ (Eqg. 8), numerical methods can also be used to solve the
H=p GGy M- T (6) energy balance equation. This allows to take into

account explicitly the effect of leaf temperature on every

pLE, ngqu —e) 7 variable affecting the energy balance, namely radiation
y s 79 () emission by the leaf surface, the saturation vapour pres-

sure in the sub-stomatal space, and stomatal conduc-
wherep, c_, y are the air density (kg T, the heat  tance. All terms of the energy balance (Rm, Hand
capacity of the air (J k§ K1), and the psychrometric AE) are thus leaf temperature-dependent. Leaf tempera-
constant (Pa K), respectivelyT andT, are air and leaf  ture thus appears as the tuning variable of the energy bal-
temperatures, ang] ande, are the water vapour pressure ance, i.e. the variable to be computed from equation (5).
in the substomatal spaces and in the air, respectivelyDue to the non-linearity of equation (5) with respect to
Conductances, andg,, (m s) relate to the leaf bound- temperature, a numerical solution involves iterative
ary layer and to water transport from the sub-stomatalprocesses, such as the Newton-Raphson method (see
spaces to the air. Vapour pressure is assumed to be sat{it00]).
rating in sub-stomatal spaces. Conductagcis a func-
tion of local wind speed whilg,, includes both stomatal Photosynthesis
and leaf boundary layer conductances (see e.g. [94]).
Modelling transpiration requires the solution of the sys- |, contrast to stomatal conductance, there is a general
tem of equations (5, 6, 7). An analytical solution was consensus on the way environmental variables affect leaf
provided by Penman [108] for the case of wet surfacespnotosynthesis [45]. Leaf photosynthesis instantaneously
(i.e.g, =g,) and Monteith [91] further included the tesponds to a few environmental variables such as light

AE =
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intensity, temperature, air G@oncentration and air pol-  \yherew (umol CQ, m2 s is the carboxylation rate
lutants. This response reflects changes in both stomataymited gy the amount, activation state and/or kinetic
conductance and mesophyll capacity which depends OThroperties of Rubiscal, (pmol CQ, m2s7 is the car-
the activity of Rubisco and on the capacity for electron boxylation rate limited by the rate of Rufegeneration,
transport to regenerate RzuIEight_ has a key role by pro- 4 R, (umol CQ, m2 s is the rate of CQevolution
viding the energy transduced in the electron transporti, ight which results from processes other than pho-
cham_ a_nd thus can restrict RuRgeneration, while CO torespiration. Rubisco activity is likely to restrict assimi-
can limit RuR carboxylation. Leaf temperature strongly |.tion"rates under conditions of high irradiance and low
influences photosynthetic rates, essentially through |tsCO2 concentration. Rufregeneration is likely to be lim-

effect on enzymatic activity and Rubisco specificity [70]. iting at low irradiance and when G@oncentration is

Three approaches can be distinguished as far as phaigh. Introducing the effect of nitrogen on photosynthe-
tosynthesis formulation is concerned. In the first gjs js straightforward in Farquhar's model since the three
approach, leaf photosynthesis is not computed exphgtly.key parameters of the model (the maximum carboxyla-
Instead, the model computes photosynthate produgtion tjgn rateV_ _, the light-saturated rate of electron

as proportional to leaf mas§, or areaA, (e.g. [84]), Or  yransport] _“and the dark respiration ras) are pro-
to absorbed radiation PARxccording to Monteith’s

max’

portional to the amount of leaf nitrogen on an area basis

model [92] (e.g. [47, 79]). Because the Farquhar model requires the
P=ogW, or P=0A (10a) value of CQ concentration in sub-stomatal cavitié)(
a as input, the model must be used in conjunction with a
P=LUE PAR, (10D) stomatal conductance module.

whereg is the leaf specific activity (gC§or gC nr?)
and LUE is the light use efficiency (gC M) An alter-
native, simple approach [34] is to assume & pro-
portional to transpiratiorE, kg H,0 unit time?), so that

P=WUEE (10c)

Foliage responses to a fluctuating environment

The term “instantaneous” response can be misleading,
because it assumes permanent steady-state between leaf

where WUE is the prescribed water use efficiency gas exchanges and environmental variables. The inertia

(9C kg HO™).

of leaf responses can generally be neglected when varia-

A second class of models simulate leaf photosynthesidiOns of environmental variables are slow, but can

A by empirical relationships such as

A=A f(PAR) g, (T) 9,(C) 93(VPD) g, (W) g5(N)  (11)
whereA_ ..

become crucial when environmental variables exhibit
high-frequency variations. For instance, in some envi-
ronments (i.e. forest floor or within dense tree canopies),

is the maximum leaf photosynthetic rate a substantial amount of total radiation flux can be

observed at saturating leaf irradiance PAR and in opti-réceived as short-lived episodes of high intensity, i.e.

mal environmental condition$,is an empirical function
accounting for the effect of leaf irradiance, antepre-

sunflecks. It has been shown that light induction of the
photosynthetic apparatus is required to obtain significant

sents a multiplicative function accounting for the effects amounts of carbon fixation [18]. The kinetics of the
of environmental parameters or leaf status such as aifesponse of leaf gas exchanges to sunflecks, and thus the

temperature ) and CQ concentration ¢), air water
vapour pressure deficit (VPD), plant water potentig), (

efficiency of sunfleck utilisation differ markedly
between tree species (e.g. [136]), depending on several

and/or leaf nitrogen content (N). The most common rela-factors that operate at different time scales [105]. In a
tionships forf (PAR) are the rectangular (e.g. [64]) or similar way, not just the actual value of temperature
non rectangular (e.g. [132]) hyperbola. experienced by a tree, but also the rate of cooling is of

Twenty years ago, Farquhar et al. [45] proposed a bio-Paramount importance in determining plant responses to
chemically-based approach to account for the effects ofdTOPS in non-freezing temperature (as reviewed by
the major environmental variables on the main leaf pho-Minorsky [90]). Despite all these dynamic responses of
tosynthetic processes. This model was designed td"€€ functioning to environmental factors, leaf gas
describe the photosynthetic rate@f species as a func- €xchanges are generally treated by steady-state
tion of leaf irradiance, intercellular G@oncentration ~ @pproaches in functional-structural tree models (see

and leaf temperature. Leaf net Cassimilation rate (A, Sect. 3.1) because the errors due to a steady-state treat-
umol CQ, m2s) can be expressed as ment of these exchanges are small compared to errors

] due to the treatment of other processes such as carbon
A=min (\NC,V\/j) +Ry

(12) allocation.
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2.2. Delayed tree responses (a)
to aboveground environmental variables

SHADED BRANCH SUNNY BRANCH

In addition to their instantaneous effects on tree func-
tion, aboveground environmental variables such as light
and temperature can also induce delayed responses ¢
tree foliage.

Light regime influences morphological characteristics
of both leaves and shoots. In particular, mean leaf sur-
face 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 disper-
sion ([110]figure 23 and larger STAR (Shoot to Total
Area Ratio [127]). Those features increase their efficien-
cy for light capture (e.g. [63, 128]).

Several biochemical and physiological leaf character-
istics are also strongly sensitive to the leaf light regime.
In particular, specific leaf area (SLA), amount of nitro- (b)
gen per unit leaf are&() and leaf photosynthetic capac-
ities are generally highly correlated with time integrated
leaf irradiance (e.g. [41, 43, 78, 79, 1¥&jure 2. 4
Lower, shaded leaves of dense canopies usually exhibi
low amount of nitrogen per area when compared to sun-
lit 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 experi-
enced during leaf ontogeny is crucial in determining the
leaf structural features, but it has also been shown tha
the light environment experienced by a given bud during
the previous year can strongly influence the characteris-
tics of leaves derived from this bud in beech [42]. In the
same species, shoot morphological attributes such as lee
number and total leaf area were reported to be largely 0 . 1 ) L .
determined by the light regime of the previous year, 0 10 20 30

while leaf properties such as SLA ahg are mainly -1 -2
determined by current-year light regime [75]. PAR i (MOl d m )

Furthermore, fully mature leaves can acclimate to Figure 2. lllustration of some delayed tree responses to above-
changing (increasing or decreasing) light environments,ground environment: (a) vertical projection of a shaded and a
although the ability to acclimate and the delay involved sunny branch from the middle part of a beech crown (after
in acclimation vary strongly between species. While [110]); (b) relationship between the amount of nitrogen per unit
some species exhibit no ability of photosynthetic accli- leaf area and daily intercepted PAR for walnut leaves sampled
mation (e.g Alocasia [121]), fully mature leaves of within a mature tree and seedlings (after [78]).
other species exhibit substantial acclimation responses
(e.g. [11, 12]). Such acclimation can result from changes
in anatomical features or photosynthetic capacities per Models of foliage acclimation to light are rare and
unit cell volume, and generally depends on the extent tomainly concern photosynthetic light acclimation, espe-
which damage due to photoinhibition can be recoveredcially leaf nitrogen. Two approaches have been proposed
[107]. Furthermore, the time required for completion of so far, either empirical relationships between photosyn-
acclimation seems to be higher in woody species (c.a. 43hetic capacity, nitrogen per area, and time integrated
days: [7, 11, 12]) than in herbs (4 to 14 days: [22, 46]). leaf irradiance (e.g. [35]), or models of photosynthetic

N. (g m-2)

y = 0.40 + 0.14x
r2=0.84
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light acclimation based on the dynamics of starch, solu-of which makes cubic cells. Note that the turbid medium
ble sugars and soluble proteins pools [39, 133]. approach disregards tree topology. Secondly, plant archi-
As with the light regime, the temperature experienced te€cture including both geometry and topology can be
by tree foliage has long-term physiological implications. described from virtual plants, where the shape, size,
In particular, the temperature response of photosynthetidocation, orientation and topological links of every tree
capacity strongly depends on growth temperature (e.gComponent is explicitly taken into account [54]. Thirdly,

[61]). To our knowledge no model of foliage acclimation SOMe tree structure-function models use simpler archi-
to temperature is presently available. tecture descriptions, mainly based on the cumulative leaf

area index in vertical and horizontal directions, for light
and wind attenuation, respectively [29, 109].

3. ABOVEGROUND ENVIRONMENTAL

CHANGES DUE TO TREE STRUCTURE o
AND FUNCTION 3.1. Radiation transfer

In the framework of tree structure-function models, ~ With regard to radiation, tree components act as sinks
plant-driven environmental changes mainly concern thefor interception and sources in case of the emission of
spatial heterogeneity of microclimate variables induced thermal infra red radiation. Scattering processes at the
by the presence of the tree. The aboveground environsurface of the organs depends on wavelength and redis-
ment includes variables related to energy (radiation,tribute a fraction of intercepted radiation in space. Due to
heat, momentum characterised by vertical and horizontathe spatial distribution of the organs in the canopy, frac-
wind speed) and gas (water vapour,,G@d other bio- tional interception of direct sun light generates a bimodal
genic gases) content of the air. Heat and gas contents di.€. either shaded or sunlit) distribution of light within
the air are called “scalars” because they are characterisethe canopy (e.g. [117]). This leads to very high variabili-
by a single variable, either temperature or gas concentraty in the light conditions encountered in canopies [5, 8,
tion. The modification of microclimate is primarily due 25] (figure 39 although light distribution is made more
to the production and capture of energy and gases by thgniform due to the ratio of diffuse to global incident

tree components. radiation D/G), scattering and penumbra effects [102].
Temporal variability of the light regime also occurs in
Representation of canopy architecture canopies at different time scales, i.e. due to the sun
for simulating tree-environment interactions course, clouds and the effect of wind on foliage move-

ments [115].

Microclimate modification depends on the resource Many simulation models have been proposed for radi-
field above the canopy, the surface properties of treeation transfer within canopies. Models deal with only
components, and tree architecture. With regard to treginterception, interception plus scattering in the solar
architecture, light, wind and scalars are affected only byspectrum (0.3—-3 pm), or interception plus scattering plus
the spatial distribution of tree components (i.e. the geo-emjssion in the case of the thermal infrared radiation
metrical component of tree architecture). On contrast, (550 pm). Most of radiation models use the turbid
due to StemﬂOW, rainfall interception also depends ON medium anak)gy, and therefore are based on the genera|

tree topology (i.e. the physical connections between tregaquation of radiation transfer (see [116]):
components making the branching system). For all

resources, the modelling approach is primarily driven by dg, Gq 1(r (Q’, Q) .
the way to represent tree architecture. Three major a "o 0 | Tcose O [HO". (13)
approaches can be distinguished (in addition to the big Jan

leaf approach which is unsuitable for tree structure-func-

tion models). Firstly, in the turbid medium approach The left member of equation (13) represents the change
[116], the canopy is abstracted as a “leaf gas” and geoin photon fluxl, coming from directiorQ when cross-
metrical structure is described in terms of tree compo-ing a small vegetation layeiLd The first term of the
nent density functions, on an area basis (i.e. interceptingight member accounts for interception according to the
surfaces, especially the spatial distribution of leaf areaprojected area of the vegetation compon&yjsn direc-
density). The canopy can be described as a multi-layeredion Q and zenith angl®. The second term of the right
medium [82], a collection of crowns modelled by geo- member accounts for scattering: it incredggsith radi-
metric shapes [76] or a matrix of 3D cells [123]. In the ation coming from every directiof’, according to the
latter case the space occupied by vegetation is dividedptical properties of the plant componeR{€2', Q) (i.e.

into horizontal layers and vertical slices, the intersection the fraction of radiation coming from directiéti which
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is reflected and/or transmitted in directi@). Several

methods have been proposed to solve the integro-differ- I, =12 Cexp
ential 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.Wherelg is the incident radiation coming from direction
Beer's law: Q andL is leaf area index. Light models where tree

(a)

Go
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Figure 3. lllustration 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 isoldted walnut
crown (after [25]); (b) throughfall heterogeneity under Sitka spruces (from [49]); (c) mean vertical profiles of normaldzed sta
deviations of one horizontal wind component/{J*) measured in plots with Sitka spruce trees spaced at intervals of c.a. 4, 6, and 8 m
(from [56]); (d) profiles of average temperat@yenass fraction of water vapogyand volume fraction of C{x within a forest stand,

with concurrent measured fluxes of sensible ket 2, latent heahE (W m9 and CQ fluxesFc (mg nt2s71) (from [36]).
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crowns and/or shoots are abstracted as turbid mediumwvater resource partitioning between plants, i.e. due to
geometric shapes (frustrums, ellipsoids, cylinders) havetheir individual funnelling ability (see the review by
been proposed by Norman and Jarvis [99] and theBussiére [16]).

Finnish group (e.g. [76, 103]). Some of these models Thegretical treatment of rainfall interception has
allow grouping of foliage within shoots and of shoots (eceived much less effort than other microclimatic vari-
within tree crowns to be taken into account. A simplified gpjes. Almost all models are based on Rutter et al.’s

version of Norman and Jarvis’ model was then used in[11g], j.e. an equation for the balance of rainwater stor-
MAESTRO [137] while Cescatti [17] proposed a flexi- age by the canopyl}:

ble parameterisation allowing for a large range of crown
shapes in the model FOREST. Among light models dc _ C
abstracting the canopy as a matrix of 3D cells, some deal aTr - Py—pR—-K [éxp(b EC) —E EE
only with the interception process (e.g. [21, 33, 139])
while others include an accurate treatment of scattering,yhereP_ is incident rainfall,p is the free throughfall

mainly for remote sensing purposes (e.g. [52, 74, 96)).coefficient,E_is potential evaporation rat8js the max-
We also developed a light transfer model based on 3Djqmum canop’i/ storage capacity, aiidandb are coeffi-
cells (RIRI [122]). It was first applied to intercropping cients. The three last terms of right member of equation
systems and allows Ilg_ht partitioning between vegetation(15) account for free throughfall, drainage from the
components to be simulated. The RIRI model was canopy (stemflow plus dripping) and evaporation loss,
lated tree crown [25]. related to canopy structure (e.g. LAl and bark content
Computation of light interception (i.e. disregarding since bark largely contributes to storage capacity [60]).
scattering) from virtual plants is easy since it only con- Rutter et al.’s model was improved by Gash [51] who
sists of projecting the vegetation components in a set ofrefined the interception loss terms. In order to avoid the
directions [20, 106, 110, 129]. Including scattering in use of empirical parameters, Jiagang [68] proposed a
virtual plant models can be made from ray-tracing tech-rainfall interception model explicitly based on the turbid
niques [30] or radiosity methods [19], but it is much medium analogy. All these models were firstly aimed at
more difficult, mainly due to the large number of radia- estimating the interception loss at canopy level and do
tion exchangers in a tree canopy. An intermediate solu-not deal with spatial distribution of rainfall either within
tion was proposed by Dauzat et al. [31] who computedthe canopy or at the ground surface, although this would
interception from virtual plants and scattering by the tur- be of interest in the context of tree structure-function
bid medium analogy. models. Simple computations of rainfall interception by
virtual plants including throughfall, stemflow and drip-
ping was proposed by Salmon [119]. Although leaf sur-
3.2. Rainfall interception face properties (e.g. wetness, rugosity) were not included
in the model, simulated spatial patterns of rainwater on
Rainfall interception by tree canopies involves the ground were in good agreement with measurements.
processes similar to those involved in radiation intercep-
tion. A fraction of incident rainfall reaches the soil sur-
face through the gaps between the plant components. 3.3. Momentum transfer
Intercepted rainfall may evaporate, or be redistributed by
splashing, dripping and stemflow. Splashing and drip- Like radiation, momentum is absorbed by the tree
ping may be regarded as “rain scattering” processescomponents which act as passive momentum sinks, due
because they alter the direction and size of dropletsto the drag force. However, unlike radiation, local
Studies on rainfall interception have been mostly moti- absorption of momentum has consequences for wind
vated by environmental purposes [16]: water loss due tocharacteristics at larger distances, due to momentum
interception, erosion due to stemflow and dripping, dis- transport by turbulent structures. Both processes (i.e.
ease survival due to wetness duration and disease dispedrag force and momentum transport) result in an expo-
sal due to splashing. In the context of the relationsnential vertical profile of the horizontal mean wind speed
between tree structure and tree function, direct through-in closed forest canopies (e.g. [120, 131]) and affect tur-
fall and stemflow induce spatial variability of rainfall bulence within the canopy (i.e. fluctuations of wind
water at the ground surface (e.g. [3, 49, B&lire 39 speed [71]). Turbulence within canopies is mainly domi-
which has been correlated to the distribution of superfi- nated by coherent structures, with a spatial scale of sev-
cial fine roots [49] and soil water uptake [10]. Rainfall eral times the height of the canopy [24]. Such eddies are
interception may therefore be regarded as the first step ofesponsible for most of the exchanges between the

(15)
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canopy and the atmosphere. For example, Collineau anadvhereCy is the drag coefficient<(0.2 [14]) anda(x,y,2
Brunet [24] reported time scales of 60 s and length scalds leaf area density. Equation (17) shows that correlation
of 120 m for a pine forest. Wind characteristics are alsoterms of wind fluctuations are a major determinant of
affected by the vegetation density, especially tree spacimomentum balance. However, they are unknown, so
ing (e.g.figure 3c[56]). Heterogeneous or discontinuous additional assumptions have to be made to relate the cor-
canopies induce spatial variation of mean wind speed inrelation terms to mean wind speed, i.e. the variable of
the horizontal plane, as reported by Green et al. (1995) irinterest. This process is called “equation closure”. The
case of an orchard and Daudet et al. (1999) within ansimplest assumption (1st order closure) consists of intro-
isolated tree crown. ducing a function of turbulent diffusivity, e.g. in the 1D

With regard to momentum absorption, all simulation ¢as€
models are based on the equation of momentum balance
which is applied to horizontal layers or 3D cells describ- uw =K
ing both the canopy space and the space above the m
canopy. For the horizontal direction the equation of
instantaneous momentum balance of a small fixed vol-Such an assumption with an adequate choice of the func-

T

(19)

(s3]
N

ume c.dy.dz can be written (e.g. see [140]) tion K leads to the classical logarithmic vertical wind

ou [ du du o # o 7 o # ou| profile above a closed canopy (i.e. thSDF(u) =0)

re U&+VX+WE Ky 72+72+¥ o (16) and an exponential profile within the canopy. However,
ooy due to the weakness of 1st order closure (e.g. see discus-

) o sion by Wilson [140]), higher order schemes of equation
whereu, v, ware components of wind speed in directions ¢josyre have been proposed, especially in 3D wind mod-
X, Y, z,respectivelyp is air pressurep is air density and  g|g (e.g. [57, 143]). They need additional equations,

ky is molecular diffusivity of momentum. Equation (16) egpecially the balance of turbulent kinetic energy.
expresses that components of momentum change are

transport by the air movement in three directionsy( 3 Computations of wind distribution from \_/irtual plants_
(i.e. the 1st term of right member), molecular diffusion has never been proposed. Indeed the gain due to a fine
due to viscosity forces (i.e. the 2nd term) and the gradientdescription of tree architecture would be very low, since
of air pressure, (i.e. the 3rd term). Equations similar toturbulence occurs at scales larger than that of plant
(16) can be written for momentum conservation along 0rgans, and because the assumptions used in the models
directionsy and z, although a gravity component has to (especially, equation closure) are weak in comparison to
be included for the direction. Assuming the air is an those associated with canopy structure [13].

incompressible fluid makes a constant and is a first Due to the complexity of momentum transfer, simpler
simplification in solving equation (16). Moreover equa- empirical approaches have been proposed. In particular,
tion (16) applies to instantaneous wind speed while wepaudet et al. [29] related horizontal wind attenuation
are interested in mean wind speed. As proposed bywithin the crown of an isolated tree to the cumulated leaf

Reynolds, variables, v, ware therefore separated into area computed from crown edge along the wind path.
mean and fluctuating quantities, characterised by an over-

bar and prime, respectively, and equation (16) is averaged

over time and space. In simple cases (horizontally homo- 3 4 gcalar transfer
geneous canopies, flat terrain, stationary conditions),
momentum transport and the drag force due to plants are
the only significant terms (Brunet, pers. comm.), so aver-
aging of equation (16) simplifies to (e.g. [140])

The heat and gas contents of air are influenced by
both tree structure and tree function. Tree structure pas-
sively affects the turbulent transfer of scalaia its
duu duv auw action on wind characteristics, while tree function pro-
+ + c(uj=0 (7) vides scalar sources or sinks, e.g. of heat due to the ener-
ox ol 0z gy balance of the tree components, water vapour due to
transpiration, CQin relation to photosynthesis and res-
piration, and trace gases emitted or absorbed by the tree
foliage (e.g. isoprene [58]; NO-NGD, triad [72]). Both
transport and production processes result in spatial varia-
tion of these scalars within tree canopies (Bgyre 3d
[36]), especially along vertical transects in dense forest
stands.

where §,(u) is momentum absorption by plant compo-
nents, including both viscosity and pressure forces.
Wilson and Shaw [141] propos&i(u) to be modelled
as:

Sor(U)=Cp (a(x y, 2 (7 (18)
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The starting point for modelling scalar transfer is the r
conservation law for the mass of the scalar entity [112]. c(x )= ” P<X’t
Two approaches have been proposed. In the Eulerian o
approach, the conservation law is applied to a small voI-whereP<x,t Xo» t0> is the transition probability function,

ume fixed in space i.e. the conditional probability that a fluid particle lying
) ) 5 at positionx at timet was at positior, at timet,,.
& (u u +v§ +Wa°) + kc(a c +E +ac) (20) P<x,t Xo» to> only depends on fluid motion, and needs to

o oy 0z o ‘?5’2 o be modelled in order to evaluatéx,t) from equa-

tion (23). The model for P has a similar role as equation
wherec is scalar concentration amgthe molecular dif-  closure in the Eulerian approach [112]. An analytical
fusivity of scalarc. Equation (20) is similar to model was proposed by Raupach [111] in the case of
Equation (16) for momentum transfer: the 1st and 2ndsteady, homogeneous turbulence. In the case of a pine
terms of right member account for scalar transport due toforest treated as a multilayer canopy, Ogée [101] rewrote
air movement and molecular diffusion, respectively. equation (23) as a system of linear equations relating the
As for momentum transfer, variables are split into verti.cal profilgs of scalar con_centration and source to the
mean and fluctuation, and Eq. (20) is averaged OVervertlcal profiles of mean wind speed and turbulence.
space and time 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].

Xo to) (B(Xor to) oty (23)

ot

uc avc awc
-+ 4+

ox dy 0z

ox o 0z

+§ %zt (21)

&_ [ow ove owe
at

where the terms of right member account for an advec-
tive flux, an eddy flux and scalar sourgg 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 GOLike momen-

tum 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 __12bPle Igives the characteristics of static models inte-

higher order. All workers involved in turbulent transfer 9raling interactions between tree structure, tree function

(e.g. [37, 48, 112, 140]) agree that such unavoidable@nd the aboveground environment. Models were sam-
equation closure makes the Eulerian approach inapproP!€d so that they represent the range of modelling
priate within the canopy. This is because gradient-diffu- @PProaches proposed in the literature. In the context of

sion hypothesis assumes scalar transfer at local scalegtructural-functional tree models, models quoted in
while transfer is dominated by eddies of length scale@Ple I were also chosen so that they explicitly simulate
comparable with canopy height. photosynthesis and/or transpiration at a intra-canopy

scale, in order to predict carbon and/or water fluxes by

An alternative to the Eulerian approach is the scaling from the leaf to the tree or the canopy (e.g. [82,
Lagrangian one, where the conservation equation is134]), or to describe the spatial variations at an intra-
applied to a fluid particle, i.e. an infinitesimal control canopy scale (e.g. [31, 123]). Thus all quoted models

4. CURRENT REPRESENTATIONS OF TREE
FOLIAGE/ENVIRONMENT INTERACTIONS
IN FUNCTIONAL-STRUCTURAL TREE
MODELS

volume moving with the fluid explicitly include radiation transfer, leaf photosynthesis
and/or energy balance calculations.
$:S(X(t), t} (22) Modelling radiation transfer uses either the turbid
dt medium approach applied to geometric shapes (e.qg.

[134]), multilayer (1D model, e.g. [82]), 2D (e.g. [23])
where X(t) is the position of the particle at tinteand and 3D (e.g. [123]) tree canopies, or virtual plants
S(x,t) describes the scalar source distribution. Due to thedescribed at leaf scale (e.g. [31]). Transpiration is com-
random nature of turbulence, the solution of the puted from the energy balance, either analytically (i.e.
Lagrangian conservation equation (Eq. 22) deals with athe Penman-Monteith equation, e.g. [137]) or numerical-
mean value of the scalar concentration field ly 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 function-

al-structural tree models (EB: energy balance; Emp. empirical; P-M: Penman-Monteith; TM: turbid medium).

Model Radiation Transpiration  Stomatal Photosynthesis ~ Wind Scalar Leaf Drought

conductance transfer nitrogen
Cohen et al., ™ EB Jarvis, 1976 Emp. Emp. 1D - - -
1987 2D cells
Dauzat et al. Virtual EB Jarvis, 1976 - Emp. - - Coupling
1999 Plants Iterative 1D with sapflow
Leuning et al. ™ EB Modified Farquhar et al., Emp. - Emp. -
1995 Multilayer P-M Ball et al. 1980 1D 1D

(1987)

Pearcy and Virtual - - Emp. - - - -
Yang, 1996 Plants
Sinoquet ™ EB Jarvis, 1976 Farquhar Emp. - Emp. -
et al., 2000 3D cells Iterative et al., 1980 3D 3D
Thorpe et al., ™ EB f(PAR) Emp. - - -
1978 Tree shapes Iterative
Wang and ™ EB Jarvis, 1976 Emp. or Emp.? - - -
Jarvis, 1990 Tree shapes P-M Farquhar et al.

modelled by using the Jarvis model [66], although a true for isolated trees, see [29]). Disregarding the effect
modified version of Ball et al.’s approach is used by of tree function on air characteristics however prevents
Leuning et al. [82]. All models include the biochemical from simulating tree function in contrasting growing
leaf photosynthesis model proposed by Farquhar et alconditions (e.g. isolateds. densely planted trees),
[45], except the oldest ones (e.g. [23, 134]) where anexcept if microclimate variables are measured within
empirical assimilatiows irradiance relationship is used. each canopy.

Some models take into account the spatial distribution

f physiological parameters, especially photosynthetic

eaf properties which can be related to leaf nitrogen
content (see above). In a multilayer canopy model [82],

Models quoted irtable | scarcely treat momentum
and scalar transfer. On one hand, when simulated, win
distribution is computed as a vertical profile, i.e. the

approximate exponential attenuation assumed in hori- ) S O ;
bp P spatial distribution of leaN was described by an expo-

zontally homogeneous canopies (e.g. [31, 82]). In ol f X f th lative d d leaf
Sinoquet et al.’s model [123], the horizontal attenuation "€Ntial function of the cumulative downward leaf area

of wind speed in an isolated crown is approximated by'ndlex’f i_.e.gl_n implilcit r‘:"aééo relgtelz leaf nitrgggn Sc_ontent
= i to leaf irradiance. In the 3D model proposed by Sinoquet
| relat h 29]). On the other hand, e O )
an empirical refationship (see [29]). On the other han et al. [123], the spatial distribution of leldfwas simulat-

scalar transfer has never been included in structural- . ; .
functional tree models. This is because quoted modeld from leaf irradiance integrated on 7 days (see [78]).

simulate fluxes at the interface between tree foliage and>Uch relationships are empirical and do not derive from a
the atmosphere from a tree perspective:,@d HO mechanistic model of leaf pl_asncny to _the _I|ght environ-
fluxes are viewed as photosynthesis and transpirationent. In the other models, nitrogen is implicitly assumed
processes, respectively, rather than scalar sources for thi € uniformly distributed. This can Ieoad to significant
atmosphere. As mentioned by Leuning et al. [82], inte- Underestimation of assimilation rates1(0%, [62]).

grating Lagrangian transfer within tree models would be In most models quoted iable I, drought effects are

a complex task (see above), and would need taking intanot explicitly accounted for, but they could be included
account the contribution of the soil (i.e. respiration and by adding the effect of soil or leaf water potential in the
evaporation). Moreover, in a number of cases, air characstomatal conductance model of Jarvis [66]. This requires
teristics (i.e. wind, temperature and humidity) do not to use soil and/or leaf water potential as an additional
show large spatial variations, and/or these spatial variainput variable. Dauzat et al. [31] coupled their transpira-
tions do not have large effects on £Cénd HO fluxes tion model with internal water fluxes, i.e. in the tree
between the tree and the atmosphere (this is particularitopology, in order to simulate the distribution of water
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potential within the tree. Despite the increasing model specific activity approach (Eq. 10a) [109]. De Reffye
complexity, such a way may be regarded as an usefukt al. [34] estimate local carbon gains from local transpi-
integration exercise in the context of structural-function- ration by assuming a constant water use efficiency
al tree models. (WUE) within the tree. In contrast, the most sophisticat-
Table Il gives features of tree-environment interac- €0 treatment of photosynthesis corresponds to the bio-

tions treatment in a range of structural-functional models Chemical model of Farquhar et al. [45] (e.g. [4]).

of tree dynamics. All models include submodels of light  Despite the fact that they are designed to simulate tree
interception (except [34]) and photosynthate production,growth and architecture dynamics over long periods
because they assume that carbon balance is the kefgenerally several years), most modelsable Il do not
determinant of tree growth and architecture dynamics.deal with delayed tree responses such as light acclima-
Submodels of light interception may range from simple tion: the only exception is the model SIMWAL [4] that
to complex: LIGNUM [109] uses a modified Beer’'s law accounts for light acclimation of leaf photosynthetic
where PAR attenuation is computed from the biomassproperties (via empirical relationships between leaf nitro-
above each location. In contrast, ECOPHYS [113] gen and leaf irradiance). Similarly no model explicitly
includes light calculations based on virtual plants. This accounts for stomatal conductance, because they mostly
was made possible because ECOPHYS deals with younglisregard plant water relations. Balandier et al. [4] how-
trees, i.e. with a limited number of leaves. In the other ever used an empirical relationship (Eq. 4) to implicitly
models, 3D computations of leaf or shoot irradiance areaccount for the effect of stomatal aperture on internal
based on the turbid medium analogy. Models quoted inCO, concentratiorC,. Because transpiration is computed
table Il also apply different approaches to compute pho- from internal water fluxes, De Reffye et al. [34] did not
tosynthate production. In the simplest approaches, phototake into account stomata in their model. Finally, no
synthate production is calculated from a constant light model includes tree-driven environmental changes,
use efficiency (LUE) (Eg. 10b) [73, 129] or from the leaf except the effect of tree structure on light interception.

Table Il. 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 WALSIM LIGNUM Takenaka (1994b) De Reffye
(Rauscher (Balandier (Perttunen Kellomaki (1995) et al. (1997)
et al., 1990) et al., 2000) et al., 1996)
Instantaneous tree responses
*stomatal function None C/C =f(PAR) None None ?
*photosynthate production Rectangular Farquhar Annual Constant Constant
hyperbola model productivity LUE WUE
A=f(PAR, A=f(PAR, P =f(PAR)
T,age) TN,C)
Delayed tree responses
*light acclimation of None N = f(light None None None
photosynthetic capacities regime)
*light acclimation of shoot None None None None None
morphology (STAR...)
except shoot length and volume
Tree-driven environmental changes
*wind speed No No No No No
*air VPD No No No No No
*light quantity Interception of Interception of f(biomass Beer's law No
direct and diffuse direct and diffuse above each for leaf clusters
by each leaf by each leaf location)

*light quality No No No No No
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5. THE NEED OF SIMPLE, REALISTIC 05
FORMULATIONS FOR ABOVEGROUND

INTERACTIONS IN FUNCTIONAL-

STRUCTURAL TREE MODELS 0.4 |

Process representations used in detailed models repre
senting the tree-environment interactions (sdxe ) 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 tabke II) 0.1
such as (i) the constancy of light use efficiency (LUE), i.e.
carbon assimilation rate per unit of absorbed PAR is

0.3 1

0.2 1

LUE (gC/molPAR)

approximately constant in absence of water stress, (ii) the 0 ; ‘

constancy of water use efficiency (WUE), i.e. carbon 0 5 10 15 20
assimilation rate per unit of transpired water is approxi-

mately constant, or (i) the optimisation of leaf nitrogen Absorbed PAR (mol/m?/day)

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 model2D 8
was applied to an isolated, 20-year-old walnut tree
crown. RATP has already been parameterised and teste €
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 0.5x 0.5 m). This allowed quan- 8
tification 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 mode-S
(i.e. as used in the reference run), but assuming a cong
stant LUE. In a third run, carbon gain was computed
assuming a constant WUE. Constant LUE and WUE 8
used in the second and third runs were computed as th « 0 T
ratio of total carbon gain computed at tree scale in the 0 2 4 6 8
reference run to total absorbed PAR and transpired

water, respectively. A simulated by the RATP model

(gC/m2/day)

sta
in the tree (gC/m?/day)

y =1.10x - 0.27
R%=0.99

5.1. Testing the constant LUE

and constant WUE hypotheses Figure 4. (a) spatial variations of the daily light use efficiency

LUE as a function of daily leaf irradiance PAR within an indi-
] o ) vidual walnut tree crown, both simulated by the RATP model,
The light use efficiency simulated by the RATP and (b) comparison of the daily, local photosynthetic carbon

model at the 3D cell scale was roughly constant within gains simulated by the RATP model (i.e. using the Farquhar
the tree crownf{gure 49. Light use efficiency only  Photosynthesis model) or assuming a constant light use effi-
slightly decreased with increasing daily leaf irradiance ©'€Ncy-

(from 0.45 to 0.35 gC mol APAR. 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 modég(re 45. transpired for the shade leaves at the centre of the tree

) A _ crown, upto 4.5¢gC kg;ﬂTl water transpired for the sun

In contrast, the spatial variations of the water use effi-|eayes at the edge of the crown. Because of this strong
ciency computed by the RATP model at the 3D cell scaleygyiapility, using a single value for WUE significantly
were important within the tree crowfiglre 5"’)-1 Water  oyerestimated carbon gains by shade leaves and underes-
use efficiency increased from 2.1 gC k@M~ water timated carbon gains by sun leaviigure 58.
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2 —_ Figure 6. spatial variations of the daily light use efficiency
== LUE as a function of daily leaf irradiance PAR within an indi-
= -‘g vidual walnut tree crown, simulated as in Figure 4 but assum-
8 E 6 - ing a uniform distribution of leaf nitrogen within the canopy.
7]
g3
o . . .
© ;’ 4 - son, carbon-based models simulating fruit growth [80]
o9 must accurately represent individual shoot or leaf carbon
£ = gain. Similarly, tree structural growth models sometimes
£ g 2 y = 0.56x + 1.27 ngeq to represent the heterogeneity of carpon sources
a "E R2=0.96 within the tree crown according to the allocation scheme
g — used (see [77]). However, the simulation results present-
< 0 . ed above showed that, according to model objectives, a
detailed representation of leaf photosynthetic rates is not
0 2 4 6 8 necessarily needed in functional-structural tree models.
A simulated by the RATP model For instance, using a constant LUE is adequate for simu-

lating local carbon gains within the walnut tree crown

2

(gC/m*/day) studied. The constancy of the daily light use efficiency
_ _ o _ - within the tree crown resulted from the linear relation-

Figure 5. (a) spatial variations of the daily water use efficiency ships observed in the field between the amount of nitro-

VIJE a2 5 uncton o Gy leal Iradtance PAR Wil e e, gen per uni eaf area, eaf photosyntheic capacites, and
and (b) comparison of the daily, local photosynthetic carbon local '?af.'”@d'ance [78’.79]' Indeed, assuming a uni-
gains simulated by the RATP model (i.e. using the Farquharform distribution of leaf nitrogen when simulating LUE

photosynthesis model) or assuming a constant water use effidistribution within the walnut tree canopy resulted in a
ciency. strong decrease of LUE with increasing time-integrated

leaf irradiance flgure 6). This result is consistent with
the conclusion of Dewar et al. [39] drawn from a bio-
chemically-based model. From a practical point of view,
5.2. Implications for the representation of local provided that the LUE value is known, this approach is
carbon gains in functional-structural tree models adequate for simulating tree architecture dynamics over a
long time period under a given environment (e.g. a given
Local photosynthetic rates largely determine local nutrient availability and atmospheric composition). Such
shoot growth and the development and growth of organsan approach has already been used in several functional-
such as flower buds and fruits [26, 32, 59]. For this rea-structural tree models [73, 129], assuming autonomy of
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branches with respect to their carbon balance [126].tion, tree height and diameter distribution, tree architec-
However, prescribing the LUE value implies first either ture). Given the number of models available in the litera-
to measure it or to compute it from a detailed simulation ture, model comparison (i.e. between static models, and
model representing explicitly leaf or shoot photosynthe- between static and dynamic models, sd#es landll)

Sis. and improved communication between modellers are

In contrast to LUE, WUE is not a conservative vari- Neéded to address these questions.
able 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 biasdgy(re 51.
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