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¢ Background and Aims: Variation in architectural traits related to the spatial and angular distribution of leaf
area can have considerable impacts on canopy-scale fluxes contributing to water-use efficiency (WUE). These
architectural traits are frequent targets for crop improvement and for improving the understanding and predictions
of net ecosystem carbon and water fluxes.

* Methods: A three-dimensional, leaf-resolving model along with a range of virtually generated hypothetical
canopies were used to quantify interactions between canopy structure and WUE by examining its response to vari-
ation of leaf inclination independent of leaf azimuth, canopy heterogeneity, vegetation density and physiological
parameters.

* Key Results: Overall, increasing leaf area index (LAI), increasing the daily-averaged fraction of leaf area
projected in the sun direction (G ) via the leaf inclination or azimuth distribution and increasing homogeneity
had a similar effect on canopy-scale daily fluxes contributing to WUE. Increasing any of these parameters tended
to increase daily light interception, increase daily net photosynthesis at low LAI and decrease it at high LAI in-
crease daily transpiration and decrease WUE. Isolated spherical crowns could decrease photosynthesis by ~60 %
but increase daily WUE <130 % relative to a homogeneous canopy with equivalent leaf area density. There was
no observed optimum in daily canopy WUE as LAI, leaf angle distribution or heterogeneity was varied. However,
when the canopy was dense, a more vertical leaf angle distribution could increase both photosynthesis and WUE
simultaneously.

* Conclusions: Variation in leaf angle and density distributions can have a substantial impact on canopy-level
carbon and water fluxes, with potential trade-offs between the two. These traits might therefore be viable target
traits for increasing or maintaining crop productivity while using less water, and for improvement of simplified
models. Increasing canopy density or decreasing canopy heterogeneity increases the impact of leaf angle on WUE
and its dependent processes.

Key words: Biophysical model, heterogeneous canopies, leaf angle distribution, three-dimensional model, water-

use efficiency.

INTRODUCTION

The potential amount of sunlight that can be intercepted by
plants is determined primarily by the angle of leaves relative
to incoming beams of solar radiation and by the density and ar-
rangement of neighbouring leaves in space, which is commonly
termed canopy structure. The leaf angle can be characterized by
the leaf inclination, defined as the angle between the leaf sur-
face normal and the vertical direction, and the leaf azimuthal
angle, defined as the polar angle of the projection of the leaf
normal on a horizontal plane (Ross, 1981). For a single layer of
leaves with no self-shading, the potential light flux that can be
absorbed is determined by the fraction of the total leaf area pro-
jected in the direction of incoming beams of radiation (Ross,
1981). Neglecting diffuse radiation, a leaf layer with lamina
biasing towards a horizontal orientation will intercept more ra-
diation when the sun is near the zenith and less when it is near
the horizon (Ehleringer and Werk, 1986; Ezcurra et al., 1991).
Adding multiple leaf layers can significantly affect the overall
canopy-level behaviour in response to variation in leaf angle

(Falster and Westoby, 2003). For example, a canopy with leaves
biasing towards the vertical will decrease interception in the
upper canopy layers, leading to more transmission of light into
the lower canopy and potentially to the ground depending on
the overall canopy density (de Wit, 1965).

Absorbed solar radiation drives a wide range of biophysical
processes dependent on light or temperature, including photo-
synthesis, transpiration and metabolism. At the leaf level, the
response of photosynthesis to light is highly non-linear. Rates
of net photosynthesis tend to increase sharply with increasing
light at low light and can be nearly constant or decrease with
increasing light at high light (Ort, 2001). The transpiration
flux for a leaf typically increases as light increases (Wise et
al., 1990), with the slope potentially decreasing because of sto-
matal closure as radiation-driven temperature increases at high
light. The ratio of net photosynthesis to transpiration flux for a
leaf, which we term here the water-use efficiency (WUE), tends
to increase as light intensity increases and reach an optimum
at the point where photosynthesis begins to saturate with light
(Kao et al., 1998).
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At the canopy level, self-shading attributable to multiple
leaf layers can be significant, which can change the emergent
whole-canopy-level behaviour of processes related to WUE.
Increasing leaf area or having a leaf angle distribution that
biases towards the horizontal tends to intercept more light
overall, but can potentially decrease total canopy photosyn-
thetic capacity (Digrado et al., 2020) and WUE owing to ex-
cessive shading in the lower canopy (Srinivasan et al., 2017).
Canopy architectures with more erect leaves, especially at
the top of the canopy, can lead to increased light penetration
and an overall increase in canopy photosynthesis and WUE
in comparison to horizontally biased leaf angles (Forseth and
Ehleringer, 1983; James and Bell, 2000; Long et al., 2006).
Although many canopy traits are capable of influencing photo-
synthesis and WUE, Digrado er al. (2020) found that for
cowpea crops, leaf area index (LAI) and leaf area exposure
had the largest influence on these processes compared with
other traits, such as the number of nodes, stem length and
shoot mass.

Understanding the crucial traits underpinning plant WUE
is important for a wide range of applications spanning basic
biology, agricultural production and plant systems modelling.
A primary goal of modern agriculture is to increase or main-
tain productivity while reducing required inputs, such as water
(i.e. higher WUE). This could be accomplished by breeding
for cultivars with high photosynthetic capacity (Condon et
al., 2004) or by selecting lines with leaves that tend towards
the vertical rather than towards the horizontal, which has been
done in wheat to increase yields (Richards et al., 2019). For
existing cultivars, management practices such as pruning and
thinning have been proposed as a means by which WUE can be
increased (Forrester et al., 2012; Jin et al., 2018).

Despite the known potential for increasing WUE through
variation in plant architectural traits, accurately quantifying or
predicting WUE in the presence of many confounding variables
has remained a challenge. Our understanding of and ability to
measure plant biophysical processes at the leaf level has ad-
vanced rapidly owing to portable infrared gas analysers (Long
et al., 1996; Watanabe et al., 2005; McPherson, 2007; Song et
al., 2013), yet these instruments are low throughput and pro-
duce instantaneous measurements for single leaves. Thus, it
is difficult to determine how these measurements scale to the
canopy level, especially in heterogeneous and anisotropic can-
opies. Tower-based flux measurements can quantify canopy-
scale WUE (e.g. Knauer er al., 2018; Nelson et al., 2020),
but generally do not allow for systematic variation in struc-
tural and physiological parameters because there are usually
many confounding covariates when comparing across space
and time. Models have been used as an alternative for scaling
up leaf-level processes to the canopy level for many decades.
However, in traditional land surface models, the canopy is usu-
ally represented in these models through simplified equations
based on assumptions of horizontal homogeneity and often leaf
isotropy (Jones et al., 1991, 2003; Humphries and Long, 1995;
Lloyd et al., 1995; Foley et al., 1996; Sellers et al., 1996; De
Pury and Farquhar, 1997; Wang and Leuning, 1998). Instead
of resolving the fluxes at the leaf level, these simplified models
calculate average fluxes for the whole canopy, for horizontal
layers of the canopy or for leaf angle classes within layers of
the canopy. Thus, there is limited knowledge of the net effect
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of canopy heterogeneity and anisotropy on these biophysical
processes.

High-resolution, three-dimensional (3D) models of plant
structure coupled with physically based models of plant func-
tion have the capability of realistically representing the 3D
arrangement of leaves in space and associated biophysical pro-
cesses across a wide range of plant canopies with varying levels
of leaf anisotropy and heterogeneity. Potential applications
are diverse and include energy transfer (e.g. Pearcy and Yang,
1996; Chelle and Andrieu, 1998; Henke and Buck-Sorlin, 2017;
Bailey, 2018, 2019), turbulent transport processes (Mahaffee et
al., 2023) and photosynthesis (Song et al., 2013; Wang et al.,
2017; Bailey and Kent, 2021). Previous work by Le Roux et al.
(2001) used a 3D model to study the within-crown variability in
WUE in a low-density orchard and found large short-term vari-
ation in horizontal WUE gradients within isolated crowns, sug-
gesting potential importance of crown-level canopy structure.
However, to our knowledge, 3D models have not been used to
study the canopy-scale effect of heterogeneity and anisotropy
on WUE.

In this work, we used a detailed 3D leaf-resolving canopy
model, Helios (Bailey, 2019), to independently study the ef-
fects of interacting plant architectural traits on WUE and
related processes. The spatially explicit nature of the 3D, leaf-
resolving modelling approach allowed for the examination of
WUE in response to variation of leaf inclination independent
of leaf azimuth, canopy heterogeneity and canopy density (in
m? leaf per m? canopy). We sought to determine cases in which
the increase in canopy-absorbed radiation could significantly
alter WUE through variation in the distribution of leaf area and
angle. To understand the dependence between canopy struc-
ture and WUE, we varied parameters driving photosynthesis
and transpiration. It was hypothesized that the degree to which
leaf angle can affect spatial and temporal variations in WUE
is strongly dependent on the spatial distribution and density of
leaf area, such that a given leaf angle distribution could either
increase or decrease WUE depending on the distribution of leaf
area. It was additionally hypothesized that for cases with the
same canopy density, the effect of leaf angle variation will in-
crease in heterogeneous canopies.

MATERIALS AND METHODS

Model description

Leaf-absorbed radiation flux, leaf surface temperature (T,..0-
leaf transpiration flux (E, ) and leaf net photosynthetic flux
(A, were simulated for a range of homogeneous and hetero-
geneous canopies using the Helios software (Bailey, 2019).
Helios is a 3D plant modelling framework that simulates these
biophysical processes at sub-leaf scales such that the entire
plant/canopy geometry is fully resolved down to the scale of
shadows. The geometry of leaves and the ground surface are
represented by a mesh of rectangular patch elements. The
model equations described below are applied for every patch
element in the simulated domain, then aggregated to deter-
mine whole-canopy values (see ‘Leaf angle distributions’
section). The Helios sub-models used for this study were solar
position and incident environmental flux models, radiation
transport, surface energy balance, stomatal conductance and
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photosynthesis. Each of these sub-models is described in detail
in Bailey (2019), and only a brief overview is described below,
with details given when specifically relevant to this study.

The solar position/flux sub-model calculates the incoming
direct and diffuse solar radiation flux above the canopy using
the REST-2 model of Gueymard (2008) and calculates the in-
coming diffuse longwave radiation flux from the sky using the
model of Prata (1996). To calculate the position of the sun and
radiative fluxes, this sub-model requires specification of the site
longitude, latitude, offset from Universal Coordinated Time
(UTC), atmospheric pressure, air temperature (7,), atmos-
pheric turbidity coefficient, relative humidity and Julian day of
the year.

The radiation transport sub-model calculates the absorbed
radiation for every geometric object in the simulated domain
and terrestrial emission based on the above-specified ambient
radiative fluxes using a reverse ray-tracing approach (Bailey,
2018). For this sub-model, information on surface reflectivity,
transmissivity and emissivity of the geometric objects in the
simulated domain needs to be specified.

The surface energy balance sub-model calculates the leaf
temperature that balances the leaf energy budget equation,
which is a balance between energy fluxes of radiation, sens-
ible heat and latent heat (L) as described by Bailey (2019).
The net radiative flux for each leaf element was calculated
by the radiation transport model as introduced above. The
leaf boundary-layer conductance to heat (g,; in mol m™
s7!) was calculated using the Polhausen equation (Schuepp,

1993) as:
U

where U is the wind speed outside of the leaf boundary layer, d
is the characteristic dimension of the leaf, and the factor of two
accounts for (symmetric) convective heat transfer from both
sides of the leaf. The ground boundary-layer conductance was
calculated as in the paper by Kustas and Norman (1999):

g = 0.1662 + 0.4987 U. )

The latent heat flux (in W m~2) was calculated for leaf surfaces
as:

[ (Tleaf) — € (Tair) RH
Pam ’ 3)

where A =44 000 J mol™! is the latent heat of vaporization for
water, g (in mol m™ s7') is the conductance to water vapour
from the sub-surface air spaces (i.e. stomatal cavity) to the air
outside the surface boundary layer, e (7, ) (in kPa) is the satur-
ated water vapour pressure evaluated at the leaf element surface
temperature, and e (7, ) (in kPa) is the ambient air saturation
vapour pressure.

The value of g was calculated, accounting for the serial
pathway for water vapour diffusion through the stomata and
boundary layer, as:

L= Mgy

(1.08 gu/2) gs
*(1.08 gn/2) +gs’ 4)

where the factor 1.08 is based on the higher rate of diffusion of
water vapour in the air compared with heat, g (in mol m=s™")

8w =n
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is the stomatal conductance to water vapour, and n_=1 is the
number of leaf sides with stomata (i.e. assumed hypostomatous).
The stomatal conductance was modelled following Buckley et
al. (2012) as:

_ Em (Qleaf + iO)
k + b Qleaf + (Qleaf + lO) D’ (5)

where Q, . (in umol m™ s7) is the absorbed leaf photosynthet-
ically active radiation flux and D (in mmol mol™) is the va-
pour pressure deficit (VPD) between the intercellular leaf air
spaces and leaf surface. The coefficients £ _, i, k, and b are
semi-empirical.

The leaf transpiration flux (in mmol m= s~!) was calculated
from the latent heat term as:

L
Ejea = 1000 (X) ©)

The photosynthesis sub-model calculates the net leaf CO, flux,
A, (in umol m= s7"), as the minimum of two potential capaci-
ties to fix carbon, following the mechanistic biochemical model
of Farquhar et al. (1980), expressed as:

8s

*

r
c )min {We, Wi} — Rq,

1

Aleaf (1 (7)
where I'* (in pmol mol™) is the photosynthetic CO, compensa-
tion point in the absence of dark respiration, C; (in pmol mol™")
is the intercellular CO, concentration, W_ (in pmol m?2 s is
the rate limited by Rubisco, W, (in pmol m™ s™) is the rate
limited by RuBP regeneration, and R, (in pumol m™ s') is the
dark respiration rate.

The values of C, and A, . were both calculated in Eqn (7)
with the CO, diffusion equation, A, _.=0.75g (C, - C), which
is solved numerically for C, using the secant method. The factor
of 0.75 is based on the lower diffusion of CO, in the air in com-
parison to water vapour (Campbell and Norman, 1998), and C,
(in pmol mol™) is the CO, concentration of air outside of the
leaf boundary layer.

The value of W _was calculated as:

_ chaxci
Ci + K. (H—K%) (8)
where V__(in umol m™ s™') is the maximum carboxylation
rate, O is oxygen concentration (in umol mol™), K (in umol
mol™") is the Michaelis—Menten constant for O,, and K, (in
umol mol™) is the Michaelis—Menten constant for CO,.

The value of W, was calculated as:

J G
4Ci+ 8T ©)

with the potential electron transport rate, J (in pmol m= s7),
calculated as

‘/Vj:

_ o Jmax Qleaf
@ Qleaf + Jmax ’ (10)

where J_(in pmol m™ s™') is the maximum electron transport
rate, and « is a unitless light response rate parameter.
The temperature dependence of T, K,K,R,V and J

cmax max

was included, following the description given by Bernacchi et
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al. (2001) and Bernacchi et al. (2003) (see also Bailey, 2019,
for details on the specific implementation). Helios v.1.2.65
was used to perform the simulations in this work, for which
source code can be downloaded from https://www.github.com/
PlantSimulationLab/Helios.

Integration of leaf fluxes

Instantaneous photosynthetically active radiation (PAR)
interception for the whole canopy (Q) was calculated from the
leaf PAR interception on a per unit ground area basis as:

ngzll ar; Qteat,i
ag ’ (11)

where N, is the number of leaf elements in the simulated canopy,
a, is the one-sided surface area of the i leaf element, and a, is
the total ground surface area occupied by the canopy. The daily
integrated O was calculated based on instantaneous values at

time step (Af) up to time n as:

QC = Qi At,
; (12)

where Q, is the instantaneous whole-canopy flux at the i time
step.

Instantaneous WUE for the whole canopy [in umol CO,
(mmol HZO)“] was calculated as the ratio of instantaneous
whole-canopy fluxes of photosynthesis (A) and instantaneous
whole-canopy fluxes of transpiration (E) on a per unit ground
area basis as:

0=

A
WUE = (3)
ai Aleati Aleafz
A=
alz Eleaft
E =
Z (15)

is the net CO, flux of the 1“‘ leaf element and E

leaf,i

where Aleaf
the transpiration flux of the i leaf element.

The daily integrated canopy water-use efficiency (WUE))
was calculated as the ratio of daily integrated whole-canopy
fluxes of A, and E, as:

Ac
WUE, = EC, (16)
A. = Zi:l A; At, a7)
E. = Zi:l E; At (18)

where A and E, are the instantaneous whole-canopy photosyn-
thetic and transpiration fluxes at the i time step.

Instantaneous canopy temperature (7,) was calculated
from the patch temperature weighted by patch area for each
leaf.
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Weather data

The incoming radiation was calculated based on an as-
sumed virtual site longitude (121.76°W), latitude (38.55°N),
offset from UTC (7 h), atmospheric pressure (101 000 Pa),
air temperature and humidity (variable), atmospheric tur-
bidity coefficient (0.01) and Julian day of the year (153). The
short-wave radiation was assumed to be partitioned between
the PAR band (<700 nm) and the solar near-infrared band
(>700 nm), 47 %, and 53 %, respectively. For this study, all
solar energy was chosen to be collimated in the direction of
the sun, and the sky was assumed to be cloudless. The number
of direct rays used to sample each element was 500, and the
number of diffuse rays per element was 1000. The radiation
transport model recursive scattering depth was chosen to be
two (Bailey, 2018).

The air temperature, relative humidity and wind speed
were obtained as a 5-min average from the University
of California Davis/National Oceanic and Atmospheric
Administration (NOAA) local weather station at the
Campbell Track in Davis, CA, USA (http://atm.ucdavis.
edu/weather/uc-davis-weather-climate-station). During the
study period (07:00-19:00 h), the average, maximum and
minimum air temperature was 29.5, 35.4 and 18.8 °C, re-
spectively. The average, maximum and minimum relative
humidity was 0.35, 0.18 and 0.64, respectively, and the
average wind speed was 3 m s™'.

Test case set-up

To explore the effect of canopy structure on absorbed radi-
ation, photosynthesis, transpiration and WUE, a range of hypo-
thetical canopies were simulated with varying levels of leaf
anisotropy, canopy heterogeneity and canopy density. Although
Helios can represent arbitrarily complex canopy geometries
(Bailey, 2019), simplified geometries were chosen for this
study in order to isolate various contributors to WUE. Although
the canopy cases do not correspond to any particular species,
the chosen model input parameters (detailed below) could be
thought of as most similar to hypostomatous broad-leafed C,
species.

Leaf and ground parameters

The 3D geometry of the leaves was represented as a
10 x 10 uniform grid of planar squares, with the total surface
area of each leaf being 0.0049 m>. It was verified that the
chosen leaf resolution was fine enough to resolve shadows
(Supplementary Data Figs S1 and S2; Table S1), which is
important for accurately determining canopy-scale fluxes
(Bailey and Kent, 2021). The canopy height was set to 1 m.
The reflectivity of leaves in the PAR band was set to 0.0855,
the transmissivity in the PAR band to 0.0428, the reflectivity
in the near-infrared band to 0.4455 and the transmissivity in
the near-infrared band to 0.4041 (Ponce de Ledn and Bailey,
2021). The leaf emissivity was assumed to be 0.96 (Lépez et
al., 2012).

The baseline parameters at 25 °C set in the photosynthesis
model were V =78.5 umol m s, @ =045, R, =2.12

cmax25
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FiG. 1. Probability density function of sine-weighted (A) and actual (B) leaf inclination angle for canopy configuration cases with different distributions (spherical,

uniform, planophile and erectophile) and of different leaf azimuth: isotropic (C), leaves biased towards E-W (D) and leaves oriented N-S (E). Each continuous

line corresponds to a different leaf inclination angle distribution and each dashed line to a different leaf azimuth distribution. To depict differences among the leaf
inclination angles more clearly, the y-axis was truncated in B.

umol m=s™and J__ .= 133 umol m™s™'. The selected values
of V. sandJ_ .. are within the range of typical values for
native plants (Walker ef al., 2014). These parameters were then
varied to explore the dependence between canopy structure
and WUE (see ‘Analysis of physiological parameters’ section).
The value of V.. was varied systematically between 20, 60
and 100 umol m™ s'. The corresponding value of J . for
each V__ . value was calculated according to the empirical

relationship:

In (Jmax25) =a+cl (chax25) s (19)
where a was set to 1.01 umol m= s™" and ¢ to 0.89 (Walker er
al., 2014). The corresponding value of R, was calculated for
each V. as:

cmax25 :

(20)

for the chosen baseline

Ras = 0.027 Vimaxos,

where 0.027 is the ratio of R ,sto V.
parameter values.

The stomatal conductance model empirical coefficients i, k,
and b were chosen to be equal to the values given by Bailey
(2019), which were determined from measurements in Prunus
dulcis at different combinations of light, temperature and am-
bient humidity, where i = 38.48 pmol m=s™, k = 18 383 umol
m~ s~ mmol mol™ and » = 49.68 mmol mol™'. A value of E_ of
10 mmol m~2 s~ was chosen as the baseline value, and a value
of E_of 20.4 mmol m™ s™', which was measured by Bailey
(2019), was also included in the study (see ‘Analysis of physio-
logical parameters’ section).

The ground surface was represented as a 20 x 20 grid of
rectangular patches. For all cases, periodic boundary condi-
tions were applied in the horizontal directions to yield a hori-
zontally infinite canopy. For the ground, the energy balance
was applied by assuming no latent cooling attributable to
water evaporation from the soil, and the heat storage term
parameters were chosen as in the study by Ponce de Le6n and
Bailey (2021). For simplicity, the ground was considered to
be black.

Leaf angle distributions

Hypothetical canopies were generated with varying leaf in-
clination and azimuth distributions. The leaf inclination dis-
tributions, g, (0,), were generated by randomly sampling leaf
angle inclinations from four different archetypal leaf angle
distributions proposed by de Wit (1965) using the mathemat-
ical definitions of Goel and Strebel (1984) (Fig. 1A): spherical
(isotropic); uniform (moderately biasing towards horizontal
leaves); planophile (strongly biasing towards horizontal leaves);
and erectophile (moderately biasing towards vertical leaves).

There is often confusion regarding these classical leaf angle
distributions owing to the fact that their definitions usually in-
clude a pre-weighting of the leaf angle distribution by solid
angle (i.e. multiplication by sin 6, , where 0, is the leaf inclin-
ation angle). This weighting by solid angle is necessary when
integrating the probability distribution over 6, in a spherical co-
ordinate system. However, the unweighted probability density
is given by g, (6, )/sin 0, which is plotted in Fig. 1B. Using this
normalization, the expected isotropic distribution for ‘spher-
ical’ leaves is achieved (i.e. constant probability with respect
to 6,). It can also be seen that the planophile distribution is
much more strongly biased towards horizontal leaves than is
the erectophile distribution towards vertical leaves. For refer-
ence, the fraction of leaf area projected in the vertical direction
[G(0); Ross, 1981] is G(0)=0.85 for the planophile distri-
bution and G(0) =0.42 for the erectophile distribution, thus
illustrating quantitatively that the planophile distribution is
much further from the spherical distribution (G = 0.5) than the
erectophile distribution. Fig. 1B also shows that the so-called
uniform distribution is significantly biased towards horizontal
leaves [G(0) = 0.64].

For each configuration, the leaf azimuth angles were sam-
pled from a uniform distribution (azimuthally isotropic) inde-
pendently of leaf inclination, and two contrasting anisotropic
leaf azimuth distributions in which leaves were biased towards
either the north—south (N-S) or east-west (E-W) directions.
Note that in the spherical coordinate system, each azimuthal
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angle has the same solid angle and thus there is no confusion
with regard to solid angle weighting when integrating. Biasing
leaves towards horizontal considerably increases the fraction of
leaf area projected in the direction of the sun, G, relative to the
spherical case (G = 0.5) throughout most of the day and might
reduce it in the early and late daylight hours. The opposite is
true for the vertically biased distribution (erectophile). Biasing
leaf azimuth towards the E-W directions tends to increase G in
the early and late hours of the day, whereas the N-S distribution
has the opposite effect.

Case 1: homogeneous canopy

A set of homogeneous canopies were created with uniformly
distributed leaves in space and varying leaf orientation distribu-
tion and LAI values. The number of leaves in the canopy was
chosen to achieve four different LAI values: 0.5, 1, 3 and 5.
The horizontal extent of the homogeneous canopy was Sm x 5
m (but was extended infinitely through a periodic boundary
condition). Homogeneous canopy geometries were generated
for all combinations of the four LAI values and all leaf angle
distribution cases described above (48 total cases). A sample
visualization of the 3D distribution of modelled WUE for the
homogeneous canopy case with spherical leaf inclination distri-
bution and isotropic leaf azimuth is shown in Fig. 2A.

Case 2: heterogeneous canopy

Heterogeneous canopies were composed of spherical
crowns filled with homogeneous vegetation arranged in a
N-S row orientation and with three different row spacings:
1, 2 and 3 m. For all the cases, the spherical crowns had the
same leaf area density of 5 m?> m=3, but different canopy-level
LAI attributable to the varying row spacing; 2.6 m> m~> for
1 m row spacing, 1.3 m?> m~ for 2 m row spacing and 0.9 m?
m~2 for 3 m row spacing. The radius of the spherical crowns
was 0.5 m, the crown spacing within each row was 1 m, and
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there were 12 spherical crowns explicitly represented in total
(but with periodic boundary conditions). The set-up of leaf
inclination angle distribution was the same as case 1 (Fig.
1). The horizontal extent of the heterogeneous canopy varied
based on the row spacing: for 1 m row spacing, 4 m x 3 m;
for 2 m row spacing, 8§ m x 3 m; and for 3 m row spacing,
12 m x 3 m. A sample visualization of the 3D distribution of
WUE for the heterogeneous canopy case with 2 m row spa-
cing and spherical leaf inclination distribution is shown in
Fig. 2B.

Analysis of physiological parameters

To determine whether the effect of leaf angle varies owing
to changes in leaf physiological parameters and to explore
further the dependence between canopy density and WUE,
parameters driving photosynthesis and transpiration were
varied. For the analysis, V. was Varied from 78.5 (refer-
ence) to 20, 60 and 100 pmol m™ s™, R, was varied as a
function of V__ . according to Eqn (20) from 2.1 (reference)
to 0.5, 1.6 and 2.7 umol m™ s, and J__ . was varied as a
function of V__ according to Eqn ( 19) from 133 (reference)
to 39.5, 105 and 165 umol m~? s~!. Furthermore, parameter
values of o were varied from 0.45 (reference) to 0.27 and
0.135, and values of E_were varied from 10 (reference) to 6.2,
12.3 and 20.4 mmol m~2 s~%. This analysis considered a subset
of the homogeneous canopy cases that included different LAI
values (0.5, 1, 3 and 5), with four different leaf angle distri-
butions (spherical, uniform, planophile and erectophile, each
with isotropic leaf azimuth).

RESULTS

Case 1: homogeneous canopy

Effect of leaf inclination distribution and LAI in a homoge-
neous canopy. As expected, daily PAR interception increased

WUE

0 1.3

2.7 4

F1G. 2. Three-dimensional visualization of the canopy water-use efficiency [WUE; in umol CO, (mmol H,0)™'] at 10:00 h for: (A) homogeneous canopy case (LAI

of 5) and (B) heterogeneous canopy with 2 m row spacing, each with isotropic leaf inclination and azimuth distribution. Each leaf element is coloured based on a

pseudocolour mapping between its calculated WUE and the colour scale shown in the figure. The ground was coloured green for contrast, because its WUE was
undefined (A = E = 0). The canopies shown all had a leaf area density of 5 m> m™
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(LAI) values (0.5, 1, 3 and 5). (A-D) Daily integrated fluxes and (E-H) normalized difference (A) relative to the spherical leaf angle distribution (control case).

logarithmically as LAI was increased, with a diminishing rate
of increase in Q_as LAI increased. As the leaf angle distri-
bution was increasingly biased towards horizontal leaves, the
daily-averaged value of Gavg increased (Fig. 3A, D), which in-
creased daily PAR interception (Fig. 4A). The effect of G on
PAR interception at any instant during the day was relatively
large, whereas the effect of G,,on daily integrated PAR inter-
ception was comparatively small. The impact of leaf angle on
O, diminished as LAl increased. There was a 28 % difference in
O, between the erectophile and planophile leaf angle distribu-
tions when LAI = 0.5, which decreased to ~4 % when LAI =5
(Fig. 4E). This is attributable to the fact that at high LAI, PAR

absorption by the canopy approaches 100 % regardless of the
value of G.

Although Q, increased monotonically with LAI and G
the trend in dally canopy photosynthesis, A , reversed as the
canopy transitioned from low to high LAI (F1g 4B). Below
an LAI of approximately three, A_ increased as LAl increased
and increased as G, increased (increasing bias towards hori-
zontal leaves). Above an LAI of around three, AC decreased
as LAl or G was increased, with the sensitivity of A_ to
G, 1ncreasmg as LAI increased (Fig. 4F). At low LAI, A is
limited by the ability to capture light that would otherwise be
lost to the ground, and thus higher LAI and Q_ increases daily
photosynthesis in this regime. When the canopy is nearly op-
tically thick at high LAI and little light is lost to the ground,
A_ is limited by the shaded leaf area. As LAI becomes large,
shaded leaf area becomes the majority fraction, which has
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FiG. 5. Instantaneous whole-canopy fluxes of absorbed radiation (Q), photosynthesis (A), transpiration (E), water-use efficiency (WUE) and canopy temperature
(T) for the homogeneous canopy cases with four different leaf angle distributions (isotropic azimuth distribution: erectophile, spherical, uniform and planophile)
and with four different leaf area index (LAI) values (0.5, 1, 3 and 5). The dashed vertical line indicates the time at solar noon.

small or negative net photosynthetic fluxes owing to respir-
ation. If the additional photosynthetic productivity of sunlit
leaf area attributable to a marginal increase in LAI is less than
the respiratory costs associated with shaded leaf area owing
to the same increase in LAI, overall canopy photosynthesis
will decrease. For the simulation parameters chosen here, this
appears to occur for LAI > 3.

Although LAI has a minimal impact on the photosynthetic
flux of sunlit leaf area, G determines the average direct PAR flux
on sunlit leaf area and thus determines the photosynthetic flux
on sunlit leaf area. The response of leaf photosynthesis to light
is logarithmic, meaning that the largest gains in photosynthesis
from an increase in light are at lower light. When LAI is small,
increasing G increases PAR intercepted by the canopy, which
increases A . However, when LAI is large, increasing G in-
creases the average PAR flux on sunlit leaves, which will in-
crease leaf photosynthesis (assuming that the increase in PAR
does not cause an excessive temperature increase that decreases
photosynthesis) and also increases the fraction of shaded leaf
area. If the respiratory costs associated with increased shaded
leaf area outweigh the increases in photosynthesis owing to in-
creased sunlit PAR flux, photosynthesis can decrease as G is
increased.

The increase in daily canopy transpiration, E_, with increasing
LAI was nearly linear as the LAI increased from 0.5 to 5, with
relatively close correspondence between E_ and Q_ (Fig. 4A,
C). The effect of the leaf angle distribution via Gavg was rela-
tively minimal (S10 % between erectophile and planophile dis-
tributions), and its effect was non-monotonic as LAI was varied
(Fig. 4G). At low LAI increasing G, increased E, whereas
the opposite was true at the highest LAI of five. This appears
to be attributable to the fact that the leaf angle distribution has
an opposite effect on sunlit vs. shaded leaf area. At low LAI,
increasing G, increases light capture by the canopy, which
increases transpiration. At high LAI, there is a marginal in-
crease in additional light capture when LAI is increased, and
most additional leaf area added is shaded. Once the canopy is
nearly optically thick, varying Gavg primarily affects the ver-
tical distribution of energy rather than whole-canopy energy
capture. Thus, increasing G__at high LAI tends to decrease E|
by concentrating energy in the upper canopy. However, sunlit
and shaded leaf area both contribute positively to £ . Thus, an
optimum in E_ with respect to LAI does not occur.

Although the effect of LAl on A and G, on A and E_ was
non-monotonic, the effect of both LAI and Gz ., on daily canopy
WUE was monotonic. The decrease in WUE_ with increasing



Ponce de Leon & Bailey — Water-use efficiency in plant canopies

LAT was nearly linear (Fig. 4D). Increasing G tended to de-
crease WUE_, with this effect being negligible atan LAI of 0. 5,
and causing 2~35% change in WUE_ between the erectophile
and planophile canopies at LAl =5 (Fig. 4H).

The instantaneous whole-canopy fluxes of Q tended to follow
the magnitude of the incoming radiation flux, and the effect of
the leaf angle distribution closely followed the diurnal trend in
G (Figs 3A and 5). Similar to the increase in Q, A increased ini-
tially, but reached an optimum that occurred before solar noon
owing to the flattening of the photosynthetic light response
curve and stomatal closure with increasing VPD. The time of
maximum absorbed radiation values happened around the same
time (solar noon) for all canopies, but the time of maximal A
varied among the different leaf angle cases. For instance, at
high LAI, erectophile and spherical canopies had maximum A
values between 10:00 and 11:00 h and uniform and planophile
between 9:00 and 10:00 h. This is likely to be because, at high
LAI canopies with leaves tending towards horizontal become
saturated with light earlier in comparison to canopies with
leaves tending towards vertical.

The instantaneous whole-canopy fluxes of E increased as
LAI increased and reached maximum values in the afternoon
owing to the increase in VPD driven by ambient weather condi-
tions. This corresponded to a similar diurnal peak in leaf tem-
perature, T . These patterns suggest that £ was more closely
coupled with the ambient air than incident radiation for the
chosen weather conditions. Overall, the effect of the leaf angle
on E was small throughout the day, which is consistent with
weak radiative coupling. In contrast, the effect of leaf angle
on instantaneous whole-canopy fluxes of WUE varied slightly
during the day and increased between 8:00 and 11:00 h at high
LAI The WUE values tended to be largest in the morning for
all cases and were greater at low LAI. The lower WUE in the
afternoon could be explained by the fact that E can increase
continually for much of the day owing to a more linear response
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to light and increasing ambient VPD, whereas A begins to de-
cline earlier in the day.

When LAI is low (Fig. 6A-E), variation in the leaf angle
distribution causes a shift in the vertical profile relative to the
spherical distribution that is fairly uniform with height and
varies roughly according to the respective value of G (see Fig.
3A at 12:00 h). Absorbed radiation, net photosynthesis, tran-
spiration, WUE and leaf temperature at a given height all tend
to increase with respect to the spherical case according to G at
low LAL

When LAI < 1, there is minimal overlap between leaves, and
thus the average absorbed radiation flux is nearly proportional
to G. When LAI is much greater than one (Fig. 6F-J), similar
behaviour is observed at 12:00 h in the upper canopy as for low
LAI but absorbed radiation tends to decrease relative to the
spherical case with depth into the canopy when G > 0.5 and
increase with depth when G < 0.5. There is some critical depth
within the canopy at which the trend in absorbed radiation with
G reverses. This crossover height is different for each of the
variables considered in Fig. 6. It occurs at ~40 % of the canopy
height for Q, 90 % of the canopy height for A, 60 % of the
canopy height for £ and 40 % of the canopy height for 7. There
was no crossover point for WUE, whereby WUE was always
less than that of the spherical case when G > (0.5 and greater
than the spherical case when G <0.5. Variation in the cross-
over height relative to that of Q appears to be driven by the
non-linearity of the response of the variables to light.

Effect of azimuthal anisotropy in a homogeneous
canopy. Adding azimuthal anisotropy to the leaf angle distri-
bution increased daily absorbed radiation by <11 % when leaf
azimuths were biased towards E-W and reduced daily absorbed
radiation by <13 % when biased towards N-S (Fig. 7). These
differences agreed roughly with corresponding differences in
G, (Fig. 3D). This suggested that more light could be captured
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Fi1G. 6. Vertical profiles of normalized difference (A) relative to the control (spherical leaf angle distribution) of absorbed radiation (Q), photosynthesis (A), tran-
spiration (E), water-use efficiency (WUE) and canopy temperature (7,) for the homogeneous canopy cases with four different leaf angle distributions (erectophile,
spherical, uniform and planophile) and two different leaf area index (LAI) values: 0.5 (A-E) and 3 (F-J) at 12:00 h. The canopy height is 1 m.
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and canopy water-use efficiency (WUE) owing to anisotropic leaf azimuth for the homogeneous canopy cases with four different leaf inclination distributions
(erectophile, spherical, uniform and planophile) and with four different leaf area index (LAI) values (0.5, 1, 3 and 5).

over a day by E-W leaves than by N-S leaves by maximizing
light interception in the early and late day, rather than only mid-
day. The effect of azimuthal anisotropy on absorbed radiation
diminished as L AI increased, as was also observed for leaf in-
clination anisotropy (Fig. 4), which is because denser canopies
are able to absorb nearly all incoming light regardless of the
value of G. Light interception also became less sensitive to azi-
muthal anisotropy as G, increased. This is because for a ver-
tical leaf, changing azimuth has the possibility to move the leaf
between full sun and full shade, whereas light interception of a
horizontal leaf does not change with azimuth.

At high LAI, net photosynthesis was reduced relative to
the azimuthally isotropic canopy when leaf azimuths were
biased towards E-W and increased when azimuths were
biased towards N-S. For the erectophile, spherical and uni-
form canopies, this trend reversed below an LAI of one or two.
Daily-averaged G increased for leaf azimuths biased towards
E-W and decreased for leaf azimuths biased towards N-S,
with planophile G_ bemg least affected by azimuthal anisot-
ropy (Fig. 3D). It is expected that N-S-biased azimuths, for
example, should have a similar effect as increasing LAI or G
in the azimuthally isotropic cases (Fig. 4). This is in fact the
trend that was observed: N-S-biased leaf azimuths increased
photosynthesis at high LAI by allowing additional penetration
of light into the canopy, whereas it decreased photosynthesis
at low LAI owing to light lost to the ground. The effect was

similar for transpiration and WUE. N-S-biased azimuths in-
creased transpiration at high LAI and decreased transpiration
at low LAI, with the planophile canopies having the least sen-
sitivity to leaf azimuthal anisotropy. The WUE was increased
with N-S-biased leaf azimuths, which was amplified with
increasing LAL

Case 2: effect of heterogeneity

The addition of canopy heterogeneity at constant leaf area
density generally tended to decrease daily absorbed radiation,
net photosynthesis and transpiration (Fig. 8). This is expected
because there is less leaf area overall when leaf area per ground
area is removed to increase heterogeneity. Increasing hetero-
geneity also increased WUE by <130 % relative to the homo-
geneous canopy, while decreasing daily net photosynthesis by
~60 % for the same case (Fig. 9). Although increasing plant
spacing reduced both photosynthesis and transpiration owing to
the associated reduction in overall leaf area per ground area, it
tended to reduce transpiration more than photosynthesis. Most
of the WUE gains occurred up to a plant spacing of ~2 m, be-
yond which there was little change in WUE.

Interestingly, there were cases in which removing canopy
leaf area could increase net photosynthesis, A_. This oc-
curred for cases with leaves biased towards horizontal (uni-
form and planophile) when the canopy was transitioned from
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1 m (canopy-level LAI = 2.6), 2 m (canopy-level LAI = 1.3) and 3 m (canopy-level LAI = 0.9).
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FiG. 9. Difference in instantaneous whole-canopy fluxes of absorbed radiation (Q), photosynthesis (A), transpiration (E) and water-use efficiency (WUE) between

canopies with 3 m row spacing (canopy-level LAI = 0.9) and their corresponding homogeneous canopy (control) with the same leaf area density (5 m? m~). The

canopies were oriented in N—S rows and included heterogeneous canopies with isotropic (spherical) and anisotropic leaf inclination angles (erectophile, uniform
and planophile).

homogeneous to spherical crowns with the smallest row spa-
cing. It is expected that this is attributable to a similar mech-
anism that created a decline in A _in the homogeneous canopies
when LAI was increased above three. Decreasing leaf area can
result in a more efficient vertical light distribution when overall
light absorption is high.

As heterogeneity increased, hourly whole-canopy fluxes of
Q reduced per ground area, hence A and E decreased. However,
WUE increased in the heterogeneous canopy compared with
the homogeneous canopy by <270 % in the afternoon (Fig.
9). The largest increases in WUE as G was varied occurred in
the horizontally biased leaf angle cases during the afternoon,
when VPD was high. The effect of leaf inclination distribution

on WUE was greater in the planophile leaf angle distribution
case compared with the erectophile case because leaves in the
planophile distribution are much more biased towards hori-
zontal leaves than the erectophile distribution is biased towards
vertical leaves (Fig. 1B).

Effect of physiological parameter variation

Variation in V anas (and by extension, I vos and R dzs) over
nearly an order of magnitude had a significant effect on the im-
pact of leaf angle on WUE_ (Fig. 10A~C). Increasing photo-
synthetic capacity via V__ cincreases the magnitude of WUE,

and the normalized values of WUE_ shown in Fig. 10A-C
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105 and 165 umol m s7!, respectively (A—C). The parameter value of a was reduced from 0.45 (reference) 0 0.27 and 0.14 (D-F), and E_ was varied from 20.5
(reference) to 6.2, 12.3 and 26.7 mmol m~2 s~! (G-I), respectively. The data plotted are for homogeneous canopies with leaf area index (LAI) of 0.5, 1,3 and 5.

suggest that this increase has a relatively small impact on WUE
at low V__ . across canopy cases and becomes increasingly
significant at high V..

Variation in the initial slope of the photosynthetic light re-
sponse curve by changing the value of « did have a notable
impact on the relationship between leaf angle and WUE _ (Fig.
10D-F). Varying a shifted the LAI value at which WUE_ in-
creased or decreased relative to the spherical canopy when
G, , was varied. At low LAI, WUE  increased with respect
to the spherical canopy as G increased. At some critical
LAI value that decreased as «a 1ncreased this trend reversed.
Increasing a causes photosynthesis to saturate at lower light
levels. Thus, it is expected that decreasing a should cause
an increase in WUE_ relative to the spherical canopy for leaf
angle distributions blasmg towards horizontal because it in-
creases photosynthesis for the relatively large amount of
low-light leaves in the lower canopy shaded by overlying leaf
layers.

Increasing the maximum transpiration rate, E_, decreased
the sensitivity of WUE_ to leaf angle. Increasing £ tends to
increase the contribution of £ to WUE . As was shown above,
E_ is much less sensitive to the leaf angle distribution than
A Thus, it follows that increasing the contribution of E_to
WUE_ should decrease sensitivity of WUE to the leaf angle
distribution.

DISCUSSION

Optima in WUE and photosynthesis with varying canopy
architecture

Optimizing canopy structure to improve WUE has been pro-
posed as an approach for producing more efficient crops under
the changing climate (Drewry et al., 2014; Srinivasan et al.,
2017; Hatfield and Dold, 2019). The results suggested that
canopy structure could have a significant influence on both
instantaneous and daily-integrated WUE. Within the range of
homogeneous canopy cases considered, WUE varied among
the cases by >100 % at a given hour and by nearly 35 % on a
daily basis (mainly owing to LAI). High LAI tended to amplify
the effect of leaf angle on WUE. Introducing canopy heterogen-
eity could create further increases in WUE.

Despite the pronounced effect of canopy structure on WUE,
there did not appear to be a distinct optimum in WUE as LAI, leaf
angle distribution or heterogeneity was varied. WUE decreased
monotonically as LAI, G, or homogeneity was increased.
Intuitively, it seems as though an instantaneous optimum in
WUE, could exist. At the leaf level, there is an optimum in
WUE with respect to light at the so-called ‘breakpoint’ of the
photosynthetic light response curve (Kao and Forseth, 1992).
Thus, a leaf angle distribution that minimizes self-shading and
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orients leaves such that radiative fluxes are near the breakpoint
should be optimal. However, it might be that the limited flexi-
bility of the four leaf angle distributions with isotropic azimuths
did not find the optimum. It is also possible that an instantan-
eous optimum might exist, but that it cannot be maintained over
an entire day without leaf solar tracking. This was estimated in
slash pine and Schima superba, in which WUE_ was positively
correlated with light, leaf temperature and VPD; however, after
the breakpoint, WUE_ decreased with light, leaf temperature
and VPD (Zhuang et al., 2023).

Despite the lack of an observed WUE optimum, there was a
distinct optimum in daily net photosynthesis, A , with varying
LAI as has been reported in previous experimental studies
(Digrado et al., 2020), which was attributable to the trade-off
between productivity and respiratory costs via increasing leaf
area. This optimum in A_ did not translate into an optimum in
WUE because the denominator of WUE, E_, continues to in-
crease as LAl increases owing to the fact that sunlit and shaded
leaf area contribute positively to £, whereas shaded leaf area
tends to contribute negatively to A .

In our study, it was assumed that photosynthetic properties
were uniform throughout the canopy. However, in real can-
opies, V_would be smaller where light is lower, and respir-
ation would tend to decline proportionately (Buckley et al.,
2013). This could potentially result in less of a carbon ‘cost’
owing to shaded leaves and could affect the optimum in A _ ob-
served at moderate LAI (see Fig. 4). For instance, in corn at
high density, removal of two leaves above the ear resulted in a
14 % increase in photosynthesis (Liu et al., 2015). Despite this
oversimplification based on uniform photosynthetic properties,
our results for all the different leaf orientation cases agree with
field observations in cowpea (Digrado et al., 2020) and soybean
(Srinivasan et al., 2017), with an optimum in A ata similar LAI
of around three.

Introducing canopy-scale heterogeneity monotonically in-
creased WUE for an individual plant at the expense of whole-
canopy productivity, and thus there was no clear optimum in
WUE with varying plant density. However, in some cases there
was an optimum in A . For the uniform and planophile leaf
angle distributions, the smallest plant spacing (1:1) increased
A_ relative to the homogeneous canopy, but then A declined for
a 2:1 plant spacing (Fig. 8). This optimum is probably attribut-
able to the same mechanism causing the optimum in A  when
LAI is varied in the homogeneous canopies. A small amount
of heterogeneity allows for increased light penetration and in-
creases the fraction of sunlit leaf area, and thus increases net
photosynthesis. If this increase in net photosynthesis is larger
than the overall reduction in total leaf area resulting from the
heterogeneity, net photosynthesis can increase.

Leaf inclination angle anisotropy

Anisotropy in the leaf inclination angle distribution has in-
creasingly become a trait of interest in terms of its influence
on canopy gas and energy exchange processes (e.g. Van Zanten
et al., 2010; Mantilla-Perez and Salas Fernandez, 2017; Pisek
et al., 2022). For instance, land surface models can represent
temperate and boreal broadleaf forests as canopies that tend
to have leaves towards the horizontal direction rather than as-
suming a spherical leaf inclination angle distribution (Bonan et
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al.,2011). This study provided additional insight into the effect
of leaf inclination angle anisotropy on canopy transpiration and
WUE. The largest impacts of leaf inclination angle distribu-
tion on light interception occurred when LAI was small and on
photosynthesis and WUE when LAI was high. When LAI is
small (e.g. young canopy), the largest gains in light interception
and photosynthesis are attained by increasing LAI, although
this comes at an increasingly expensive water cost. As the
canopy develops, there are diminishing returns on increasing
LAI and leaf angle becomes increasingly important for prod-
uctivity. A transition to more vertical leaf angle distribution at
this point might be beneficial not only in terms of increasing
photosynthesis, but also WUE. Daily photosynthesis varied by
39 % and daily WUE by 36 % across all leaf angle distributions
considered when LAI = 5.

It is also noteworthy that daily transpiration varied between
all cases considered by <10 % relative to the corresponding
spherical leaf angle distribution case, whereas daily photosyn-
thesis and WUE could vary by >30 %. This is probably attrib-
utable to the fact that the difference in relative transpiration rate
between a leaf perpendicular and parallel to the sun is much
smaller than for relative photosynthesis.

Leaf azimuthal angle anisotropy

Anisotropy in leaf azimuth is rarely considered in models
or field experiments, although it can have a similar impact as
anisotropy in leaf inclination. Previous work has illustrated that
leaf azimuthal anisotropy can amplify the effects of canopy
heterogeneity (Ponce de Le6n and Bailey, 2019). For instance,
in row-oriented canopies, the effective path length of the sun’s
rays through vegetation can change dramatically with changes
in sun azimuth, which is important in agricultural canopy de-
sign applications, such as to reduce the effect of elevated tem-
peratures in vineyards (Ponce de Leén and Bailey, 2022). The
present work also explored the effect of leaf azimuth on canopy
biophysical processes. In canopies with high LAI, simulation
results suggested that biasing leaf normals towards the N-S dir-
ections in an erectophile canopy increased A  and WUE_ by ~30
% relative to E-W biased leaves. This finding is consistent with
field experiments that reported a ~25 and ~22 % increase in A_
and WUE , respectively, for vertical leaves biased towards N-S
compared with E-W (Smith and Ullberg, 1989).

For canopy-level models applied to sparse natural canopies
or row-oriented crops, consideration of leaf azimuthal anisot-
ropy within radiation attenuation coefficients might have an
important effect on model predictions, particularly in canopies
with leaf inclination tending towards vertical. Although leaf
(inclination) angle has become a trait of increasing interest
for ecosystem ecology, plant physiology and remote sensing
(e.g. Pisek et al., 2022; Yang et al., 2023), measurement and
consideration of leaf azimuth might warrant attention in add-
ition to the more common practice of measuring leaf inclin-
ation angle only (e.g. Daviet et al., 2022; Serouart et al., 2023).
Fortunately, techniques now exist for high-throughput meas-
urement of leaf inclination and azimuth from LiDAR scanning
data (e.g. Bailey and Mahaffee, 2017) and from accelerometers
integrated within leaf-level measurement devices, such as the
LICOR LI-600 porometer (LICOR Biosciences, Lincoln, NE,
USA).
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Canopy heterogeneity

The results suggested that canopy heterogeneity can have
a significant effect on biophysical processes related to WUE,
yet the majority of plant system models are based on assump-
tions of canopy homogeneity or include heterogeneity through
empirically tunable parameters (e.g. Sellers et al., 1992; Sykes
et al., 2001; Lawrence et al., 2019). The least heterogeneous
discontinuous canopy case considered was still relatively
homogeneous, with a crown ground cover fraction of 78 %.
Nevertheless, this amount of heterogeneity decreased E_by ~36
% and increased WUE_ by ~88 %. The effect of adding this
small amount of heterogeneity was minimal for A owing to
offsetting effects of the increase in light distribution efficiency
and decrease in total leaf area. The impact of heterogeneity on
WUE, for plant spacing larger than 2:1 was minimal, because
at this point the crowns were almost fully isolated, and WUE
is not impacted by reduction in leaf area on a ground area basis
because it is a ratio.

Linkage between leaf area, leaf angle distribution and
heterogeneity

By and large, the effect of increasing LAI, increasing G_,
and increasing homogeneity (at constant leaf area density) had
a similar effect on daily-integrated canopy fluxes. Variation of
these parameters in this way generally leads to increased light
interception owing to the resulting increase in projected leaf
area. This tends to increase canopy photosynthesis at low LAI,
primarily because of the increase in total light available to the
canopy, and decreases canopy photosynthesis at high LAl owing
to inefficient utilization of light throughout the canopy depth.
This additional light increases canopy transpiration owing to
additional available energy and transpiring surface area in the
case of increasing LAI. Increased light interception tended to
cause a monotonic decrease in WUE.

Limitations and future work

A limitation of the proposed study is the lack of direct ex-
perimental validation. However, it is extremely difficult to vary
interacting parameters systematically within field experiments.
Natural variation in canopy structure over time or space will
inherently be confounded by associated changes in environ-
mental or physiological variables, not to mention that reliably
measuring the variables associated with this canopy structure
is difficult. Measurement of canopy-scale WUE is additionally
difficult, owing to non-vegetative and non-local contributions
to water vapour and CO, fluxes. In this study, the simulated
data were generated by a 3D leaf-resolving model, in which the
exact inputs were known. Each of the model sub-components is
physically based and has been validated independently. Virtual
experiments establish a theoretical basis for guiding field ex-
periments and future reduced-order modelling studies, which
could be expanded to short- and long-term leaf responses of
WUE to environmental conditions. For instance, studying
the leaf response to elevated temperatures or droughts could
provide valuable information for breeding climate-resilient
cultivars.
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In real canopies, plant architectural and physiological traits
vary with height and laterally within the canopy owing to struc-
tural heterogeneity (Niinemets, 1998, 2010; Buckley er al.,
2013; Raabe et al., 2015). In order to make the present study
tractable, leaf area density, leaf angle distribution, radiative
properties and physiological parameters were assumed constant
in space. There is no doubt that including such variation would
impact results, but the underlying principles are expected to be
the same. The models used in this work are fully capable of
representing arbitrarily complex spatial distributions of these
traits, which could be used as a tool for future exploration of
how these traits are distributed in real canopies and how this
impacts canopy-scale fluxes.

Only a single representative weather scenario without diffuse
solar radiation, and a single location, was considered, although
it is known that weather and geographical conditions can have
a significant impact on WUE (Tan et al., 2015; Dekker et al.,
2016). Because of the large number of variables already con-
sidered in this work, it was not possible also to explore in depth
the effects of different weather scenarios and geographical con-
ditions. Although it is clear that variation in specified weather
inputs would have a significant effect on the magnitude of fluxes
related to WUE, it is expected that overall trends should hold
for a wide range of conditions. Extreme conditions that cause
near stomatal closure, excessively high respiration rates or very
small photosynthetic rates owing to cold temperatures, for ex-
ample, could cause transitional behaviour. If the canopy loca-
tion was chosen to be at a different latitude, this would affect the
day length and minimum solar zenith angle, which could have
an effect on daily integrated fluxes. For example, at higher lati-
tudes the daily light interception is expected to increase in the
erectophile canopies and decrease in the planophile canopies.
It is expected that addition of diffuse radiation should decrease
the impact of the leaf angle distribution, because leaf angle has
no impact when incident radiation is isotropic. Further work is
needed to explore whether and when weather and geographical
conditions can cause transitional behaviour in the interactions
between WUE and canopy architecture.

Conclusion

The results showed that variations in leaf area and leaf angle
could have a substantial effect on WUE and that the effect of
leaf angle increases as canopy density increases or heterogen-
eity decreases. There was no observed optimum in WUE as
LAI, the leaf angle distribution or heterogeneity was varied.
There was, however, an optimum in daily canopy photosyn-
thesis with increasing light interception owing to the trade-off
between the increase in photosynthesis with increasing avail-
able light and the decrease in photosynthesis owing to respira-
tory costs of shaded leaf area. It can thus be concluded that leaf
angle and density traits might be viable targets for increasing
crop productivity through breeding or through management
practices, such as pruning and thinning. Results suggested
that in dense canopies, reduction in vegetation density through
thinning or biasing leaf angles towards the vertical could sim-
ultaneously increase photosynthesis and WUE. Furthermore,
the potentially high impact of these architectural traits on
WUE motivates their explicit representation within land
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surface models, and their accurate specification as model in-
puts. More work is needed to investigate thoroughly leaf solar
tracking or other traits that could permit optima in WUE with
varying architecture.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online
and consist of the following.

Figure S1: theoretical and calculated (Helios) whole-canopy
fluxes of PAR interception (Q) on Julian day 153. Figure S2:
theoretical and calculated (Helios) fraction of sunlit leaf area
(fsun) on Julian day 153. Table S1: model performance metrics
for the four different leaf inclination distributions in a homoge-
neous canopy with isotropic leaf azimuth.
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