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e Background and Aims Scaling from single-leaf to whole-canopy photosynthesis faces several complexities
related to variations in light interception and leaf properties. To evaluate the impact of canopy strucuture on gas
exchange, we developed a functional-structural plant model to upscale leaf processes to the whole canopy based
on leaf N content. The model integrates different models that calculate intercepted radiation, leaf traits and gas ex-
change for each leaf in the canopy. Our main objectives were (1) to introduce the gas exchange model developed
at the plant level by integrating the leaf-level responses related to canopy structure, (2) to test the model against an
independent canopy gas exchange dataset recorded on different plant architectures, and (3) to quantify the impact

of intra-canopy N distribution on crop photosynthesis.

* Methods The model combined a 3D reconstruction of grapevine (Vitis vinifera) canopy architecture, a light
interception model, and a coupled photosynthesis and stomatal conductance model that considers light-driven
variations in N distribution. A portable chamber device was constructed to measure whole-plant gas exchange to
validate the model outputs with data collected on different training systems. Finally, a sensitivity analysis was per-
formed to evaluate the impact on C assimilation of different N content distributions within the canopy.

* Key Results By considering a non-uniform leaf N distribution within the canopy, our model accurately repro-
duced the daily pattern of gas exchange of different canopy architectures. The gain in photosynthesis permitted by
the non-uniform compared with a theoretical uniform N distribution was about 18 %, thereby contributing to the
maximization of C assimilation. By contrast, considering a maximal N content for all leaves in the canopy over-
estimated net CO, exchange by 28 % when compared with the non-uniform distribution.

¢ Conclusions The model reproduced the gas exchange of plants under different training systems with a low error
(10 %). It appears to be a reliable tool to evaluate the impact of a grapevine training system on water use efficiency

at the plant level.

Key words: Vitis vinifera, functional-structural plant model, photosynthesis, transpiration, training system, leaf N

content, canopy structure, gas exchange.

INTRODUCTION

Grapevine (Vitis vinifera) canopy structure is an important
factor determining yield and grape quality (Smart et al., 1990).
There is a huge diversity of training systems used world-
wide, which results in different canopy architectures adapted
to different environments (Carbonneau and Cargnello, 2003;
Reynolds and Vanden Heuvel, 2009). Further modifications of
canopy structure are also produced during the growing season
by viticultural practices such as leaf removal, shoot positioning
and green pruning (Smart, 1985). These complex arrangements
in canopy architecture produce high spatial and temporal vari-
ability in leaf light interception (Louarn et al., 2008a), leaf
properties (Schultz, 1995) and gas exchange of each individual
leaf (Escalona et al., 2003). As a result, water use and photosyn-
thesis may vary considerably with canopy structure. Analysing
these variations requires scaling up from the single leaf to the
whole canopy to take into account these heterogeneities in

microclimate and individual leaf properties (Niinemets and
Tenhunen, 1997). Since existing literature on different grape-
vine training systems mostly neglects these heterogeneities by
considering mean leaves, it is still not clear how canopy struc-
ture affects C gain and water use efficiency at the whole-plant
level (Medrano et al., 2015).

Functional-structural plant models provide the tools and the
framework to accurately describe the canopy structure (i.e. the
exact position of plant organs in space), and characterize the
distribution of micrometeorological conditions at organ scale,
such as intercepted light (Vos et al., 2010). These kinds of
model require a detailed 3D description of the plant architec-
ture, which is often tedious and time-consuming, but necessary
in order to decipher the interactions between plant structure
and physiology (Vos et al., 2010; Sarlikioti et al., 2011). In
grapevine, 3D canopy structures have been recorded by digi-
tizing (Mabrouk er al., 1997; Sinoquet et al., 1998), while
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the variability of canopy structure has alternatively been cap-
tured by statistical modelling (Louarn et al., 2008b; Iandolino
et al., 2013). Such descriptions of canopy structures can then
be combined with functional models in order to calculate, for
each individual leaf, light interception (Mabrouk and Sinoquet,
1998; Louarn et al., 2008b; Iandolino et al., 2013), water status
(Zhu et al., 2017) or gas exchange (Prieto et al., 2012). Leaf
photosynthetic capacity, as estimated through parameters of
Farquhar’s model (Farquhar et al., 1980) [i.e. maximal Rubisco
carboxylation rate (V_ ) and maximal electron transport rate
(J,.0] also varies with microclimate conditions within the
canopy. Leaf N content and leaf mass per area (LMA) appeared
to be good predictors of these variations for leaves at different
positions within the canopy and during the growing season
(Prieto et al., 2012). For a given nutrition level, including the
distribution of leaf N content in the canopy in the modelling can
therefore account for spatial variation in photosynthetic cap-
acity and represents an advantage compared with models using
a spatially averaged, uniform N content (de Pury and Farquhar,
1997; Louarn et al., 2015). In this study, we take into account
the distribution of leaf N content and LMA within the canopy
in order to upscale leaf photosynthesis and transpiration to the
plant level in vines under different training systems.

The functional-structural plant model presented here extends
the structural model TOPVINE (Louarn et al., 2008a, b) by
coupling with a leaf gas exchange module (Prieto et al., 2012)
to simulate whole-plant gas exchange. TOPVINE provides a
set of 3D modelling tools based on an envelope-based approach
to simulate canopy structure on different training systems. The
objectives of this study were (1) to introduce the gas exchange
model that was developed for the plant level based on leaf-level
responses as influenced by 3D structure of the canopy, (2) to
validate the model against an independent dataset recorded at
the plant level over a wide range of canopy structures, and (3) to
quantify the impact of the distribution of leaf N content within
the canopy on gas exchange. The model developed and valid-
ated here provides a novel tool to estimate gas exchange at the
canopy level, capturing the existing variability produced at the
leaf level in grapevine canopy structure by the different training
systems.

MATERIALS AND METHODS

Site description and plant material

The experiment was conducted during the 2009 season in a
vineyard located at the SupAgro-INRA campus in Montpellier
(43°37” N, 3°52” E), France. Grapevines ‘Syrah’ grafted onto
SO4 were planted in 2000. Rows were oriented NW-SE at
140° from north. Measurements were performed on four dif-
ferent training systems. A low single-wire (LSW) system
in which the canopy was free and shoots were not trained
(Table 1, Fig. 1) was compared with three variations of verti-
cally shoot-positioned (VSP) systems: low-density VSP with
3.6 m between rows (VSPI); high-density VSP with 1.8 m be-
tween rows (VSPh); and a low foliage-height version of VSPh
with shoot trimming at 1.2 m (VSPh)). Vine spacing was 1.0 m
for all plots. Each plot consisted of three adjacent rows of 20
plants each. Measurements were performed on the central row.

All plants were spur-pruned on a bilateral Royat cordon, with
six buds per square metre of soil. Vines were daily drip-irrigated
and fertilized to ensure non-limiting water and nutrient condi-
tions. Water applied was the same for all training systems and
adjusted according to evapotranspiration and phenological
stage. Predawn leaf water potential was regularly monitored
throughout the season and never fell below —0.25 MPa.

Measurements of whole-plant gas exchange

Whole-plant gas exchange was measured with an open,
portable gas exchange chamber system developed for grape-
vine as previously detailed (Perez Pefia and Tarara, 2004).
Briefly, the chamber consisted of a cylindrical aluminium
frame, open at the top and closed at the bottom with poly-
styrene foam. The bottom foam isolated the chamber from the
soil (Supplementary Data Fig. S1). Chambers were 1.20 m in
diameter and 3 m in height (volume 3.36 m?). The covering
plastic was a 35-pm-thick transparent polypropylene film
(RXD32 Propafilm, Innovia Films, UK). The transmittance
of the plastic between 400 and 1200 nm exceeded 95 %
(measured with a spectroradiometer; FieldSpec® HandHeld
Pro, Analytical Spectral Devices, USA). The photosynthetic
photon flux density (PPFD; measured with a PAR Quantum
sensor, Skye Instruments, UK) inside the chamber was >90 %
of ambient PPFD (Supplementary Data Fig. S2).

The air supply was generated by a blower connected to each
chamber, which aspirated the ambient air through a metal pipe
(3 m in height) and uniformly directed it inside the chamber
through holed plastic plenums placed on the foam floor.
Air flow passing through the chamber was controlled with a
butterfly valve installed between the blower and the chamber
(Supplementary Data Fig. S1). To avoid increases in air tem-
perature inside the chamber, the rate of air flow was set close
to three chamber volumes per minute. The air flow rate was
derived from continuous recording with a differential pressure
transducer (PX170, Omega Engineering, UK) placed at the
outlet of the blower. A reference method was also applied, con-
sisting of measuring the time response of the outlet minus inlet
CO, differential resulting from continuous CO, injection into
the inlet air stream (Garcia et al., 1990). If CO, is injected con-
tinuously into an open system, the CO, differential should ex-
ponentially approach a steady state with a time constant equal
to the chamber volume divided by the volumetric air flow rate
(Garcia et al., 1990). This method was applied to each meas-
ured plant and a linear regression was established to convert the
pressure-transducer signal into air flow rate for each measured
vine (Supplementary Data Fig. S3). The mean air flow used
during the whole season averaged 10.53 m* min~!, which cor-
responded to 3.13 times the volume of the chamber per minute.

The chamber operated as an open gas exchange system
(Garcia et al., 1990; Long et al., 1996). Two chambers installed
on two different plants with different training systems measured
gas exchange simultaneously. Flowing air was continuously
sampled at 1 L min™" with vacuum pumps (model EW-79600-
04, Cole-Palmer, USA) installed at the inlet pipe and at the
outlet of the chamber. Sampled air was driven through polyur-
ethane pipes (6/4 mm diameter; Automacion Micromecanica,
Argentina) to an infrared gas analyser (IRGA, CIRAS-2, PP
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TABLE 1. Planting distance, foliage height (H,) and bud number for the different training systems used for model validation. Distance
between plants within t};e row was 1 m for all training systems. ‘Syrah’, Montpellier, 2009

LSW VSP1 VSPh VSPh,
Distance between rows (m) 3.6 3.6 1.8 1.8
Vines per hectare 2777 2777 5555 5555
H, (m) 0.8 1.8 1.8 0.8
Buds per vine 24 24 12 12
Buds per square metre of soil 6 6 6 6
— %
0.8 m 4 4
LSW I VSPh, I
36m 1.8m
1.8m
VSPI VSPh
3.6m 1.8m

F1G. 1. Dimensions and distances between rows for the training systems used in model development and validation. Montpellier, 2009.

Systems, UK) working in differential mode. Air flow delivered
to the IRGA was filtered (5 pm) and controlled to 0.20 L min™!
with a flowmeter. A manifold with solenoid valves (Serie 211
1/8”, Automacion Micromecanica, Argentina) was built in such
a way that the two chambers were sampled alternately, each
sampling period lasting 6 min. A data acquisition system driven
by a datalogger (DT50 DataTaker, Victoria, Australia) was de-
veloped in order to control valve position, air sampling and
data recording. For each chamber, gas exchange were calcu-
lated from sampled air analysis every 20 s, averaged for a 6-min
period and recorded by the DT50 (120 values per plant per day).
To avoid any drift between the reference and the analysis cells
of the IRGA, two additional solenoid valves switched the air
stream between the two cells at regular intervals (3 min), and
the actual CO, and H,O difference between the entry and the
exit of the chamber was calculated as described by Garcia et al.
(1994). This method avoided the need to set the zero manu-
ally and provided a fully automated system driven by the DT50
(Garcia et al., 1994).

Canopy microclimate

Air temperature (7, ) and relative humidity (RH) inside the
chamber were measured at canopy level (1.6 m) with a tempera-
ture and RH probe (HMP50, Campbell Scientific, UK) placed

on two ventilated radiation shields. Hygrometers were all cali-
brated at the beginning of the season (HG1 Optidew, Michell
Instruments, UK). Leaf temperature (7, ) was measured on
nine leaves per plant at different positions within the canopy
(three inner leaves, three outer leaves on the east side and
three outer leaves on the west side of the plant) with a thermo-
couple inserted in the main leaf vein on the abaxial, shaded
face. The data obtained were used to build a regression between
T, and intercepted PPFD by the same leaves. Air tempera-
ture at the chamber inlet pipe was measured with a thermo-
couple placed inside the pipe after the blower. Measurements
were recorded every 6 min by two dataloggers (CR10X and
CR1000, Campbell Scientific, UK) equipped with two signal
multiplexers (AM416 and AM16/32, Campbell Scientific, UK).
The chamber increased air temperature at the canopy level by
about 2 °C compared with ambient air during the afternoon
(Supplementary Data Fig. S4). Night temperatures were similar
between the outside and inside of the chamber. The rise in T
in the chamber during the afternoon increased ambient vapour
pressure deficit (VPD) by almost 1 kPa.

Stem heat balance sap flow

Sap-flow measurements were simultaneously performed
on the same vines as those used for whole-vine gas exchange
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measurements. Sap flow gauges (SGEX25, Dynamax, USA)
operating with the heat balance method (Valancogne and
Granier, 1991) were installed on the trunk at 0.30 m from the
soil surface, avoiding nodes and irregular trunk sections and en-
suring optimal contact between the sapwood and the heater and
thermocouples. Gauges were double-wrapped with aluminium
foil, which was extended to the soil to avoid an axial tempera-
ture gradient. Sensors were connected to a datalogger (CR1000,
Campbell Scientific, UK) and a multiplexer (AM16/32,
Campbell Scientific, UK). Heating was provided continuously
by an external lead-acid battery branched to the gauges and the
datalogger. Outputs were collected every 30 s, averaged and
recorded every 6 min.

Acquisition of canopy 3D structure

After gas exchange and sap-flow measurements, vines were
immediately digitized to capture the undisturbed canopy archi-
tecture. The spatial coordinates of leaf blade bases, orientation
angles and lengths of all leaves on each plant were recorded
with an electromagnetic 3D digitizer coupled to a digitizing pen
(Fastrak, Polhemus, Colchester, VT, USA). For each leaf, the
pen was first placed in the blade at the petiole insertion point
and then it was placed at the end of the main vein to record the
leaf length. From these two measured points, the inclination
and orientation angles were calculated for each leaf. Depending
on the plant’s size (between 700 and 900 leaves each), it took
from 5 to 7 h to completely digitize one plant. Individual leaf
areas were estimated through previously established allometric
relationships for this variety between leaf length and its surface
area (Louarn et al., 2008a). We used this information to recon-
struct virtual plots simulating the 3D canopy structure of each
measured plant in the different training systems.

Meteorological data

Photosynthetic photon flux density (PAR Quantum sensor,
Skye Instruments, UK), wind speed (A100R anemometer,
Vector Instruments, UK), air temperature and RH (HMP45 AC,
Campbell Scientific, UK) were measured at 3 m height in the
middle of the plot. All sensors were connected to a datalogger
(CR10X, Campbell Scientific, UK), and data were recorded
every 6 min.

Data collection for model validation

In order to test the model against independent transpiration
and photosynthesis data, whole-plant gas exchange chambers
were installed on three plants per training system. These meas-
urements were combined with sapflow sensors installed in the
trunk to obtain a set of whole-plant transpiration dynamics for
the different training systems during the season. Each series
of measurements lasted for 3 d and consisted of monitoring
whole-plant gas exchange, sap flow, microclimatic variables in-
side the chamber, and climatic conditions. Immediately after
these measurements, the structure of each plant was completely
digitized to record the 3D foliage characteristics as already
described.

Model description

General overview. The model presented here calculates on an
hourly time step the light interception and the gas exchange
of a plant placed in the centre of a virtual scene. The model
combines three components: (1) a module of 3D reconstruc-
tion of the plant canopy structure (Louarn et al., 2008b); (2)
a radiative transfer model (Chelle and Andrieu, 1998); and (3)
a gas exchange model at the leaf level that takes into account
the leaf N content and microclimate conditions as a function
of leaf position in the canopy (Prieto et al., 2012). A simple
workflow was used to scale up photosynthesis and transpiration
from a single leaf to the canopy (Fig. 2); LMA and leaf N con-
tent at a certain time during the season were related to PPFD
intercepted by leaves during the 10 previous days (PPFD, )
and to cumulated thermal time (TT) as a proxy for the influ-
ence of leaf ageing (Prieto et al., 2012). The leaf N content was
used to calculate the parameters of the photosynthesis model
(Farquhar et al., 1980), through previously established regres-
sions between leaf N content and Farquhar parameters (Prieto
et al., 2012). Finally, whole-plant photosynthesis and transpir-
ation were calculated as the sums of the individual activities for
each single leaf. Inputs to the model were climatic [day of the
year (DOY), latitude, RH, PPFD, CO, concentration in ambient
air] and microclimatic variables [RH  (relative humidity in-
side the whole-plant gas exchange chamber), T,.T,.PPFD
wind]. It must be pointed out that, excepting PPFD and 7|, the
microclimatic variables (RH, T, , wind) were set equal for all
leaves. The model was developed on the platform OpenAlea, an
open-access platform for functional—structural plant modelling
(Pradal et al., 2008).

Reconstruction of 3D canopy structure

Canopy structures of plants measured with the whole-plant
gas exchange chamber were completely digitized as described
above. To create a complete plot, each digitized plant was rep-
licated to create a 3D virtual plot consisting of three rows of
three plants each. One file containing the X, Y, Z coordinates,
leaf angles and sizes of all the leaves in the plants was used to
build the virtual plot. To account for the impact of the chamber
frame on light interception, an opaque structure representing
the aluminium frame of the chamber was placed over the plant
in the middle of the scene (Fig. 3).

Light interception model

Once the virtual plot was created, the radiative balance
for each leaf of the scene was calculated with a radiative
transfer model (CARIBU) based on the nested radiosity
method (Chelle and Andrieu, 1998). The model deals with
the direct light received by each surface and the scattered ra-
diation from all the elements of the scene. To represent the
diffuse radiation, we used a turtle-type discretization (Dauzat
and Eroy, 1997) in which the sky hemisphere is divided into
46 zones using a standard overcast sky. The model was ori-
ginally validated against Monte Carlo ray-tracing simula-
tions (Chelle and Andrieu, 1998). In our study, light model
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F1G. 2. Model structure. The model is divided into structural, physical and biological components and a gas exchange module. Inputs to the model are climatic
and microclimatic variables (inside gas exchange chambers) and canopy structural parameters. The 3D reconstruction includes (I) the location, dimension and
orientation of the leaves, which are combined with environmental conditions to calculate the microclimate variables (II), which are used in turn to estimate bio-
logical parameters (III) and ultimately to calculate gas exchange of each single leaf (IV). The microclimate of each leaf [leaf irradiance (LI), PPFD integrated over
10 d (PPFD, ) and T ) are derived from a radiative transfer model (Chelle and Andrieu, 1998). Biological parameters include leaf nitrogen content (N ), which
is estimated with PPED, . The N, is used to estimate the photosynthetic parameters at 25 °C (P¥) for each leaf [Rubisco maximal carboxylation efficiency (V, ).
maximum electron transport rate (J, ), triose phosphate utilization (TPU) and dark respiration (R )]. Finally, physical, biological parameters and climatic and
microclimatic variables are combined to estimate A, (leaf net photosynthetic rate), g (stomatal conductance), g, (boundary layer conductance) and E, (leaf tran-
spiration rate). For more details of the leaf model see Prieto et al. (2012). Canopy photosynthesis and transpiration are then integrated for all leaves in the plant.
Environmental variables are: sun position calculated from time of day, day of the year (DOY) and latitude (lat), ambient CO, concentration (CO,), global radiation
(Rg), photosynthetic photon flux density (PPFD), air temperature (7. ), RH and wind speed (w).

air

output was compared with the experimentally determined canopy is driven by the acclimation of leaves to PPFD, . For
intercepted light as a fraction of the incoming solar radiation  this, once the 3D mock-up was created, CARIBU was run over
intercepted by the canopy during a given period using hemi- the 10 preceding days in the whole-plant chamber to calculate
spherical photographs (Louarn et al., 2008b). Simulated and ~ PPFD,  (mol m™d™") of each leaf as a proxy of leaf acclimation.
experimental daily fractions of intercepted light were highly =~ PPFD,  was then used to compute LMA for each leaf:
correlated, with a root mean square error (RMSE) of 4 %, cor- S

responding to £2 mol m~2 d~! (Supplementary Data Fig. S5). LMA (g em ™) = ay - In (PPFDjo) + by (D

Leaf N content on a mass basis (N _) was calculated as a func-
tion of thermal time since bud burst (TT) as a proxy for the

Gas exchange model and photosynthetic capacity distribution effect of leaf ageing on N content, and used to calculate N con-
within the canopy tent per unit area (N,):

Net carbon exchange, stomatal conductance and transpiration N (%) = aNTT + by )
rate were calculated for each leaf in the plant using a biochem-
ical model of photosynthesis (Farquhar ez al., 1980) coupled to N, (g Cmfz) — LMA N 3)

a stomatal conductance model (Leuning, 1995). The complete
leaf model was described and validated at the leaf scale ina pre- ~ where a,,, b,,, a, and b, are mean, fitted coefficients valid for
vious work (Prieto ef al., 2012). In summary, we considered that  all leaves (Prieto ef al., 2012). Once N, was calculated, the

leaf photosynthetic capacity distribution within the grapevine photosynthetic capacity of each leaf was estimated through
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FiG. 3. (A) View of the experimental plot, including the whole-plant gas ex-

change chamber. (B) A 3D reproduction of the plot, including a virtual whole-

plant gas exchange chamber to account for the effects of the aluminium frame
on light interception.

previously established linear regressions between N, and photo-
synthetic parameters:

st = SNal\Ia + bNa (4)

where P> is the value of V. J ., triose phosphate utilization
(TPU) or dark respiration (R)) at 25 °C, and S, and b are
the slope and intercept of the relationship, respectively. Our ap-
proach considered a mean age for the leaves (for a given pheno-
logical stage) in the plant, and did not discriminate between
primary and lateral leaves. The outputs of the model were inter-
cepted light (PPFD,), net CO, exchange (NCE) and transpir-

ation (Tr) rate, expressed per plant or per square metre of soil.

Leaf temperature and boundary layer conductance

Leaf temperature was calculated through a statistical ap-
proach. For each hour of the day (from 0400 to 2000 h) a linear
relationship between the PPFD intercepted by the leaf and the
difference between the air and the leaf temperatures (A7,
was used to calculate 7,

leat”
ATieat—air = a PPFD + b ®)]

The relationships between AT, . . and PPFD were established

from a dataset of around 100 leaves with different positions

eaf—air)

within the canopy measured during several days. Since a uni-
form wind speed inside the canopy was produced with the
whole-plant chamber (Garcia ef al., 1990), we considered a
unique mean boundary layer conductance (g,) for all leaves
(2.357 mol m~2 s7!; Prieto et al., 2012).

Impact of leaf N distribution on simulated gas exchange

The model presented here is based on the observed responses
of leaf traits to irradiance and on effects of N, on photosyn-
thetic capacity. The model considers that exposed leaves have
a higher N than inner leaves, favouring photosynthesis in ex-
posed leaves. In order to assess the advantage of using the
empirical-observed distribution compared with a uniform N,
content, a sensitivity analysis was performed considering two
theoretical cases. First, for a single plant we selected the leaf
with the highest N, and applied it to all the leaves, thereby
maximizing the photosynthetic capacity of the plant corres-
ponding to all leaves considered as sunlit without limitation by
N redistribution (N _ . ). Second, we used the model to estimate
the total N content of the same plant and then we distributed it
homogeneously on all the leaves considering that all leaves in
the plant equally shared a common and limited pool of N (N, ).
Although both distributions were uniform, they represented two
different, extreme theoretical cases. The simulations were run
on two plants on different training systems (LSW and VSPh ).

Evaluation of model performance

Model simulations were compared with a dataset of 25 dif-
ferent situations (training systems and environmental condi-
tions) recorded during the 2009 season. The data for validation
covered a wide range of environmental conditions (Table 2).
Model performance was evaluated through the RMSE calcu-
lated for assimilated CO, and transpiration (1) on an hourly

time step and (2) integratizng the values during a whole day:

RMSE =

where P, and O, are the predicted and observed values, respect-
ively, and n is the number of individual values. We also calcu-
lated the model agreement index (d, Willmott, 1982):

(Pi— 0)°

1=

d=1—— : - —
> (|7 0] + |0 - o)

where O; is the mean observed value. This index ranges be-
tween O and 1, with 1 indicating perfect agreement between
simulated and observed values.

RESULTS

Meteorological conditions

Measurements were performed during two periods in the 2009
season: bunch closure, from 20 June to 6 July (DOY 171-188);
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TABLE 2. Environmental conditions during measurements. T

min’

T

max’

653

VPD, . and VPD, are the minimal and maximal values of tem-

perature and VPD inside the chambers at the canopy level, T  is the mean air ambient temperature, and cumulated PPFD is the incident
radiation integrated over the whole day. ‘Syrah’, Montpellier, 2009

Daily temperature (°C)

Cumulated PPFD
(mol m=2d™)

Daily VPD (kPa)

Phenological stage T, T . in VPD__ VPD_ VPD . PPFD_ PPFD .
Bunch closure 25125 329+28 19.8 2.6 2.1+03 3.6+0.6 0.6+0.2 59.9 39.2
Veraison 249+ 1.7 339+24 18.7+1.7 2.1+05 37+09 0.5+0.2 54.6 34.1

and from veraison to the beginning of ripening, from 27 July
2009 to 14 August 2009 (DOY 208-226). The meteorological
conditions were quite similar during the two periods (Table 2),
with, on average, daily mean and maximal (7 ) temperatures
of 25 and 33 °C, respectively, and with some days when T’
exceeded 36 °C. Maximum VPD ranged from 2.2 to 5.7 kPa.
Daily maximum VPD averaged over the two periods was
3.6 kPa. Average daily cumulated PPFD in the two periods
indicated prevailing sunny conditions. These environmental
conditions are commonly observed in Mediterranean and arid
wine-growing regions.

Model validation

The model was validated over 25 d on the four trellis systems
for NCE and over 15 d for transpiration rate on two different
trellis systems (VSPI and VSPh ). We validated transpiration
rate against sap-flow values since the corresponding dataset
was larger than with whole-plant chambers.

NCE

A representative daily dynamic of light interception, micro-
climatic conditions inside the whole-plant chambers, measured
and simulated values of NCE are presented for each training
system (Fig. 4). For each measured plant, the daily course of
NCE was measured with a time step of 12 min (120 points per
plant per day). Due to row orientation, higher light intercep-
tion was observed during the afternoon for all systems, but this
did not entail a higher photosynthesis rate. The NCE reached
its maximum between 1000 and 1200 h and stayed at similar
values until ~1600 h. However, a slight decrease in NCE was ob-
served on some days around midday; this was clearly observed
for VSPI and less clearly for LSW, which were both measured
during DOY 171 (Fig. 4K, L). In spite of substantial variation in
environmental conditions during both periods, daily integrated
NCE per plant (NCE i) closely correlated with total leaf area
(TLA) and leaf area index (LAI) (data not shown). Accordingly,
the highest instantaneous NCE per plant (NCEpl) was observed
on the VSPI vines (around 70 pmol plant™' s7! at berry set) due
to their higher TLA, followed by VSPh (45 nmol plant~! s71),
whereas LSW and VSPh_ presented smaller maximum assimi-
lation rates (around 36 pmol plant™ s7). When expressed per
square metre of soil (NCE)), the highest assimilation rates were
observed for VSPh (between 20 and 25 pmol m=2 s™!), followed
by VSPh_and VSPI (between 15 and 20 pmol m= s™'), whereas
LSW presented the lowest NCE_ (10 pmol m™ s™").

Overall, the model accurately simulated the daily pat-
tern of NCE | for the different training systems. The model
showed low RMSE of between 1.51 and 4.73 and an agree-
ment index (d) between 0.92 and 0.97 for the four systems
studied (Table 3). However, a systematic underestimation ap-
peared, especially at high NCE values (Fig. 5A). Although
the global RMSE was low, it presented a systematic error of
25 % (Table 3). For LSW and VSPh , the model showed a low
RMSE, high d and a small systematic component of RMSE
(RMSE; 10 % for VSPh_and 23 % for LSW) in most situ-
ations where these systems were simulated. Even if the model
performed well for VSPI (small RMSE and high d), a constant
underestimation around 2.5 pmol m™ s~! was observed over
nearly all of the day. The model was less accurate for VSPh,
where we observed the highest RMSE (4.73), a RMSE_ of
50 % and a mean bias error (MBE) during the morning around
7 pmol m=2 s7! (Fig. 4M). This systematic underestimation of
NCE in VSPh was observed during the morning and until
midday; thereafter the error was randomly distributed. The
final performance of the model, combining all the data for all
the training systems, presented high values of the agreement
index and low error estimates (Fig. 6A). Furthermore, when
analysing the daily integrated CO, exchange (NCE) for all
the dataset, the model still showed good performance (Fig. 6B,
Table 3). The RMSE remained very low (0.09 mol m™2 d')
and d was high (0.84).

Plant transpiration rate

Transpiration rate was measured simultanously with sap-
flow gauges installed in the trunk and with whole-plant gas
chambers. On the one hand, these two independent methods
could be compared, and on the other hand the sap-flow gauge
method expanded the available dataset to validate the model.
A good correlation was observed between transpiration meas-
ured with the chambers and that measured with the sap-flow
gauges (72 = 0.85, slope not different from 1; Supplementary
Data Fig. S6). Overall, both methods provided reliable values
that were within the same range. Daily water use (Tr ) ranged
between 2 and 6 L plant™ day~! for the different training sys-
tems depending on weather conditions. For one single plant,
Tr, was more variable than NCE from one day to another.
A close relationship between daily integrated Tr  and VPD_
was observed. During a 10-d period, Tr ranged from 3.6
L plant! d™' at 2.5 kPa VPD__ to 6.4 L pfant‘1 d! at 4.7 kPa
VPD__, showing a high dependency of water use on environ-
mental conditions.
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FiG. 4. Comparison between measured values and model predictions. Daily course of ambient and simulated intercepted PAR (A, B, C, D); chamber temperature

and VPD (E, F, G, H); measured and predicted NCE (I, J, K, L) per square metre of soil (NCES) and per plant (NCE Js and mean bias error (MBE; M, N, O, P) for

each trellis system. Measurements were performed on DOY 177 for VSPh (A, E, 1, M), DOY 211 for VSPh_ (B, F',) J, N), and DOY 171 for both VSPI (C, G, K,

0O) and LSW (D, H, L, P). MBE was calculated for the whole dataset measured on each trellis system during the whole season, and not for the single day shown.

Solid lines in (I), (J), (K) and (L) correspond to model predictions. Solid grey lines in (M), (N), (O) and (P) show the confidence intervals of MBE at P = 0.05.
Montpellier, 2009.

TABLE 3. Evaluation of NCE predictions for each of the training systems. Values of RMSE, the percentage corresponding to a system-

atic error (RMSE ), a randomly distributed error (RMSE ), index of agreement (d) and the slope and intercept of the regression between

observed and predicted were calculated on an hourly basis. The same indexes were calculated for the daily integrated values (Daily, , ).
‘Syrah’, Montpellier 2009

RMSE RMSE, RMSE| d Slope Intercept
VSPI 2.58 48 % 52 % 0.94 0.77 0.60
VSPh 2.50 10 % 90 % 0.97 0.89 0.74
VSPh 4.73 49 % 51 % 0.92 0.76 0.49
LSW 1.51 23 % 77 % 0.97 0.94 0.99
Total* 2.80 25 % 75 % 0.95 0.82 0.84
Daily, | 0.09 48 % 52 % 0.84 0.51 0.22

#N 445 points. The hourly RMSE is in pmol m= s~!.

total*

Nyt 25 d. The daily RMSE is in mol m™ d~'.

An example of model simulations for Tr is presented for a training systems (Table 4). The predicted values of the model
10-d measurement period in the VSPh_ (Fig. 6). The model showed an RMSE of 0.55, index d of 0.97 and an RMSE_ of
accurately simulated the pattern of Tr  over different envir- 19 %. Simulations were also close to the hourly transpiration
onmental conditions and performed equally well in the two observed (Fig. 7A), with an RMSE <1 mmol m™ s7'. The
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FiG. 6. Comparison between measured values and model predictions. Daily course of ambient and intercepted PAR (A), air temperature and VPD (B), and meas-
ured and predicted net transpiration rate per square metre of soil (Tr ) and plant (Trpl) (C). The solid line in (C) corresponds to model predictions. Measurements
of sap flow were performed on VSPhs on the same plant as that shown in Fig. 4B. Data from DOY 207-217. Montpellier, 2009.
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TABLE 4. Evaluation of transpiration (Tr) predictions for each raining system’, ‘Syrah’. RMSE, percentage corresponding to systematic
error (RMSE ), randomly distributed error (RMSE ), index of agreement (d) and the slope and intercept of the regression between ob-

served and predicted were calculated on an hourly basis. The same indexes were calculated for the daily integrated values (Daily

tulal) .

Montpellier, 2009

RMSE RMSE_ RMSE, d Slope Intercept
VSPI 0.33 11 % 89 % 0.94 0.86 0.06
VSPh 0.61 26 % 74 % 0.97 0.85 0.22
Total* 0.55 19 % 81 % 0.97 0.86 0.15
Daily, 40 24 % 76 % 0.92 1.13 =53

*N 269 points. The hourly RMSE units are in mmol m= s~

total*

N, . : 15 d. The daily RMSE units are in mol m= d".

daily”

agreement index (d) indicated >90 % agreement between ob-
served and simulated values of daily integrated transpiration
(Tr,; Fig. 7B). The RMSE was 40 mol m™ d™', which repre-
sents around 10 % of total daily water use.

Impact of N distribution on simulated gas exchange

In order to explore the impact of N distribution within the
canopy, we evaluated two alternatives: an unlimited N distribu-
tion (N_ . ) maximizing canopy photosynthesis, and a limited
one (N, ) corresponding to uniform reallocation of the total
amount of N contained in all leaves of the plant as determined
by the model. Simulations showed that the non-limiting dis-
tribution (N . ) overestimated the measured NCE by 28 %,
whereas the limited distribution (N, ) underestimate(li) NCE, by
18 % (Fig. 8). When comparing measured and predicted values
on an hourly basis, the systematic error associated with N
and N, was 51 and 53 % of the RMSE, respectively, which
are high percentages compared with the 25 % RMSE observed
with the original model (Table 3). Furthermore, the RMSE_ of
the daily integrated values was almost 98 % of the total error,
more than 2-fold the RMSE_ observed for the optimal distri-
bution (Table 3, Daily, ). Nitrogen use efficiency (NUE) was
calculated as the ratio between total C assimilated during the
day and the total amount of N per plant (Ripullone et al., 2003).
The results showed that NUE was higher with the non-uniform
distribution (4.9 gC gN~' for VSPh_and 7.90 gC gN~' for LSW)
and lowest for the N distribution, whereas the distribution

unlim

N, presented intermediate values.

DISCUSSION

Our results show that the model accurately reproduced grape-
vine canopy gas exchange under different training systems,
providing a novel tool to evaluate the effects of canopy struc-
ture on whole-plant behaviour. In our model, the responses of
individual leaves are integrated to reproduce the response of
the whole canopy by coupling different tools, comprising (1) a
detailed 3D description of the foliage architecture to estimate
irradiance at each individual leaf; (2) the spatial and temporal
variability of light interception and leaf photosynthesis; and (3)
net CO, and H,O canopy fluxes calculated as a function of leaf
irradiance, leaf temperature and VPD.

Measured whole-plant NCE and transpiration

Functional-stuctural plant models are increasingly being
used to understand complex interactions between plant archi-
tecture and physiological processes in many species at different
scales. However, it is necessary to obtain experimental evi-
dence that the model mimics the simulated processes (Wang
et al., 2018). Therefore, a key challenge when working with
models at the plant scale is their validation with independent
field data, specially for fruit perennials. Yet very few attemps
have been performed to validate gas exchange models at the
plant scale. Validations have only been performed at the branch
scale in walnut (Le Roux et al., 1999; Sinoquet et al., 2001),
apples (Massonnet et al., 2008) and coffee (Dauzat et al., 2001,
although only for transpiration using sap-flow gauges). Here
we developed an automatic system to record whole-plant gas
exchange in the field and combined with sap-flow gauges in-
stalled on the trunk of the same vine. Vine size varies consider-
ably (TLA ranged from 3.0 to 7.8 m? in our experiments), with
a major impact on net CO, exchanges. Our values of NCE inte-
grated over the day (NCE, ) ranged from 97 g CO, plant™' d'
(around 7.8 m*>of TLA) for VSPI to 37 gCO, plant™'d™' for VSPh_
(3.0 m?). If these values were expressed per square metre of soil
(NCE)), the highest values were observed in the high-density
systems VSPh and VSPh_(around 32 g CO, m™d™"). When ex-
pressing NCE per square metre of leaf area, the values ranged
from 5 to 10 pmol m=2 s7!, similar to other studies (Intrieri
et al., 1997; Intrigiolo and Lakso, 2011; Tarara et al., 2011;
Merli et al., 2015).

Water use varied from 2 to 6 L plant™! d~! depending on en-
vironmental conditions and plant size. The range of water use
observed here is very similar to that reported by Braun and
Schmid (1999) for Chardonnay, and Poni et al. (2014a) for
Sangiovesse. However, it is much smaller than those reported
in other studies (Williams and Ayars, 2005; Dragoni et al.,
2006; Tarara and Perez Pefia, 2015). These differences are pri-
marily explained by higher TLA per plant in these other studies
(around 25 m?).

Model performance as regards whole-plant gas exchange

One of the main objectives of the study was to evaluate the
model performance with a large variety of canopy architectures.
For this, we evaluated the accuracy of model predictions against
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flow gauges. Data correspond to two trellis systems over 15 d. Blue squares,

VSPI; grey circles, VSPh_. The solid line is the fitting for all data and the dashed
line represents the 1 to 1 relation. Montpellier, 2009.

a dataset of whole-plant gas exchange recorded in a set of con-
trasting canopy architectures. Although it is time-consuming
to digitize a whole plant, by recording the exact position and
orientation of all leaves the accurate 3D canopy representation
obtained makes it possible to compare the model outputs dir-
ectly with the measured plant without being dependent on the
quality of plant architecture simulation (Dauzat et al., 2001).
Our model accurately followed the daily pattern of photo-
synthesis and transpiration rates for the simulated training sys-
tems. Instantaneous values of NCE and Tr (per soil or plant)
were predicted with <10 % RMSE for all systems except for
VSPh (RMSE 18 %), similar to the error found in other studies
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F1G. 8. Measured and predicted values of NCE per square metre of soil (NCE )

and per plant (NCEPI) for two plants. (A) VSPh. (B) LSW. The model was

run as originally conceived (solid black line) and with different N distributions

within the plant: N .. (red line), where a maximal non-limiting N, value was

applied for all leaves in the plant, and N, (blue line), where a uniform N, value

was applied for all leaves, limited by the total amount of N predicted from
Prieto et al. (2012) within the whole plant.

(Le Roux et al., 1999; Sinoquet et al., 2001; Massonnet et al.,
2008). The index d indicated between 92 and 97 % agreement
between measured and predicted values for each system con-
sidered individually and 95 % for all systems together.

Our modelling approach implies two main assumptions:
(1) the spatial distribution of photosynthetic capacity (V__ ,
J ..) within the canopy, is driven by leaf acclimation (through
changes in LMA and N)) to light interception over the 10 pre-
vious days (Prieto et al., 2012); and (2) total plant net C assimi-
lation and transpiration is the sum of the activity of each single
leaf on the plant (it does not include respiration or water used
by other organs, such as shoots and grapes). Accounting for the
distribution profile of N content within the canopy allowed us
to calculate V., J _and R, for each single leaf in the canopy.
In a first step, we used a time-cumulation of irradiance during
previous 10 d (PPFD ) to assess individual leaf N content and
its photosynthetic capacity. Accounting for this middle-term
leaf acclimation to intercepted light is a realistic approach since
N content can be redistributed in a canopy over a period of
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several days, but cannot adjust on shorter time-scales associ-
ated with the movement of the sun during the day (de Pury and
Farquhar, 1997). Second, we used instantaneous environmental
and microclimatic conditions as input to simulate gas ex-
change, which accounted for transient environmental changes
during the day. Other studies, instead of considering leaf trait
acclimation to light in order to predict effects on photosynthetic
capacity, directly considered different responses of photosyn-
thesis to light for leaves with different exposures to radiation
(Sarlikioti et al., 2011; Poirier-Pocovi et al., 2018; Rakocevic
et al., 2018; Chang et al., 2019). In this study, we followed a
more mechanistic approach, explicitly outlining the temporal
and spatial leaf acclimation to intercepted light through struc-
tural (LMA) and functional (V) traits separately. The time step
of the model was 1 h, and we were not able to account for very
rapid microclimatic changes such as sun flecks (Kriedemann,
1968). However, in simulations performed on days with chan-
ging environmental conditions, the model reproduced accur-
ately the pattern induced by fluctuating radiation, temperature
or humidity. Decreasing the time step would increase the calcu-
lation time, limiting the number of cases that could be studied.
The approach that was successfully applied here suggests that
in non-limiting water conditions canopy functioning results
from the addition of the activities of individual leaves accli-
mated to the radiation regime cumulated over the past 10 d.

Considering possible constraints on leaf N content when scaling
up from leaf to canopy

The N distribution within a canopy has usually been analysed
using optimization theory (Field, 1983). This means that, for a
given plant, N is optimally distributed if any re-allocation of N
within the canopy decreases the photosynthetic rate. Therefore,
more N is expected to be allocated in the most exposed
leaves and less in the shaded ones (Hirose and Werger, 1987).
However, optimal theory does not provide the mechanisms ex-
plaining the distribution of resources within a plant (Kull and
Jarvis, 1995; Kull and Kruijt, 1998, 1999). Furthermore, sev-
eral studies demonstrate that the distribution is close to, but not
really optimal (Leuning et al., 1995; Niinemets and Tenhunen,
1997; de Pury and Farquhar, 1997). Leaves are subjected to un-
predictable and changing environmental conditions, and given
that plants have to deal with other limiting factors (wind, tem-
perature, hervibory) it seems reasonable that full acclimation to
one single environmental condition does not occur (Niinemets
and Anten, 2009).

In order to evaluate the effects on NCEpl of distributing N
within the canopy, we performed two simulations with dif-
ferent distributions. We applied a non-limiting N content for
all leaves in the canopy (N_ . ) in order to maximize individual
leaf photosynthetic capacity, and second, based on the total
amount of N in leaves calculated for a whole plant, a limited,
uniform amount of N was equally set for each leaf (N, ). The
results of the first distribution (N . ) showed that NCEPl was
overestimated by almost 28 %. This result confirms that using
the photosynthetic capacity of sun-exposed leaves to repre-
sent all the leaves in canopies growing under high incident
light overestimates NCE (Sarlikioti et al., 2011), in our case

by 28 %. Most of the actual knowledge produced in the last
20 years is at the leaf scale (Kull and Kruijt, 1999), and most
studies on grapevine were performed on fully exposed leaves.
Extrapolating such leaf-level data to the whole canopy can lead
to misleading results (Poni et al., 2014b; Merli et al., 2015).
The results for the limiting distribution (N, ) showed that N CEPl
was underestimated by 18 %. Similar trends were observed in
several studies, with the magnitude of the difference between
a uniform and the actual distribution being dependent on the
species, water status, nutrition and LAI (Hirose and Werger,
1987; Leuning et al., 1995; Sinoquet et al., 2001; Sarlikioti
et al., 2011). Leaves of the same plant are not independent
of each other and share a common limiting pool of resources
(Kull and Kruijt, 1999). In our case, the observed N distribution
profile shows that the common limiting pool of resources was
distributed in order to improve plant C gain. The differences
observed between the different N distributions demonstrate the
importance of considering a detailed prediction of N distribu-
tion based on appropriate description of canopy structure with
calculation of light distribution within canopy.

Model limits

We assumed that 7, RH, wind speed (w) and CO, were
uniform within the canopy. Thus, a unique g, was calculated
for all the leaves based on mean air flow through the chamber.
Considering that air flow inside the chamber was set to a rela-
tively high value to get uniform conditions for correct operation
(Garcia et al., 1990), so that g, can be approximated by consid-
ering w equal to the air-flow rate inside the chambers (Miiller
et al., 2008), the approach taken here appears acceptable. By
contrast, in field conditions g, is highly variable, depending on
leaf position within the canopy, row orientation, wind speed and
direction, and canopy density (Daudet et al., 1998). However,
data concerning wind variability within different canopy struc-
tures on grapevine are scarce and should be addressed in more
detail for different training systems under natural wind condi-
tions (Heilman et al., 1996). The simplified approach we used
to calculate leaf temperature based on the regression between
instantaneous PPFD and the temperature difference is only
valid for plants under non-limiting water conditions. Very few
attempts have been made to perform a calculation of leaf tem-
perature for 3D plants (Dauzat et al., 2001). Recently, a com-
plete coupled model calculating leaf temperature, water status,
hydraulic conductance and gas exchange have been developed
for grapevine leaves (Zhu et al., 2017). Furthermore, a whole
energy balance submodel, considering soil and plant water
status have also been introduced in a new model that makes it
possible to calculate gas exchange of whole plants under water
deficit conditions (Albasha ef al., 2019). These studies open the
way to evaluating at the whole-canopy level the possibilities
of adapting vineyard management to environmental constraints
such as water deficit or high temperature that are usually ob-
served in many viticultural regions worldwide. The model de-
veloped here represents a robust and promising tool to study
and define the optimal plant architecture in order to maximize
C allocation or water use efficiency for grapevine plants in the
field.
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Conclusions

Plant 3D representations have been used to model gas ex-
change, although very few have been validated at the branch
or plant scale. The model developed here was validated with
measurements in field-grown plants with four different training
systems and over a wide range of environmental conditions.
The model showed a low RMSE (2.8 for NCE and 0.55 for Tr)
and high agreement index (0.95 for NCE and 0.97 for Tr) for
the different training systems evaluated. Accounting for leaf N
content distribution within the canopy made it possible to accur-
ately reproduce gas exchange compared with uniform N distri-
butions. One of the major contributions of the model developed
here is the coupled simulation of whole-plant photosynthesis
and transpiration, opening the way for the comparison of dif-
ferent training systems as regards their water use efficiency.
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Supplementary data are available online at https://academic.
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Figure S1: whole-plant gas exchange chamber design.

Figure S2: effect of plastic film on light intensity and quality.
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Figure S4: chamber effect on air temperature and VPD.

Figure S5: comparison between measured and simulated
daily integrated light interception efficiency in four trellis
systems.

Figure S6: course of instantaneous transpiration rate meas-
ured using whole-plant gas exchange chambers and stem heat-
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