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Abstract. Dealing with heterogeneity in leaf canopies when calculating light interception per species in a mixed canopy is a challenge. Goudriaan
developed a computationally simple, though conceptually sophisticated, model for light interception in strip canopies, which can be reasonably
represented as ‘blocks’, such as vineyards and crop rows. This model is widely used, but there is no independent verification of the model. Hence,
we developed a comparison of light interception calculations with Goudriaan’s model and with detailed spatially explicit three-dimensional
functional-structural plant models (FSPM) of maize in which plant architecture can be represented explicitly. Two models were developed, one
with small randomly oriented leaves in blocks, similar to Goudriaan’s assumption, which we refer to as the intermediate model (IM), and another
with a realistic representation of individual plants with stems and leaves having shape, orientation and so on, referred as FSPM. In IM and FSPM,
light interception was calculated using ray tracing. In Goudriaan’s model, the light extinction coefficient (k), including both its daily and seasonal
average values, was generated using the FSPM. Correspondence between the three models was excellent in terms of light capture for different
levels of crop height, leaf area and uniformity, with the difference less than 3.3 %. The results are strong support for the use of Goudriaan’s sum-
mary model for calculating light interception in strip canopies.

KEYWORDS: Functional-structural plant model; geometric model; intermediate model; light interception; model comparison; strip crops.

1. INTRODUCTION light extinction coefficient (k, Lambert-Beer’s law). However,
this relatively simple model does not accurately describe light
interception in more heterogeneous canopies like strip crop can-
opies with wide paths, such as grapes (Weber and Penn 1995)
and apple (Wang et al. 2019).

Several geometrical light transmission models have been
developed to calculate light interception in spatially heteroge-
neous strip intercropping systems (Tsubo and Walker 2002;
Munz et al. 2014). For systems with widely spaced tree rows or
strip-planted crops, a simple model for daily light interception
that captures key aspects of crop geometry has been developed

Light interception is one of the fundamental processes under-
lying plant growth and production in plant communities, as
it drives the energy and water balances of the community and
physiological and biophysical processes in plants. The fraction
of intercepted light is a function of leaf area index (LAI m? leaf
area per m” ground area), canopy architecture and optical prop-
erties of foliage and stems (Guiducci et al. 1992). For homogene-
ous plant canopies, robust estimates of light interception can be
obtained with a simple one-dimensional turbid medium model
relating light interception and LAI via one coeflicient called the
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by Goudriaan (1977). Goudriaan’s model is based on a few
equations that summarize the average light interception by a
strip crop, when assuming that the light originates from a uni-
form overcast sky. We refer to this model as the ‘block model
(BM) as it represents the rows of the canopy as homogeneous
blocks, separated by empty paths. The blocks are characterized
by height and width and the LAI contained in the block vol-
ume. Blocks can increase in height, width and LAI as the crop
grows, resulting in a change in light interception by the canopy
over time. Goudriaan’s BM has been widely used, for instance,
to quantify light utilization in mixtures of young jujube trees
and cotton (Zhang et al. 2014), light availability of cocksfoot in
apple orchards (Wang etal. 2019), light partitioning in a wheat/
maize strip intercropping (Gou et al. 2017; Wang et al. 2017) and
maize/soybean strip intercropping (Liu et al. 2017), and to iden-
tify the effects of strip width on yields in wheat/maize relay-strip
intercropping (van Oort et al. 2019). The BM does not consider
solar angles as affected by the day of the year, the latitude and the
time of day, but integrates over all possible angles of incoming
light.

In contrast to the BM approach, functional-structural
plant models (FSPM) quantify the dynamics of daily light
interception in heterogeneous canopies by considering the
daily incoming light from the sky in three-dimensions (3D).
FSPM simulates realistic plant and canopy structure, explic-
itly considering the 3D structure, size, orientation and optical
properties of individual leaves and stems (Vos et al. 2010),
and typically uses a ray tracing algorithm or similar (Chelle
and Andrieu 1999; Hemmerling et al. 2008) to simulate the
3D distribution of light interception at the level of the leaf.
Therefore, FSPM has been applied to heterogeneous canopy
types to investigate the effect of plant traits (Barillot et al.
2014; Zhu et al. 201S; Li et al. 2021) and planting patterns
(Mao et al. 2016) on light interception. FSPM has many
parameters that need to be estimated, resulting in a high data
demand, and they are computationally demanding. Simpler
techniques like the BM approach are less data demanding and
their calculation time is extremely short. The downsides of
FSPM hold back wide-scale explorations of light interception
in row or strip canopies. Thus, it is important to verify whether
predictions of the BM and current FSPM agree, and whether
both are accurate enough to calculate light interception across
arange of plant traits and cropping systems.

An important assumption of the BM approach is a fixed k
throughout the simulation. Since the consequences of such
assumptions of light distribution and canopy representation for
the model accuracy cannot be easily assessed, the goodness of
approximation of the BM approach has to our knowledge never
been quantified. To facilitate a comprehensive comparison, an
intermediate model (IM) was developed featuring a 3D block
structure. This structure was designed by randomly distributing
leaves within a canopy volume, which is block-shaped and grad-
ually increases in height, width and LAI over time. Like in the
FSPM, ray tracing was used to calculate the light interception by
crop strips in the IM.

The FSPM approach, due to its faithful representation of plant
architecture and 3D distribution of canopy light interception,
makes a very useful tool to assess the prediction accuracy of the
BM approach. Therefore, the objectives of this study were: (i) to

evaluate the validity of the BM for calculating light interception
in strip crops; and (ii) to identify the goodness of approximation
of the BM approach with different values for the light extinction
coefficient k in calculating light interception in uniform and
strips maize crops.

2. MATERIALS AND METHODS

We used three models (Fig. 1): a BM based on Goudriaan’s
definition (Goudriaan 1977), a maize strip crop FSPM (Li et
al. 2021) and an IM that uses the ray tracing method in the
same way as the FSPM, but represents the canopy as block
structures, similar to the BM. This IM is highly similar in
its basic assumptions to the BM, both in terms of the radia-
tion model (Uniform overcast sky) and the canopy structure
(randomly oriented leaves within block-shaped volumes).
Therefore, the results of the BM and IM are expected to agree
closely if both models perform well. By comparing the results
of the BM and the IM, we can infer whether substantial dif-
ferences in light interception result from differences between
the two models in the representation of incoming light and
its interception. By comparing the results of the IM and the
FSPM, we can infer to which extent the simplified block struc-
ture of the IM canopy, ignoring plant architecture, affects cal-
culated light interception. To achieve the first objective, the
BM was tested by comparing its output to that of the IM for a
range of different canopy traits. To achieve the second objec-
tive, the importance of canopy structure in an FSPM context
was assessed by comparing the output of the IM and FSPM,
and quantifying the contribution of plant architecture when
using the ray tracing method.

2.1 The BM
2.1.1 Radiation model

The BM assumes that the angle of incidence of incoming light
is hemispherically distributed (Uniform Overcast Sky, UOC,
Monteith and Unsworth 1990), that is, homogeneous radiance
from the entire sky (Goudriaan 1977). This assumption enables
spatial integration over all directions without the need to con-
sider time of day. The day length was set to 12 h and the atmos-
pheric transmissivity was set to 0.25 (Allen ef al. 1998), which
gives a constant daily global radiation of 14.8 MJ m™? at ground
level according to a solar constant of 1367 Wm™.

2.1.2 Canopy model

A strip crop is a canopy with strips consisting of one or more
crop rows (strip width: R in m). The strips are separated by
empty paths (path width: P in m) (Fig. 1C). Goudriaan (1977)
and Pronk et al. (2003) proposed to calculate the fraction of
light intercepted by a strip crop as a weighted average of two
extremes: light interception by a fully ‘compressed’ canopy, con-
sisting of one wide strip and one wide path, and light intercep-
tion by a homogeneous canopy, in which the LAI of the blocks
is homogeneously distributed over the strips and the paths
(Goudriaan 1977; Pronk et al. 2003; Gou et al. 2017; see also
Supporting Information—Supplementary Method). The model
has been implemented in R (R Core Team 2022). The BM
requires as inputs the height H(t), strip width R(t), path widths
P(t) and leaf area index LAI(t) of the canopy, and the value of
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Figure 1. Cross sections through the strip crop canopy in a FSPM
(A), IM (B) and BM (C) at 72 days after emergence. The simulations
were run with 2 x 10 plants (one maize strip) in the FSPM. The
strip width in the IM and BM was 1.2 m, which is two times the row
distance of 60 cm in the FSPM. The strip height in the IM and BM
includes the height of tassel in FSPM, but the tassel is not visualized.
The plots in the FSPM and IM were copied 40 times in both x and y
directions using the replicator functionality of GroIMP to calculate
light interception by the centre plants and minimize border effects
with respect to the incoming light. The BM was implemented in the
R programming language.
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the parameter k, which can be modelled as a constant (k_) or as
a time varying parameter (k(1)).

2.2 The FSPM
2.2.1 Radiation model

In the FSPM, the distribution of light interception was sim-
ulated by reverse Monte-Carlo ray tracing algorithm in the
GroIMP platform (Hemmerling et al. 2008). Diffuse radia-
tion was approximated using an array of 46 directional light
sources, which were positioned in a hemisphere according to
the TURTLE model and with incoming light from all angles
(Den Dulk 1989; Dauzat et al. 2001). We assumed the same
daylength (12 h), atmospheric transmissivity (0.25), solar con-
stant (1367 W m™) and resulting global radiation (14.8 MJ
m™2) as in the BM. The reflectance and transmittance of leaf
blades for photosynthetically active radiation (PAR) were set
to 0.0923 and 0.0127 for maize (Zhu et al. 2015). Only green
leaf blades were included in the simulated scene. Dead leaves,
internodes and other organs were not included to use as much
as possible the same canopy representation with only leaves in
all three models.

2.2.2 Canopy model

Since our research questions require that the FSPM can
simulate the light interception of maize grown in rows, we
used an FSPM of maize strip cropping (Li et al. 2021), devel-
oped in the GroIMP platform (www.sourceforge.net/pro—
jects/groimp) (Hemmerling et al. 2008) (Fig. 1A). Maize
phenological development, organ expansion and organ size
along the plant stem were all represented faithfully. Data
for parameterization of the model were collected in field
experiments in 2012 and 2013 at Shangzhuang experimen-
tal station, Beijing, China (40°08" N and 116°11” E). The
strip crop pattern used consisted of two rows of maize. Maize
was planted at 0.2 m distance within the row, 0.6 m between
maize rows and 1.6 m between maize rows in neighbouring
strips (Fig. 2). Destructive measurements on plant green leaf
area were made at 15-20-day intervals starting at 30 days
after emergence. Four plants were taken from each row to
measure plant height (i.e. the distance from the soil surface
to the top of the plant) and whole-plant green leaf area. Two
plants were sampled in each row to measure final leaf length
and width, final internode length and diameter for each phy-
tomer rank at maize tasselling (VT) stage (i.e. tassel com-
pletely visible). Whole-plant leaf area was measured using a
LI-COR LI-3100 leaf area metre (LI-COR, Inc., NB, USA).
Details on data collection and parameterization of maize
plant architecture in FSPM, and its validation, are presented
in Li et al. (2021).

2.3 TheIM

The IM, also implemented in GroIMP, used the same method to
calculate the distribution of light interception and the same radi-
ation model settings and leaf optical properties as the FSPM. To
mimic the canopy representation of the BM, a strip crop design,
composed of small square leaves, was constructed similar to
Morales (2017) (Fig. 1B). The number of leaves per m? strip in
the IM canopy was calculated as the canopy LAI divided by the
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Figure 2. Row configurations of uniform crop (A) and maize strip crop (B, 2 rows of maize alternated with an empty path) (Unit: m).

size of a single leaf, which was set to 100 cm’. The leaves were
randomly distributed within the canopy using a spherical distri-
bution, which means the x, y and z coordinates are each drawn
from uniform distribution. The leaf elevation angle distribution
was spherical and the azimuth angle was uniform with respect
to the North.

2.4 Simulation approach

The FSPM was used to generate the canopy characteristics
height, H(t) (m), strip width, R(¢) (m), path, P(t) (m), leaf area
index, LAI(t) (m> m?) and the light extinction coefficient, k(t)
and its average value over time, k_. The simulated values of H (1),
R(t), P(t), LAI(t), k(t) and k_ were then used as inputs for the
BM and IM (Table 1). This modelhng approach ensured that
there was correspondence between the three models in these
major canopy characteristics, while differences in calculated light
interception could still result as a consequence of differences in
canopy structure between the models and the representation of
the incoming light and its interception by the canopy. The daily
values of k (k(t)) were calculated from the relationship between
LAI(t) and light interception in the FSPM, by solving k from
Lambert-Beer’s equation (Monsi and Saeki 2005):

In(1 — fine(£))

LAI(t)

k(t) = —

)

(1)

where f_ (t) is the fraction of light intercepted by the canopy. We
also calculated the average k value over the whole season from
Equation (1) because usually Goudriaan’s summary model is
used assuming a fixed value of k (k_). Plant architecture affects
the light interception of the plants, which means that the k val-
ues could change over the whole growing season. To evaluate
the change of k value, both early and late growing stages were
defined. Early growth stage was defined from seed emergence
to the maximum LAI value (71 days after emergence), and late
growth stage was defined from the maximum LAI value to the
harvest time. In an equivalent way, daily and average values for
k were also calculated from the output of the IM to evaluate the
performance of BM (objective 1).

2.4.1 Simulations for objective 1

Scenario 1: To evaluate the validity of the BM for calcu-
lating light interception in strip crops, we first compared
output of the BM and the IM for a range of different strip
widths and initially for a scenario with black leaves with-
out reflection or transmission. In the simulation, the LAI
was set to a very high value of 80 m*> m™, which results in
full absorption at a reasonable computation time, in both
the BM and IM to make the blocks impermeable to light
such that the results would be determined by the interaction
between the radiation model and the block structure in the
IM, without an effect of LAI (Table 2). Leaves in the IM
were randomly positioned in the canopy volume and hori-
zontally oriented, and a theoretical k value of 1.0, which is
appropriate for black horizontal leaves (Goudriaan 2016),
was used to calculate light interception in the BM. The sum
of strip width and path width in the BM and IM was set to
2.2 m, and the strip width was set to 0.2 m, 0.6 m, 1.0 m, 1.4
m, 1.8 m and 2.2 m, where a strip width of 2.2 m represents
a uniform crop.

Scenario 2: After scenario 1, we moved to a more realistic
situation in which we evaluated the BM including leaf opti-
cal properties, canopy height, and realistic values of LAI The
leaves were randomly distributed within the canopy block
using a spherical distribution. The leaf angle distribution was
spherical. The reflectance and transmittance of small leaves for
PAR were now set to 0.0923 and 0.0127, the same as in the
FSPM. Simulations were done for five different canopy heights:
0.5m, 1.0m, 1.5 m, 2.0 m and 2.5 m (Table 2) and for 129 LAI
values from 0 m* m™ to 3.9 m* m™, in order to investigate how
the fraction of light interception changes with LAI for a certain
plant height. Strip width was set to 1.2 m and path width was
set to 1.0 m. LAT was expressed as m” leaf area per unit area of
the whole field.

In all cases, the plots in the IM and FSPM were copied 40
times in both the x and y directions using the replicator func-
tionality of GroIMP to minimize border eftects with respect to
the incoming light. Each simulation in IM was run three times to
account for variations in the model coming from the ray tracing
algorithm.
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Table 1. Main attributes of the FSPM, IM and BM.
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Model FSPM IM BM
Radiation model TURTLE TURTLE n/a
Light absorption Ray tracing Ray tracing Lambert-Beer’s law
Canopy Individual plants Block Block
Representation of leaves ~ Realistic shape composed of polygons 10 x 10 cm squares n/a

Leaf position Modelled for each part of a leaf 3-D uniform n/a

Leaf orientation Modelled for each part of a leaf Spherical distribution n/a

Leaf optical properties Reflectance and transmittance as measured  Reflectance and transmittance as measured  n/a

k kis output n/a kis input
Canopy structure Plants in rows Block Block
Light condition Uniform overcast sky (UOC) with isotropic light distribution

Other The same incoming PAR, LAJ, plant height, strip width, path width

Table 2 List of parameters used in the IM, the BM and the FSPM when doing simulations for two different objectives.

Model Scenario 1 Scenario 2 Scenario 3
M BM M BM FSPM M BM
Incoming daily global 14.8 14.8 14.8 14.8 14.8 14.8 14.8
radiation (MJ m™2)
Leaf elevation angle Horizontal n/a Spherical n/a Modelled for each Spherical n/a
distribution part of a leaf
Leaf azimuth angle Uniform n/a Uniform n/a Modelled for each Uniform n/a
distribution part of a leaf
Light extinction output 1.0 output 0.76 (from output output Seasonal k (0.76) and
coefficient (k) daily k (from FSPM)
Leaf area index (m*m™) 80 80 0-3.9 (from FSPM) from FSPM (0-7.1 in uniform crop and 0-3.9 in strip
crop)
Canopy height (m) 0-2.6 (from FSPM) 0.5,1.0,1.5,2.0,2.5 0-2.6 (from FSPM)
Strip width (m) 0.2,0.6,1.0, 1.4, 12 1.2 3 in uniform crop and 1.2 in strip crop
1.8,2.2
Path width (m) 2.0,1.6,1.2,0.8, 1.0 1.0 0 in uniform crop and 1.0 in strip crop
04,0

2.4.2 Simulations for objective 2

Scenario 3: In practical applications of the BM for calculating
light interception, a constant value of k is used. In the sim-
ulations of this study, we generated k values from the FSPM
so that we could obtain both time-varying, daily values of k
(k(t)) and seasonal average value of k (k). The light extinc-
tion coefficient was generated in an FSPM with maize rows
at 0.6 m row distance and 0.2 m plant distance in the row. We
then compared light interception of the BM, the IM and the
FSPM for strip canopies when using either a time varying
value of k or a constant value of k (viz. the seasonal average
from the FSPM) to calculate light interception in the BM. In
the IM and the FSPM, light interception was based on ray
tracing and the optical properties and position and orienta-
tion of the leaves, hence k is not an input to these models.
In the strip crop setup, there were two rows in each strip,
with empty paths between two crop strips during the whole
growing season. The distance between two rows within a
strip was 0.6 m, and there was 1.6 m distance between the
centres of the two border rows of neighbouring strips (Fig.

2). To make sure the three models represent a similar can-
opy, the strip width was 1.2 m and path width was 1.0 m in
both BM and IM (Table 2). Daily values of plant height and
LAI from the FSPM were used as input for the BM and IM.
Either seasonal average or daily k values from FSPM were
used as input in the BM.

In the FSPM, simulations of 6 x 10 plants (6 rows and 10
plants in each row) were run for the uniform crop and 2 x 10
plants (2 rows and 10 plants in each row) for the strip crop.
The plot size was set to 2.2 m x 2.0 m in the FSPM and IM.
These plots were copied 40 times in both the x and y direc-
tions using the replicator functionality of GroIMP to mini-
mize border effects with respect to the incoming light. Each
simulation was run five times. The goodness of approximation
of the BM was quantified as the difference in light interception
between the BM and FSPM. The effect of plant architecture
was calculated as the light interception difference between
FSPM and IM. The effect of ray tracing was calculated as the
difference in light interception between IM and BM with the
same canopy settings.
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2.5 Evaluation of model performance
The root mean squared error (RMSE) was used to assess the
correspondence between observed and simulated values for leaf
area per plant and plant height in the FSPM:

2)

where O, is the observed value for measurement i, P, is the sim-
ulated value of measurement i and 7 is the number of observed
values.

2.6 Statistical analysis

All data analysis was done using R (version 4.1.0) (R Core Team
2022). Nested models in ‘bbmle’ package were used to analyse
the differences in the seasonal average k value in LAT and fraction
of light interception between the IM and FSPM, and between
the early and late growing season. Akaike’s information criterion
(AIC) was used to determine the grouping of the model data
that was best supported (Li et al. 2021), with small AIC values
representing better overall fits (Bolker 2008). One-way analysis
of variance (ANOVA) and least significant differences (LSD)
test from the ‘stats” and ‘agricolae’ package in R were employed
to evaluate the differences among the FSPM, IM and BM (with
daily k and seasonal average k) under uniform crop and strip
crop at the S % (P =0.05) level. The ‘ggplot2’ package in R
programming language (Wickham 2009) was used to produce
figures. The accumulated light interception over the growing sea-
son is presented as means * S.E.

3. RESULTS

3.1 Leafareaand plant height generated by FSPM

The FSPM adequately represented the architectural develop-
ment of maize in a strip crop, represented by plant height and leaf
area during the growing season (Fig. 1A and Fig. 3). Simulated
leaf area per plant showed a characteristic pattern of increase
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during leaf production and extension, and decrease during leaf
ageing and shedding (Fig. 3A). Overall, there was satisfactory
correspondence between simulated and observed values, with
RMSE values of 0.06 m? for leaf area per plant and 0.08 m for
plant height.

3.2 Investigating k values using FSPM and IM
Changes in leaf size, leaf angle, leaf distribution and leaf shape
during the season resulted in a variation in k value over time (Fig.
4). The daily k decreased with the growth of leaves and increased
with leaf senescence (Fig. 4B). When LAI was higher than 6 m?
m™, 98 % of light was absorbed in the FSPM, leading to a k of
0.59. However, all light was intercepted in the IM when LAI was
higher than 6, leading to a lowest daily k of 0.65. The seasonal
average k value was 0.76 in both the FSPM and IM during the
whole growing season under diffuse light conditions.

3.3 Evaluation of the simplified light interception method in
aBM (objective 1)
Scenario 1: Under the extreme assumptions of horizontal black
leaves and the LAI of 80 m? m™, the fraction of light intercep-
tion calculated by the BM was close to that of the IM for canopy
heights greater than 0.5 m. For lower canopies, the fraction of
light interception was slightly lower in the BM than in the IM
(Fig. S). But for a homogeneous canopy (strip width = 2.2 m),
the fraction of the light interception was 1 at all heights for both
the IM and the BM (Fig. 5). The fraction of light interception
increased with strip width for a fixed total width of the strip
plus path. These results show that simulation of light intercep-
tion in strip crops is sensitive to strip width, path width and
canopy height. It also shows that the simpler light interception
approach in the BM has similar performance compared to the
more demanding and complex radiation modelling of the IM
approach for all canopy heights except those lower than 0.5 m.
Scenario 2: With realistic leaf optical properties, the fraction
of light intercepted by the strip crop increased with both LAI
and canopy height (Fig. 6). The fraction of light intercepted
was lower in the BM than in the IM for LAI < 1, but higher for
LAI > 2. In other words, the response of light interception to

Plant height

30 [(B)
RMSE = 0.08

25 | ?_!'—g_

E 20}
5
T 157 /
£ /
5 10} /
05| .
0.0 |

0 20 40 60 80 100 120 140
Days after emergence (d)

Figure 3. Maize leaf area per plant (A) and plant height (B) in a strip crop predicted by functional-structural plant model (FSPM), compared
to observed data from field experiment. Dots represent with error bars represent means * S.E. of the observations (n = 7).
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Figure 4. The relationship between the fraction of light interception and LAI (A) and seasonal daily k (B) of uniform maize in the FSPM and
the IM under fully diffuse light conditions. Early growth stage was defined from seed emergence to the maximum LAI value (71 days after
emergence), and late growth stage was defined from the maximum LAI value to the harvest time. Seasonal average k was 0.76 in both the

FSPM and the IM.
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Figure 5. Comparison of fraction of light intercepted by black
leaves in a strip crop with different strip width (0.2 m, 0.6 m, 1.0

m, 1.4 m, 1.8 m and 2.2 m for a total strip + path width of 2.2 m)
calculated by the IM and BM under fully diffuse light conditions. A
theoretical k value of 1.0 (Goudriaan 2016) was used to calculate
light interception in the BM. The sum of strip width and path width
was fixed to 2.2 m; therefore, the simulation with strip width for 2.2
m represents the case of a uniform crop.

LAT had greater initial slope in the IM than in the BM, but the
plateau reached by the BM was slightly higher than that of the
IM. The BM and IM had similar fractions of light interception
when the LAI was between 1 and 2. When the leaf self-shading is
low, that is, the black leaves scenario and LAI < 2 in leaves with
optical properties scenario, the fraction of light interception was
higher in IM than in BM, and vice versa.

3.4 Accuracy of a BM when simulating light interception in
strip and uniform crops (objective 2)
Scenario 3: In a uniform crop, the accumulated light intercep-
tion over the growing season was 671.8 £ 0.6 MJ m™ in the
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Figure 6. Comparison of the fraction of light intercepted by a strip
crop with leaves with normal optical properties, calculated by IM
and BM under fully diffuse light conditions. The BM used a light
extinction coefficient (k) of 0.76, calculated by applying inverse
Lambert-Beer’s law to light interception generated with the IM. The
strip width was 1.2 m and the path width 1.0 m.

FSPM, which was only marginally different from that in the
IM (674.2 £ 0.1 MJ m™) (Fig. 7A). The LSD value at 5 % level
was 1.48 and P value was 0.013 in the uniform crop. The BM
had similar accumulated light interception as the FSPM when
daily k values from the FSPM were used (671.8 + 0.6 MJ m™),
while it had a significantly higher accumulated light interception
(676.9 + 0.6 MJ m) than the FSPM when an average k (0.76)
was used in the BM (Fig. 7A). The daily fractions of light inter-
cepted in the BM with average k was higher during the middle
growing season than that in other models (Fig. 8A).

In a strip crop, there was no significant difference in total
light interception between the BM with an average k (0.76)
and the FSPM; however, the BM with daily k had 3.1 % lower
light interception than the FSPM (Fig. 7B). The LSD value at
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S % level was 2.36 and P value was 0.002 in the strip crop. The
BM (average k) and IM had a slightly lower light interception in
the middle growing season than the FSPM (Fig. 8B). The BM
with daily k estimated light interception very well in the early
and late growing season, but underestimated the light intercep-
tion in the middle growing season. Absence of plant architecture
slightly reduced light interception from 522.4 + 1.3 MJ m™ in
the FSPM to 517.3 + 0.2 MJ m™ in the IM (~1.0 %). The BM
light algorithms decreased light interception by 0.4 % to 2.2 %
(BM vs. IM).

4. DISCUSSION

Despite the simplifying assumptions made in the BM regard-
ing the representation of the canopy and the calculation of light
interception, the estimated light interception was close to the
estimates made with more complex and realistic models that use
ray tracing and 3D representation of plant architecture. The dif-
ference between the BM (computationally simplest) and FSPM
(computationally most complex) was 3.1 % at most for the total
seasonal light interception (Fig. 7). Leaf optical properties, strip
width, canopy height and LAI affected the correspondence
between the three models (Figs S and 6). Plant architecture had
no effect on seasonal average k (0.76 in both FSPM and IM),
but the IM had higher daily k values than the FSPM during the
early and middle season, and lower daily k values during the
later growth season (Fig. 4). The effect of average k and daily
k (from the FSPM) on the whole season light interception in
BM was tested and the difference to FSPM was less than 3.3 %.
The detailed representation of plant architecture (FSPM) thus
resulted in a slightly lower light interception in the early and late
growing season; however, increased light interception in the
middle growing season compared to the IM (Fig. 8B). Overall,
these differences were small enough to conclude that the BM
model suflices for the calculation of light interception by maize
grown in strips.

For heterogeneous canopies consisting of a crop strip and
empty path, light interception in the BM was smaller than in
the IM, especially for low canopies (<0.5 m) (Fig. S). However,
leaves are not black, which means that they reflect and transmit
some of the light that they received. Therefore, the BM overesti-
mated light interception, especially when LAI > 2 m* m~, which
may be because the BM approach only considers light scattering
from bottom and upper leaf layers (Fig. 6, Larsen and Kershaw
1996; Goudriaan 2016).

A limitation of this study is that the results are applicable
under the assumption of BM, such as uniform overcast sky and
uniform leaf distribution. The crop strip canopy in the field is
often with anisotropic leaf inclination and azimuth, varying
plant spacing and crop height, and under changing diffuse light
fraction, which may lead to different results, compared to BM.
Ponce de Leén and Bailey (2019) found that Lambert-Beer’s
law could estimate light interception accurately for canopies
with isotropic leaf orientation and relatively high leaf den-
sity, but the accuracy decreased with increasing plant spacing.
Goudriaan gave a sophisticated conceptual model to calculate
light interception in strip crop, even though the model still
underestimate light interception for shorter plants with small
leaf area, and overestimate light interception for taller plants
with large leaf area (Fig. 6). In a maize strip crop, plants occupy
the space of empty path to intercept more light during the
middle of the growing season. Therefore, the light interception
during the whole growing season is acceptable. A BM with k
as a constant is often used to calculate light interception in a
crop strip canopy. Even though leaves are distributed in blocks,
a BM with seasonal average k still simulates light interception
very well in a maize strip crop, compared to an FSPM. But a
BM with seasonal daily k decreased light interception by 3.1
%. (Figs 7B and 8B). Therefore, seasonal daily k is not neces-
sary for calculating light interception by a strip crop canopy
and an average k value is sufficient. In the future, the compari-
son method could be used to quantify the effects of leaf angle
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Figure 7. Accumulated light interception over the growing season in a uniform crop (A) and a strip crop (B) under fully diffuse light. Each
simulation was run five times in BM, IM and FSPM. Daily values of plant height and LAI from the FSPM were used as input for the BM and
IM. Seasonal average k (0.76) and daily k value from FSPM were used in the BM. LSD (5%) = 1.48 in the uniform crop and 2.36 in the strip
crop. P = 0.013 in the uniform crop and 0.002 in the strip crop. n = 5 for each treatment.
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Figure 8. Fraction of light intercepted by a uniform crop (A) and a strip crop (B) under fully diffuse light. Seasonal average k (0.76) and daily k
value from functional-structural plant model (FSPM) were used in the BM.

orientation, crop species, plant spacing, row orientation and
diffuse light to the accuracy of BM, which are not considered
in this study.

This is one of the few studies to evaluate the accuracy of the
BM approach in calculating light interception in a strip crop.
Gijzen and Goudriaan (1989) showed that BM calculated light
absorption and photosynthesis only little reduced compared to
a closed canopy when path width <30 % of the row height under
diffuse light. The turbid medium approach allowed an acceptable
estimation of the light interception by the canopy with the inci-
dent radiation is estimated at the height of the canopy (Edouard
et al. 2022). The results suggest that for relatively simple uniform
and heterogeneous maize canopies, a detailed 3D approach that
requires many parameters and computational time, may not be
necessary. More complex canopies such as intercrops, which
contain multiple species of different height and different growth
patterns, more realistic modelling approaches like FSPM may
still be necessary (Barillot et al. 2014; Zhu et al. 2015; Louarn et
al. 2020; Li et al. 2021).

5. CONCLUSIONS

The BM approach is well suited to calculate light interception in
heterogeneous canopies, compared to model with actual plant
architecture and ray tracing methods for light calculation, such
as FSPM. Even though the BM did not need a daily k value to
estimate light interception well, an analysis of different k values
is needed to see whether more accurate k values need to be used.
Our findings illustrate the influence of plant architecture, LAI,
canopy height and strip width on the effectiveness of the BM in
estimating light capture. Further investigation into the applica-
tion of the BM across various canopy architectures is necessary
to assess the general applicability of the model to heterogene-
ous canopies. Our results indicate that for simple heterogeneous
canopies under diffuse light conditions, the straightforward BM
approach proves adequate.

SUPPORTING INFORMATION

The following additional information is available in the online
version of this article —
Supplementary Method: Canopy model for block model.
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