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Abstract
Background and Aims: The objective of this study was to develop a simplified approach to simulate three-
dimensional (3D) grapevine canopies and model light interception.
Methods and Results: A re-sampling procedure was developed to generate a set of allometric parameters based on
their sample mean and distribution derived from shoots of field-grown vines grown in response to variable amounts
of irrigation and N fertiliser. A large number of 3D models of grapevine canopies was reconstructed with the plant
architecture model YPLANT based on re-sampled allometric parameters. Approximately 80% of intercepted light by
the canopies was shown to be captured by 20–30% of the leaves, with deficit-irrigated and N-stressed plants having
a greater proportion of leaf area exposed to high and moderate light intensity throughout the day compared with that
of non-stressed vines. The amount of daily absorbed light increased with increasing leaf area per vine and was highly
affected by row direction.
Conclusions: Model predictions agreed with previously reported and measured amounts and patterns of light
interception.
Significance of the Study: The approach described here simplifies previous attempts to represent the 3D archi-
tecture of a grapevine canopy, provides a good approximation to conditions vines may experience in the field and
may be of practical use for field research and/or optimisation of canopy management practices in commercial
production systems.
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Introduction
The dynamic and spatial pattern of light penetration, distribu-
tion and interception within a complex plant canopy depends
on the physical interaction between incoming solar radiation
and the three-dimensional (3D) distribution and optical prop-
erties of organs, such as leaves, fruits and stems (Ross 1981).
The resulting heterogeneous light distribution has a profound
effect not only on a plant’s energy balance (Heilman et al.
1996), but also on multiple light-dependent developmental,
physiological and metabolic processes at the single leaf and
whole plant level (Chen et al. 2004, Shimazaki et al. 2007,
Niinemets and Anten 2009). Predicting gradients of light inter-
ception and patterns within complex grapevine canopies is of
great practical interest in viticulture. Changes in the amount of
light intercepted and the environment within the canopy can
affect its carbon balance (Smart 1973, 1974, Williams et al.
1994, Heilman et al. 1996, Mabrouk et al. 1997b) and water
use (Katerji et al. 1994, Williams and Ayars 2005) as well as
have a dramatic effect on biological processes defining produc-
tivity and fruit composition, such as bunch differentiation,
berry size and concentration of sugars, flavonoids and aroma
compounds (Williams and Matthews 1990, Mullins et al. 1992,
Williams et al. 1994, Koch et al. 2012). Based on this practical
knowledge, vineyard managers around the world frequently

modify grapevine canopies via trellising, leaf removal, pruning
and imposition of mild abiotic stresses (e.g. deficit irrigation
and reduced N fertilisation) to optimise yield according to
desired quality standards (Smart 1985, Smart and Robinson
1991).

Over the years, several methods have been developed to
characterise the spatial distribution of organs within a grapevine
canopy in order to understand better the effect of canopy man-
agement practices on the quantitative and qualitative produc-
tivity of different grape cultivars. Geometric models with a
varying level of complexity have been used to estimate light
interception by grapevine canopies (Smart 1973, Riou et al.
1989, Sinoquet et al. 1992). Those models assigned geometric
shapes to canopy components and defined canopy properties
based on shape attributes, such as size, spatial localisation,
density and angle distributions. Subsequently, sunlight inter-
ception and attenuation were estimated with mathematical or
statistical models. Alternative approaches to characterise better
the spatial heterogeneity in the distribution of canopy organs
are based on direct measurements, via 3D digitisation (Sinoquet
et al. 1998, Falster and Westoby 2003, Pearcy et al. 2005) or
by morphological and developmental rule-based simulations
(Prusinkiewicz 1998, Birch et al. 2003, Allen et al. 2005). While
these methods may increase accuracy and resolution, their
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application is often limited to small plants because of inadequate
knowledge of developmental and allometric rules required for
realistic reconstruction. As a result, canopy properties emerging
from modelling plant-to-plant variability are often missed
(Carbonneau and Cargnello 2003). To overcome these limita-
tions, statistical models have been used to reconstruct 3D cano-
pies based on parameter distributions inferred from sampled
data (Casella and Sinoquet 2003, Potel et al. 2005, Louarn et al.
2008b). For example, Sonohat et al. (2006) reconstructed the
3D branching structure of a peach tree by combining the partial
3D digitising of the canopy and a rule-based model for the
non-digitised areas based on known or assumed allometric rela-
tionships and the random sampling of shoot and/or organ attrib-
ute distribution. Louarn et al. (2008b) proposed a statistical
reconstruction model that captures the spatial variability and
heterogeneity of grapevine canopies based on probability distri-
bution of measured attributes of different canopy components.
Although these models provide a more realistic reconstruction
of complex plant canopies, all require the implementation of
complex algorithms using specialised programming language
and software.

The objective of this study was to develop a simplified
approach to simulate a 3D grapevine canopy and to apply the
model to estimate the effects of deficit irrigation, N fertilisation
and row orientation on canopy architecture and light intercep-
tion. A re-sampling procedure was developed to generate a
random set of simulated shoot and leaf allometric parameters.
Sample mean and distribution were derived from randomly
sampled shoots from field-grown vines grown under conditions
that promote changes in canopy leaf area and density, such as
deficit irrigation and variable N fertiliser rates. The plant archi-
tecture model YPLANT (Pearcy and Yang 1996, Pearcy et al.
2005, 2011) was used to reconstruct large numbers of 3D
models of grapevine canopies based on re-sampled allometric
parameters. The utility of YPLANT has recently been demon-
strated in modelling light interception of woody plants as a
function of plant diversity and structure (Lusk et al. 2011, 2012)
and to ascertain determinants of light interception efficiency
of small- to medium-sized plants (Duursma et al. 2012). The
approach reported herein allowed us to capture plant-to-plant
variability and generate a good approximation of light intercep-
tion and attenuation patterns of field-grown vines as others
have done with this model.

Materials and methods

Plant material, experimental conditions and design
The experiment was conducted during the 2001 and 2002
growing seasons in a commercial vineyard located 2 km
north-west of Oakville (located in the Napa Valley), California,
USA. The vineyard soil was a Bale clay loam with a 2–5%
slope (Lambert and Kashiwagi 1978). Eight-year-old Cabernet
Sauvignon (clone 8) grapevines (Vitis vinifera L.) grafted onto
the rootstock 110R and trellised to a vertical shoot position
(VSP) system were used in the study. Vine and row spacings
were 1.0 and 1.83 m, respectively (5464 vines/ha). All cul-
tural practices, with the exception of irrigation and N fertili-
sation, were applied by the vineyard manager. Vines were
either irrigated on a weekly basis once midday leaf water
potential reached a value of −1.0 MPa or not irrigated. The
irrigated vines received applied water amounts at 100% of
estimated crop evapotranspiration (ETc) using the following
equation:

ET ET Kc o c= × (1)

where ETo equals reference evapotranspiration, and Kc is
the crop coefficient (Allen et al. 1998). Reference ET data
were obtained from the California Irrigation Management
Information System weather station #77 (38° 26' N, 122° 25'
W), located 2 km south of the experimental vineyard. The
seasonal Kc values were a function of degree-days and had been
developed for a VSP trellis on a 1.83-m row spacing with a
maximum Kc value of 0.87 [see Williams (2010) for an example
of the seasonal Kc used for a VSP trellis and a 3.05-m row
spacing]. Water was applied via drip irrigation using two 2-L/h
emitters per vine with the drip line attached to a wire positioned
0.3 m above the soil surface. Irrigation volume was calculated
weekly, and the amount of water applied was measured with
in-line water meters. The nitrogen (N) fertiliser treatments
consisted of vines fertilised approximately 2 weeks prior to
anthesis with potassium nitrate (KNO3), 20 g N/vine (109 kg
N/ha) and non-fertilised vines. The N fertiliser was placed below
ground (0.15–0.20 m) under the emitters of each treatment
vine and then covered with soil. Vines were irrigated for 4 h to
facilitate distribution of the fertiliser into the root zone. The N
fertiliser was applied to the same vines in both years of the
study. The treatments were as follows: 00 – no applied water or
N fertiliser; 0F – no applied water, vines fertilised with N; I0 –
vines irrigated but no N fertiliser; and IF – vines irrigated and
fertilised with N.

The same experimental design was replicated in two vine-
yards differing in row directions. The north-south experimental
vineyard’s rows (hereafter referred to as NSE) had an azimuth of
310°, while the east-west experimental vineyard’s rows (EWE)
had an azimuth of 225°. Three rows in each vineyard were
selected for this experiment (n = 3). The treatment level
randomisation was a two-step process: first a block of 18 vines
within each row was randomly assigned to an irrigation level.
Then, N fertiliser treatments were allocated to plots of nine
vines within each irrigation treatment. The experimental unit
consisted of the center seven vines in each irrigation × fertiliser
plot and was used for data collection.

Development of a 3D vine architectural model and its
implementation in YPLANT
Allometric shoot parameters required for the implementation of
a 3D canopy architectural model in YPLANT (Pearcy and Yang
1996) were derived from randomly sampled shoots of field-
grown vines in each vineyard/treatment combination, described
above, in the second week of August 2002. The angle and
azimuth of the leaf blade’s surface normal and azimuth of the
midrib for leaves at each node position were measured in the
field from a set of five shoots in each experimental unit.
The same five shoots were then brought to the laboratory,
defoliated (for the determination of the area of individual
leaves), and the value of internode length, diameter, elevation
angle (αs) and azimuth (ζs) in relation to true north was
recorded for each node position along the primary (1°) shoot.
Similar measurements were also taken at each node for petioles,
with the exception of azimuth (ζp), which was considered for
modelling purposes equivalent to that measured in the field for
the subtending leaf. Lateral or secondary (2°) shoots were
parameterised as described for 1° shoots except that leaf angles
were assumed to have values similar to those of leaves on the 1°
shoots. Leaf area per leaf for the 1° and 2° shoots was measured
in sequential order from the base to the apex of the shoot using
a LI-COR 1100 area meter (LI-COR Biosciences Inc., Lincoln,
NE, USA).

A re-sampling procedure was devised to obtain random
estimates of the parameters using the measured values. It was
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assumed that linear and angular parameters used to construct
the 3D architecture of the vine were normally distributed
(Mabrouk et al. 1997b, Sonohat et al. 2006, Louarn et al.
2008b). The probability density function of the normal distri-
bution was computed as follows:
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where p represents the normal distribution of the probability
density function values, x is a specific variable value, and μ and
ς are the population mean and standard deviation, respectively.
The equation used to solve for x was:

x e p= + + ( )⎡⎣ ⎤⎦μ πσ σ2 2 2ln
(3)

Values of p were then obtained using the random number
generator function RAND (range = 0–1) in MS Office Excel
(Microsoft Inc., Seattle, WA, USA). Different values of x were
obtained based on μ and ς assuming that these two population
parameters were approximated by the sample mean and stand-
ard deviation, respectively. This re-sampling procedure gener-
ates sets of normally distributed linear and angular parameters
describing leaf size and spatial location at each node position.
An example of the implementation of the re-sampling proce-
dure in MS Office Excel is as follows:

= ( ) × +( )ABS NORMSINV RAND STDEV AVERAGE()
(4)

where ABS, NORMSINV and RAND are MS Office Excel func-
tions, and STDEV and AVERAGE refer to cells containing the
mean and standard deviation of a given allometric parameter at
a specific node along the shoot (see Figure S1).

The re-sampling procedure encoding the vine’s canopy
architecture was implemented as an MS Office Excel spread-
sheet consisting of a set of four different submatrices: (i) param-
eter input; (ii) 1° shoot length; (iii) 2° shoot internode number;
and (iv) the vine architecture file. The input submatrix was used
to list linear (distance and length) and angular parameters
(elevation and azimuth angles) of internodes, petioles and
leaves at each node position. Input data consisted of the param-
eter means and standard deviations values at each node. The 1°
shoot submatrix randomised node number per shoot and inter-
node length, thus defining shoot length. The 2° shoot submatrix
randomised the presence or absence of 2° shoots at each node
along the 1° shoot as well as node number per 2° shoot. Finally,
the vine architecture matrix re-sampled all parameter values
simultaneously and generated a *.p (plant file) that was used by
YPLANT to construct a 3D architectural model of a grapevine.
Leaf shape features were defined by a set of Cartesian X-Y
coordinates measured on representative 1° and 2° shoot leaves
that were scanned and then digitised using SigmaScan Pro
(Systat Software, Inc., Point Richmond, CA, USA). The basic
vine architecture model consisted of a trunk, two 0.55-m
cordons and three spurs per cordon. A 12-shoot vine resulted
from two shoots at each spur position. Each shoot was modelled
as an independent module. Secondary shoots were modelled as
described for 1° shoots and then assigned to specific node posi-
tions as determined from shoots collected in the field.

Model implementation in YPLANT
YPLANT (Pearcy and Yang 1996) calculates the photon flux
density (PFD) absorbed by the canopy by projecting light rays

with the azimuth and elevation angles of the sun at specified
intervals during the day. The trajectory of the sun was defined
by the latitude of the location and day of the year. The Standard
Overcast Sky (SOC) was used for the analysis of diffuse light
absorbance by the canopy. The SOC algorithm simulates the
diffuse light sky distribution as being brighter near the zenith
than the horizon. The diffuse to global radiation ratio was set to
0.15. Light absorbed by the canopy was calculated from vectors
originating from 160 different sky sectors (the combination of 8
different azimuth and 20 different zenith angles). The accuracy
of the light interception subroutine has previously been vali-
dated (Pearcy and Yang 1996, Valladares and Pearcy 1998,
Valladares and Pugnaire 1999). Leaf optical properties for light
absorption calculation were based on data from Mabrouk et al.
(1997b) for grapevines (leaf absorptance was set to 0.797 and
reflectance to 0.122).

Simulations were conducted using ‘vine models’ para-
meterised from the different field treatments for the path of the
sun on 1 August (day of the year 213) at a latitude of 38° 26' N
(Oakville, CA, USA). This date was selected to exemplify model
results because this day may be taken as an average for the onset
of fruit ripening for Cabernet Sauvignon in the Napa Valley.
Further vegetative growth at this stage of development is
minimal because of vineyard management practices, such as
hedging shoots growing above the top wire of the VSP trellis
and/or deficit irrigation.

For each simulation, YPLANT generated an output file
describing the amount of light absorbed by individual leaves in
the canopy for each sample period throughout the day. Sample
times were set every 10 min as this interval was found to be the
optimum for maximum gain in accuracy while minimising com-
putational time.

Canopy light attenuation gradients in field-grown and
modelled vines
The light environment within the simulated canopies was
modelled with a ‘virtual quantum sensor grid’ (see Figure S2)
and then compared with the actual light attenuation patterns
for field vines in the experimental vineyard. The virtual sensor
grid was designed as a two-internode shoot emerging from a
node located on the trunk of the vine. The first internode was
horizontal and aligned to the row direction. The second inter-
node was oriented vertically. At the apex of the second inter-
node, 11 regularly spaced ‘branches’ emerged (every 0.05 m)
horizontally and parallel to the canopy. ‘Light sensors’ in each
branch were modelled as 30 1 cm2 ‘diamond-shaped leaves’
evenly distributed every 0.05 m along the branch. The absorb-
ance of each ‘leaf’ on the branch was set equal to 100%. The
330 simulated leaves were used as PFD sensors taking advan-
tage of YPLANT’s ability to record light intercepted by indi-
vidual leaves at specified sampling times during the sun’s path.
The PFD sensor grid could be moved up and down the canopy
by modifying the height of the vertical branch. The above pro-
cedure allowed the characterisation of both diffuse light as
well as direct beam penetration at different planes in the simu-
lated canopies.

Direct measurement of light attenuation within the canopy
was obtained on field-grown grapevines at the experimental site
using a Sunfleck Ceptometer (Decagon, Pullman, WA, USA).
The ceptometer was moved from the fruiting zone up the
canopy in 0.2-m increments and each value recorded.

Simulation experiments conducted in YPLANT
Simulations were conducted for rows with an azimuth value
of 310° (NSE) and 225° (EWE), the approximate row directions
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at the experimental vineyard site. The leaf data set and vine
architecture parameters of the I0 treated vines were used to
to simulate the effect of row orientation on light intercep-
tion. Leaf angles were assumed to be independent of row
orientation.

Experimental design and statistical analysis
The field experiment used a split-split-split plot factorial design
(the first split was row direction; the second split was irriga-
tion treatment and the third split was N fertiliser treatment)
with complete randomised blocks distributed in three contigu-
ous rows and two different row directions as described above.
Statistical analyses were conducted using the statistical
package in SAS Version 8 (SAS Institute Inc., Cary, NC, USA)
for analysis of variance (PROC GLM) and Tukey’s test for mul-
tiple comparisons of means. Hierarchical cluster analysis
(HCA) and integration of the YPLANT results were conducted
in Matlab Version 13R (The MathWorks Inc., Natick, MA,
USA). The HCA (in Figure 9) was performed as described by
Ewing et al. (1999). Briefly, a correlation matrix listing
Pearson’s correlation coefficient (r) between different leaves in
the canopy was calculated for a particular variable (e.g. light
absorbed at each sample time by the model). Then, a pairwise
Euclidean distance matrix was recalculated based on r-values.
Finally, leaves were clustered using Euclidean distances based
on the unweighted pair group method with arithmetic mean
algorithm (Sokal and Michener 1958). Non-linear regression

equation fitting was conducted using SigmaPlot Version 8
(Systat Software, Inc.).

Results

Effects of irrigation and early season N fertiliser application on
shoot and canopy architecture
Both irrigation and fertilisation strongly affected vine leaf area,
with the irrigated (I0) and especially the irrigated and fertilised
(IF) vines having a greater total vine leaf area than that of the
non-irrigated, non-fertilised (00) vines (Table 1). This was due to
a greater leaf area per leaf, particularly the upper leaves of the IF
treatment’s 1° shoots and greater leaf area development on 2°
shoots in the IF and I0 treatments (Figure 1). Growth of 2° shoots
was restricted at the upper nodes of the 0F and especially the 00
vines. Fertiliser application promoted growth of 2° shoots at the
basal nodes of the 1° shoots. Leaves from the irrigated vines had
a smaller leaf elevation angle (Table 1) and a random distribution
of the leaf azimuth whereas leaves of the non-irrigated vines
were preferentially oriented in a NE-SW axis (Figure 2).

Differences in shoot architecture because of the imposed
treatments were used to generate 3D canopies simulating treat-
ment effects on single shoots (Figure 3) and whole canopy
architecture (Figure 4a,d). The procedure implemented to
re-sample different allometric parameters measured on sampled
shoots resulted in sets of ramdomly generated whole vine cano-
pies (Figure 5).

Table 1. Allometric parameters for leaves and shoots of Cabernet Sauvignon grapevines grown in the NSE rows in response to irrigation and
N fertilisation treatments.

Parameter Units/symbol Treatment

00 0F I0 IF

Leaves

1° leaves/shoot – 20.7 a 21.0 a 23.3 a 16.0 b

1° leaf area/shoot cm2 1952 2020 2192 2154

1° leaf area/leaf cm2 94.4 b 96.4 b 97.3 b 135.4 a

2° leaves/shoot – 28.3 c 49.3 bc 74.7 ab 103 a

2° leaf area/shoot cm2 882 c 1974 bc 3431 ab 4464 a

2° leaf area/leaf cm2 31.1 39.5 46.9 43.3

Total leaf area/shoot cm2 2835 c 3967 bc 5623 ab 6619 a

Total leaf area/vine m2 3.4 c 4.8 bc 6.7 ab 7.9 a

1°/2° leaf area ratio – 2.5 a 1.1 b 0.7 bc 0.5 c

Leaf elevation angle (east) Degree (Eαl) 79.1 81.5 65.3 66.2

Leaf elevation angle (west) Degree (Wαl) 75.1 a 77.4 a 50.2 c 60.1 b

Mean leaf elevation angle Degree (αl) 77.2 a 79.5 a 58.1 b 63.2 b

Leaf azimuth (east) Degree (Eζl) 107 b 170 a 100 b 117 ab

Leaf azimuth (west) Degree (Eζl) 268 305 284 273

Shoots

Internode number – 21.4 18.6 20.6 17.0

Internode length cm 4.5 5.5 5.2 5.9

Shoot length m 0.97 1.01 1.04 0.99

αshoot Degree 95.8 92.2 91.1 93.4

Means within an individual row followed by different letters are significantly different based on Tukey’s test for multiple comparisons of means at α ≤ 0.05. Means
within a row without letters are not significantly different. n = five shoots per vine except for total leaf area per vine where n = 12 shoots per vine. –, variable number;
00, non-irrigated, non-fertilised; 0F, non-irrigated, fertilised with N; 1°, primary; 2°, secondary; I0, irrigated, non-fertilised; IF, irrigated and fertilised with N; N,
nitrogen.

4 Three-dimensional grapevine canopy model Australian Journal of Grape and Wine Research 2013

© 2013 Australian Society of Viticulture and Oenology Inc.



The light environment within modelled and actual
grapevine canopies
Measured and simulated values of the light environment within
the grapevine canopies showed a defined pattern of light inten-
sity attenuation from the top of the canopy downward into the
fruiting zone (Figure 6). A large fraction of incoming solar radia-
tion was attenuated in the uppermost (0.5–0.6 m) portion of the
canopy in both cases. Light penetration into the fruiting zone
was more severely attenuated for the modelled, N fertilised
vines compared with that of the other treatments. The mod-
elled, non-irrigated vines had greater light penetration into the
upper portion of the canopy.

Modelled light interception as a function of water and N
fertiliser applications
Maximum light interception for the NSE row direction occurred
mid-morning and mid- to late-afternoon (Figure 7). Instanta-
neous absorbed light per unit leaf area decreased with increas-
ing leaf area per vine with the IF treatment having the lowest
value (Figure 7a). Conversely, simulations predicted that as leaf
area increased per vine greater total amounts of absorbed light
per vine resulted (Figure 7b).

Irrigation and fertilisation substantially increased leaf area
density (Table 2) and leaf area per shoot at the upper nodes. This
high leaf area density resulted in greater self-shading and a
more unequal distribution of light among leaves. Twenty-one
per cent of the leaves for the modelled IF vines absorbed 80% of
the daily light while for the 00, 0F and I0 canopies 28% of the
leaves absorbed the same proportion of light (Figure 8). An HCA
illustrates the differing patterns of light absorption for leaves of
vines in the 00 and IF treatments (Figure 9). Leaves of both
modelled canopies can be grouped into discrete bunches based
on the diurnal patterns of absorbed light. Most leaves of the
modelled 00 treated vines received direct light at least once
during the day. Most leaves of the IF-treatment vines, however,
received only diffuse light.

Simulated light absorption efficiency decreased with
increasing leaf area per vine (Figure 10) because of an increas-
ing fraction of the total leaf area being self-shaded. While the
general pattern held throughout the day, the differences were
large enough to be significant only early in the morning or
late in the afternoon for the NSE row direction. The model
predicted that approximately 2 h on either side of solar noon
all treatments had a similar minimum light absorption effi-
ciency. The minimum occurred because of the high fraction of
self-shaded leaves at this time. In addition, the maximum
value predicted for the morning was higher than that pre-
dicted by the model in the afternoon for all canopies. The
maxima occur because of low solar angles as the leaves inter-
cept more light than the reference horizontal surface. Simu-
lated maximum light absorption efficiency early in the
morning for the 00 treatment was almost double that of the IF
treatment vines.

Effect of row direction on light interception
Modelled row direction effects showed that orientation influ-
enced the amount of light intercepted by the canopy as well as
the light absorption efficiency. Modelled vines in a true NS row
intercepted more sunlight than vines in any other row direc-
tion at the latitude of the experimental vineyard (Figure 11a).
Vines in a true EW row intercepted the least. The row direc-
tions of the two experimental vineyards used for field data
collection absorbed similar amounts of light on a daily basis.
The absorbed light value of these two row directions [310°
(NSE) and 225° (EWE)] was 92 and 97%, respectively, of the
maximum predicted by the model for a true NS row. The time
at which the diurnal maxima of absorbed light occurred was
also influenced by row direction (Figure 11a). The true NS row
had a typical bimodal pattern with similar absorption maxima
in the morning and afternoon while the true EW row had a
single modal distribution. The bimodal maxima for the other
two row directions differed between morning and afternoon.
The morning was greater than the afternoon maximum for the
225° (EWE) row direction while the opposite was true for the
310° (NSE) row direction. The morning or afternoon maxima
were greater when the sun azimuth was almost perpendicular
to that particular row [see Figure 2 for the sun azimuth during
the day in relation to the 310° (NSE)] row direction. Modelled
light absorption efficiency (ε) is predicted to be different among
different treatments only during early morning or late after-
noon when the sun was more perpendicular to the canopies,
and ε is at its max for all treatments (Figure 11b). The true NS
row had the greatest ε while the EW row direction the lowest.
Two hours before and after solar noon, modelled ε was similar
for all row orientations. At this time, ε also reached the diurnal
minimum.
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Figure 1. Effect of the treatment of vines with 00 – no irrigation
and no N fertilisation (○), 0F – no irrigation but fertilised with N
(●), I0 – irrigated but no N fertilisation (□) and IF – irrigated and
fertilised with N (■) on (a) accumulated primary and (b) secondary
leaf area measured along shoots of Cabernet Sauvignon from the
basal to apical nodes at the onset of ripening or veraison. Each
data point represents the mean of five shoots. Bars represent one
standard error (SE) and are shown when larger than the symbol.
The SE bars that overlap from one treatment to another are not
shown.
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Discussion
The sensitivity of vegetative and reproductive organ growth
rate and overall biomass accumulation to water (Schultz and
Matthews 1988a,b, Winkel and Rambal 1993, Williams et al.
2010a,b) and N (Keller et al. 1998, 2001, Bell and Robson
1999) availability is well documented in grapevines and
has practical management implication in commercial viticul-
ture. In this study, variable water and N availability altered
vegetative and reproductive growth modifying whole canopy
architecture of field-grown grapevines (Iandolino 2004). For
example, applied N fertiliser increased shoot internode

length, leaf area and 2° shoot number while reduced water
availability restricted 2° shoot growth and 2° leaf area devel-
opment as it became a limiting growth factor later in the
season. In addition, water and N availability increased 1° and
2° shoot leaf area because of their additive effect on increasing
leaf size.

Estimated leaf area density for field and simulated vines
ranged between 14 and 18 m2/m3. Leaf area density previously
reported for grapevines range between 2 and 12 m2/m3 for non-
divided and vertically divided canopies, respectively (Smart
et al. 1985, Schultz 1995, Gladstone and Dokoozlian 2003).

Figure 2. Leaf azimuth frequencies for 1° ( ) and 2° (■) leaves of the modelled vines treated with 00 – no irrigation and no N fertilisation,
0F – no irrigation but fertilised with N, I0 – irrigated but no N fertilisation and IF – irrigated and fertilised with N. Each data point represents
the relative frequency (%) of leaves with a specific azimuth relative to the total number of leaves in the modelled canopy. Leaf azimuths in the
modelled canopies result from the re-sampling procedure. In addition, each figure shows sun azimuths ( ) in approximately 15-min intervals
for 1 August (DOY 213) at Oakville (Latitude: 38°26'). The numerical values associated with the concentric circles represent percent values.
The black line in each graph represents the row orientation (310°) of the experimental vineyard.
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The values for horizontally divided canopies range from 2 to
6 m2/m3 (Schultz 1995, Mabrouk et al. 1997a, Gladstone and
Dokoozlian 2003, Louarn et al. 2008a). Localised leaf area
density for confined grapevine canopies, however, can be as
high as 8 (Schultz 1995), 15 (Sinoquet and Bonhomme 1992,
Gladstone and Dokoozlian 2003) or 25 m2/m3 (Mabrouk et al.
1997a). Leaf area density of vines in this experiment, expressed
per unit of canopy length, was at the upper end of the
2–12 m2/m range reported for Cabernet Sauvignon vines from
different sites in California (Dokoozlian and Kliewer 1995) but
similar to those measured previously in this vineyard (Dr Larry
Williams, pers. comm., 1999). This indicates a greater degree of
canopy compactness in this study that would have affected

canopy light interception per unit leaf area in both virtual and
experimental vines.

Leaf elevation (αl) and azimuth (ζl) angles are among the
most plastic traits of a plant’s morphology (Lambers et al.
1998, Werner et al. 2001b, Falster and Westoby 2003) and are
associated with optimisation of whole canopy light inter-
ception, carbon gain and avoidance of high temperature/
irradiance-induced stress (Werner et al. 2001b). The adult
shoot morphology of grapevines is characterised by a
distichous phyllotaxy (Mullins et al. 1992). However, ζl can be
modified in response to the local light environment because
of leaf area density and gap frequency (Mabrouk et al.
1997a). Sampled leaves on the east side of the canopy in this
study tended to be oriented to maximise light capture at a low
sun elevation angle, while on the west side leaves tended to
face the late afternoon sun (Figure 2). These trends are con-
sistent with previously reported euphotometric (leaf blade
oriented perpendicular to the sunbeam) behaviour of grape-
vine leaves (Smart 1974). The basal portion of shoots sampled
from field-grown vines in this experiment had a greater fre-
quency of leaves facing the inter-row space (data not shown).
Leaf area density, however, was lower and leaves were ori-
ented with an approximate 180° difference in the upper part
of the shoot. Grapevine leaves have a characteristic plagio-
phile (mostly leaves with 45° αl) distribution (Mabrouk et al.
1997b). Reported mean αl values range between 53 and 58°
in Merlot (Mabrouk et al. 1997b) and 45, 60–75 and 75° in
Concord, Cabernet Sauvignon and Gewurztraminer, respec-
tively (Smart 1985). The results from this study indicate that
the mid-season αl frequency of Cabernet Sauvignon was
within reported values but it decreased for deficit-irrigated
vines. Changes in αl in response to water stress (Kao and Tsai
1998, Klein et al. 2001) and as a mechanism for avoidance of
photoinhibition (Kao and Forseth 1991, 1992, Valladares and
Pearcy 1997) have been reported for different plant species.
Differences observed in αl and ζl of plants are the result of
diaheliotropic (solar tracking) and paraheliotropic (light avoid-
ing) leaf movements to maximise carbon gain and minimise
photoinhibition (Valladares and Pearcy 1997, Kao and Tsai
1998, Werner et al. 2001a). This data set represents αl and ζl at

Figure 3. Modelled shoots of the vines treated with 00 – no irriga-
tion and no N fertilisation, 0F – no irrigation but fertilised with N, I0
– irrigated but no N fertilisation and IF – irrigated and fertilised with
N. Each shoot represents an example of shoots modelled based on
allometric parameters measured from shoots in the field.

Table 2. Modelled allometric parameters describing shoot and canopy architecture in response to irrigation and N fertilisation treatments.

Parameter Units Treatment

00 0F I0 IF

Leaf

Area per vine m2 4.1 ± 0.9 5.3 ± 0.1 5.9 ± 0.3 8.7 ± 0.1

Leaf area density† m2/m3 14.8 ± 0.1 14.2 ± 0.2 15.6 ± 0.2 18.0 ± 0.1

1o/2o leaf area ratio – 1.97 ± 0.2 0.99 ± 0.01 0.96 ± 0.01 0.59 ± 0.01

1o leaf area per leaf cm2 99 ± 3.5 111 ± 1.2 112 ± 5.9 147 ± 1.2

2o leaf area per leaf cm2 40 ± 3.1 42 ± 1.5 35 ± 0.7 46 ± 0.6

Leaf number/vine – 618 ± 8 866 ± 7 1094 ± 17 1386 ± 17

αl Degree 73 ± 3 80 ± 1 61 ± 1 66 ± 1

Shoot

Internode number – 22.7 ± 0.2 19.7 ± 0.3 21.5 ± 0.4 18.2 ± 0.2

Internode length cm 4.3 ± 0.2 5.4 ± 0.1 5.0 ± 0.3 5.9 ± 0.3

αshoot Degree 92 ± 4 94 ± 1 96 ± 1 96 ± 1

†Estimated from leaf area per shoot, shoots per vine and average canopy width. Values represent means ± standard error (n = 5). –, variable number; 00, non-irrigated,
non-fertilised; 0F, non-irrigated, fertilised with N; 1°, primary; 2°, secondary; I0, irrigated, non-fertilised; IF, irrigated and fertilised with N.
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a specific time during vine development. Because ζ and α
have a potentially significant impact on light absorption effi-
ciency by single leaves and the whole canopy (Smart 1974,
Pearcy and Yang 1996), there is a clear need for a better
understanding of grapevine leaf angle tropisms in response to
abiotic stresses and the local and diurnal variability of the light
environment.

Individual shoots and canopies of grapevines positioned by
a VSP trellis simulated in this study were similar to those seen
in the field (personal observations) and in the literature
(Mullins et al. 1992, Louarn et al. 2008b). Simulations of these
grapevine canopies by YPLANT were accomplished by convert-
ing a finite number of allometric parameters into a virtually
infinite number of possible parameter combinations. Because
the required individual angular and linear values are calcu-
lated from the mean and standard deviation of measurements
on the experimental vines, the modelled parameter value dis-

tributions are best estimates of the actual allometric param-
eters that define the architecture of a canopy. This approach
significantly reduces the complexity of the direct sampling of
allometric parameters on large plant canopies, and as such
avoids the requirement of complex algorithms and specialised
software to reconstruct different vine canopies (Louarn et al.
2008a,b).

Light attenuation and shade within grapevine canopies can
be modified by manipulating vegetative growth, shoot number,
leaf area density and the 3D arrangement of the canopy using
different trellising systems (Smart 1974, Louarn et al. 2008a).
Indices presently used in viticulture to characterise the spatial
heterogeneity of leaf area density (Smart 1985, Mabrouk et al.
1997a) do not reflect the complex nature of grapevine canopies
in terms of leaf elevation and azimuth angles, leaf age, shade/
sun leaf type and the extent of leaf overlapping (Riou et al.
1989, Schultz 1995, Mabrouk et al. 1997a, Zufferey et al. 2000).

Figure 4. Representative
modelled 3D canopies of the
vines treated with (a) 00 – no
irrigation and no N fertilisation,
(b) 0F – no irrigation but
fertilised with N, (c) I0 –
irrigated but no N fertilisation
and (d) IF – irrigated and
fertilised with N. The same vine
is shown with a lateral view
and in the main row direction
with and without leaves. In
addition, an upper view of the
canopies is also shown.
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The model output for light absorbed by single leaves demon-
strated that leaves within the canopy may experience different
light absorption patterns throughout the day. Modelled light
attenuation profiles within the canopy reported here are in
agreement with field measurements taken in this study and
those reported by others (Dokoozlian and Kliewer 1995,
Mabrouk et al. 1997b, Gladstone and Dokoozlian 2003, Louarn
et al. 2008a). Modelled light intensity within the bunch zone
ranged between 7 and 20% of incoming PFD measured at the
top of the canopy with the range dependent upon canopy leaf
area density. The amount of light absorbed daily by individual
leaves impact photosynthetic responses (Farquhar and von
Caemmerer 1982, Sims and Pearcy 1993, Schultz 2003,
Niinemets et al. 2004), which are important when scaling up
from single leaves to the whole canopy (De Pury and Farquhar
1997, Thornley 2002).

Leaf acclimation to the sun and shade is even more impor-
tant in modelling whole-vine net CO2 assimilation (An) because

the amount of leaf area in constant shade within a confined
grapevine canopy may be as high as 50% of the total leaf area
(Schultz 1995, Escalona et al. 2003, Louarn et al. 2008b). A
large proportion of the intercepted light (∼80%) was captured
by a relatively small number of leaves (20–30%) for the
modelled grapevine canopies in this study. The estimates gen-
erated from the model used here are in agreement with reported
values for dense grapevine canopies where only 19% of the
total leaf area was estimated to intercept direct light and
approximately 70% of the direct light absorption was by the
outer leaf layers (Smart 1974).

Early morning and late afternoon light absorption efficien-
cies (ε) ranged between 0.34 and 0.78 depending on row direc-
tion and leaf area density in this study. Geometric canopy
models predict ε values ranging from 0.3 to 0.85 at those times
(Riou et al. 1989, Mabrouk et al. 1997b). Around solar noon,
modelled values of 0.06–0.08 were independent of row direc-
tion or changes in leaf area density. Geometric models predict

Figure 5. Model output of the variation in canopies based on the
basic architecture of vines treated with IF – irrigated and fertilised
with N. Vines are shown from the lateral side with and without leaves
and in the main row direction. Changes in leaf and shoot angles take
place as a result of the re-sampling routine.
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Figure 6. (a) Average light attenuation profile measured between
berry set and veraison for field-grown Cabernet Sauvignon vines with
EWE and NSE row direction and (b) that modelled at veraison with a
virtual photon flux density sensor grid and the following treatments
00 – no irrigation and no N fertilisation (○), 0F – no irrigation but
fertilised with N (●), I0 – irrigated but no N fertilisation (□) and IF
– irrigated and fertilised with N (■). Data sampled from field-grown
vines represent values collected at solar noon with a ceptometer
placed at different heights within the canopy parallel to the cordon
direction. Modelled data represent mean values sampled between
900 and 1500 Pacific Daylight Time for 1 August at Oakville (Latitude:
38°43'). Each point in the modelled results represents the mean
value of the five central PFD sensor lines (0.15 m at each side of the
cordon).
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greater ε values at solar noon ranging from 0.25 to 0.50 (Riou
et al. 1989, Mabrouk et al. 1997b). The differences reported
here and those of the geometric models may arise from varia-
tions in displayed area at solar noon among the different mod-
elled canopy configurations used. The 3D representation of
canopies in YPLANT can potentially provide a better represen-
tation of canopy gaps and heterogeneity in leaf area distribution
than those in geometrical models (Riou et al. 1989, Sinoquet
et al. 1992).
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Figure 7. Modelled diurnal (Pacific Daylight Time) trends in esti-
mated canopy photon flux density absorption for treatments 00 – no
irrigation and no N fertilisation (○), 0F – no irrigation but fertilised
with N (●), I0 – irrigated but no N fertilisation (□) and IF – irrigated
and fertilised with N (■) in the NSE oriented rows. Values were
generated every 30 min and are expressed on (a) a leaf area or (b) a
vine basis. Each value represents the mean output of three different
modelled vines per treatment. Results are model predictions for 1
August at Oakville. Modelled daily absorbed light values are 32.7 (○),
38.2 (●), 37.8 (□) and 41.9 (■) mol/vine for data presented in (b).
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Figure 8. Effect of the treatments 00 – no irrigation and no N ferti-
lisation (○), 0F – no irrigation but fertilised with N (●), I0 – irrigated
but no N fertilisation (□) and IF – irrigated and fertilised with N (■)
on the proportion of daily, absorbed light by leaves in the modelled
canopies for NSE oriented rows. Values represent the mean of three
different modelled canopies per treatment. The horizontal lines rep-
resent the proportion daily photon flux density absorbed by 20% of
the leaves in the canopy of the four treatments. Two of the treatments
(00 and 0F) had the same value.

Figure 9. Hierarchical cluster
analysis describing the effect
of 00 – no irrigation or N
fertilisation and IF – irrigated
and fertilised with N treatments
on the patterns of light
absorption by different leaves
in the two modelled canopies
throughout the sun path of 1
August at Oakville, CA. Colour
scale indicates the amount of
absorbed light at each
sampling point per leaf (set in
YPLANT every 30 min from
sunrise to sunset, 28 total or
two samples/h). Note that the
modelled canopies have
different numbers of leaves on
the Y-axis (616 and 1419 for
the 00 and IF treatments,
respectively).
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Summary
A simplified modelling approach to reconstruct complex 3D
plant canopies was developed by implementing a statistical
re-sampling procedure in a spreadsheet application (MS Excel)
and YPLANT (Pearcy and Yang 1996). The modelling approach
generates an infinite number of grapevine canopies based
on a fixed set of allometric parameters whose frequency dis-
tribution properties are estimated from sampled shoots or
known allometric rules. The model was parameterised using
data collected from vines receiving variable amounts of water
and N fertiliser and grown in two contrasting row orientations.
The model provided a good approximation to measured or
previously reported values of light variability, attenuation gra-
dients and overall light interception by complex grapevine
canopies.

This modelling approach has several advantages over purely
geometric models. First, it increases the 3D canopy modelling
scale range from single-leaf to whole-canopy level. In addition,
the statistical re-sampling method introduces a better represen-
tation of within vine and vine-to-vine variabililty in allometric
parameters. As a result, this model allows a single-leaf level to
whole-canopy resolution of the interaction with intercepted
sunflecks enabling the evaluation of practical viticultural ques-
tions such as the effect of leaf removal or trellis system on the
light environment within the fruiting zone. The model has also
advantages over more complex statistical reconstruction models
based on more elaborate algorithms and specialised software.
The implementation of the re-sampling procedure on a widely
available software platform (MS Excel) simplifies model
re-parameterisation making the model accessible to a wider
range of viticulture researchers. Moreover, the YPLANT permits
single-leaf parametisation of a biochemical model of photosyn-
thesis (Farquhar et al. 1980). The increased 3D modelling reso-
lution coupled with the possibility of modelling single-leaf
photosynthetic rate based on light interception opens the pos-
sibility to estimate whole-vine C assimilation.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site: http://
onlinelibrary.wiley.com/doi/10.1111/ajgw.12036/abstract

Figure S1. Measured parameters and modelled frequency dis-
tribution for leaf length. The figure represents the frequency of
1000 randomly generated parameters based on the mean and
standard deviation derived from measurements taken at each
grapevine shoot node.

Figure S2. Modelling the light environment within the canopy
using a virtual movable photon flux density (PFD) sensor grid.
The PFD sensor grid consists of 330 (11 × 30) 1-cm2 diamond-
shaped opaque (absorbance = 1) leaves organised as an array
that can be placed at different heights in the canopy. The figures
show different views of the array at different locations in the
canopy. The PFD sensor grid allows a 3D mapping of the light
environment within a simulated grapevine canopy.
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