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Highlights: Drought stress alters tree carbon and water balance, and it could affect pest and disease
development as affected by changes in microclimate. Spatial and temporal variability of leaf gas exchange
and microclimate (through leaf temperature) were assessed by adapting a 3D turbid medium model to
drought stress and comparing model outputs to drought experiments.
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INTRODUCTION
Tree 3D-structure induces environmental and physiological gradients, which have to be taken into
account for understanding the acclimation of various plant processes such as photosynthetic assimilation
(Anet), stomatal conductance (gS) and leaf transpiration (TR) to the main driving factors, particularly intracanopy microclimate. Modelling such variability is also a prerequisite for upscaling to the whole plant or
population. Numerous studies have investigated the acclimation of gS and Anet to local light interception
(Hollinger1996; Leuning et al. 1991). Spatial variability of Anet has been shown to be tightly related to that of
light interception via leaf nitrogen distribution expressed per surface area (Na, Thornley 2004).
Characterization of the spatial distribution of gS within the canopy has been done generally to relate it with
hydraulic traits (Sperry et al., 2008), or to Anet (Prieto et al. 2012). Another consequence of the canopy light
gradient is the spatial variability of the energy balance, particularly that of the latent heat (determined by gS)
and the sensible heat (leaf temperature, Tleaf) terms (Monteith and Unsworth 1990). Thus gS may allow
assessing and modelling spatial variability of Tleaf, which is an agronomic challenge in fruit tree species as
the development of numerous pests are temperature-dependent.
The effects of summer drought on Anet, TR and gS have been widely studied, and various models have
been proposed (Damour et al. 2010). However, intra-canopy variability of such responses has received much
less attention than temporal dynamics. One major difficulty lies on the tools available for assessing both the
processes of interest (light interception, carbon assimilation, etc.) and their spatial distribution in a realistic
way (Niinemets, 2012). Moreover, there are still very few models able to simulate Tleaf spatially distributed,
and include leaf functions together with Anet and gS.
The RATP model (Sinoquet et al., 2001) allows simulating (i) the radiation intercepted by the crown
foliage, (ii) leaf temperature (Tleaf) and gS as outputs of the energy balance, and (iii) Anet and TR (Fig. 1). It
considers the canopy 3D structure by discretizing the crown foliage into voxels as turbid media, and thus
allowing simulation of Anet and TR at both canopy level and voxel levels. This model has been applied for
various aims, for example assessing the foliage randomness (Sinoquet et al., 2005), simulating the thermal
microclimate and its effect on leaf miner development (Pincebourde et al., 2007), and disentangling
structural and functional effects on TR and Anet (Massonnet et al., 2008). But until now, the RATP model
relied on optimal water conditions, as the Jarvis gS submodel (Jarvis, 1976) did not simulate the response to
water potential, thus the model was not adapted to drought conditions.
Our aim was to assess spatial variability, and its temporal evolution, of transpiration, stomatal
conductance and temperature responses of young apple trees to drought (Malus pumila Mill., var. Delbard
Jubilé®). We adapted the RATP model to drought by adding a response function to soil water content in the
Jarvis sub-model. We tested the TR outputs (TRRATP) against xylem sapflow measurements as proxi values of
total tree canopy transpiration (TRsap) during drought experiments.
MODEL DEVELOPMENT AND PARAMETRIZATION
The gS submodel as formulated by Jarvis (1976) was first parameterized for the photosynthetically active
radiation (PAR), Tleaf, and vapour pressure deficit (VPD) response functions in optimal irrigation conditions.
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Then during a two-week-long drought period, gS was measured at different dates during which the PAR, Tleaf
and VPD values were concurrently measured. The residuals between gS simulated with the measured
microclimatic variables and actual gS, were linearly related to normalized soil water content. This linear
relationship was added in the Jarvis subroutine.
For the foliage structure, only leafy shoots were digitized, and individual leaves were reconstructed by
allometric relationships (Sonohat et al., 2006). Computations of transpiration and leaf temperature were
performed at a 30-min time step according to the meteorological dataset. The model has been implemented
in RATP and integrated into the OpenAlea plant modelling platform (Pradal et al., 2008)
RESULTS AND DISCUSSION
The temporal evolution of TRsap prior the drought was mostly well reproduced by the model. TRsap
decreased dramatically eight days after the start of the water shortage and remained very low for several days
after the end of the drought (Fig. 2). Driven by soil water content input data, simulated TRRATP decreased
dramatically six days after the start of the water shortage. The temporal shift between the TRsap
measurements and TRRATP simulations may be attributed to the buffering effect of tree hydraulic capacitance
(Sperry et al., 2008), which should be included in the response function, but not represented as input or
intermediate data. Furthermore, while TRRATP increased rapidly after irrigation restart, TRsap for unharmed
trees remained at very low level, and increased regularly up to five days after restarting irrigation, despite a
very fast recovery of gS. This could be explained by xylem embolism which may have developed during the
drought period and decreased the sap flow rate (Cruiziat et al., 2002). Even if gS recovered quickly to predrought levels, xylem vessels have to be refilled by water, but the involved mechanisms are still discussed
(Nardini et al., 2011).
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Fig. 1. Main features of the RATP model. The
blue boxes are the input data, the main
computation processes are in the yellow boxes and
the outputs are in the green boxes. Each
calculation step is done for each voxel at a 30-min
time-step.
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Fig. 2. Temporal course of canopy transpiration (i) as
measured by xylem sapflow measurements (blue circles), (ii)
as simulated by taking into account soil water shortage
(orange lines) or not (green broken lines). The water shortage
started on June 7, 2011. The simulations were stopped after
June 22 as visible damages on the leaf crown were observed.

As expected, there was a large variability in TRRATP values (Fig. 3a) when the trees experienced optimal
irrigation conditions. At the end of the drought experiment, TRRATP values were very low and varied in a very
narrow range (Fig. 3b). Further simulations will allow determining the degree of heterogeneity of TR
decrease during drought.
On the other hand, the mean Tleaf varied temporally according to the air temperature. Moreover, the Tleaf
range under optimal water conditions varied at the diel scale up to 4°C (Fig. 4a), and according to air
temperature. But when both simulations and measurements values of TR were very low, typically at the end
of the drought period, the diel range of Tleaf decreased, averaging ≈ 2.5°C, even if the mean air temperature
increased (Fig. 4b). This is in good agreement with measurements done on almond trees under drought by
Gonzalez-Dugo et al. (2012).
Among the model parameters, the leaf nitrogen content expressed per area unit (Na) had an important
influence in the simulation outputs. In RATP, Na drives the maximal gS (gSmax) which is degraded by the
response functions of the Jarvis submodel. Leroux et al (1999) found a linear relationship between the daily
cumulated PAR averaged over several days and Na, allowing a fixed distribution of Na within the canopy
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Prieto et al. (2012) showed that Na varied over the growing seasons in grapevines. This implies that seasonal
changes in Na distribution within the canopy have to be taken into account, as well its relationship with gSmax
for which Leroux et al. (1999) showed seasonal differences.

Fig. 3. Example of spatial distribution of sunlit leaf
transpiration (a) on June 5th (optimal soil water content)
and (b) on June 21st (end of the drought period). Both
pictures display transpiration values at 12:00.

Fig. 4. Example of spatial distribution of sunlit leaf
temperature (a) on June 5th (optimal soil water content)
and (b) on June 21st (end of the drought period). Both
pictures display transpiration values at 12:00.
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