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* Background and Aims Leaflet shapes of tomato plants (Solanum lycopersicum) have been reduced to simple
geometric shapes in previous functional-structural plant models (FSPMs) in order to facilitate measurements and re-
duce the time required to reconstruct the plant virtually. The level of error that such simplifications introduce remains
unaddressed. This study therefore aims to quantify the modelling error associated with simplifying leaflet shapes.

* Methods Realistic shapes were implemented in a static tomato FSPM based on leaflet scans, and simulation
results were compared to simple geometric shapes used in previous tomato FSPMs in terms of light absorption and
gross photosynthesis, for both a single plant and a glasshouse scenario.

e Key Results The effect of simplifying leaflet shapes in FSPMs leads to small but significant differences in
light absorption, alterations of canopy light conditions and differences in photosynthesis. The magnitude of
these differences depends on both the type of leaflet shape simplification used and the canopy shape and density.
Incorporation of realistic shapes requires a small increase in initial measurement and modelling work to establish
a shape database and comes at the cost of a slight increase in computation time.

* Conclusions Our findings indicate that the error associated with leaflet shape simplification is small, but often
unpredictable, and is affected by plant structure but also lamp placement, which is often a primary optimization
goal of these static models. Assessment of the cost—benefit of realistic shape inclusion shows relatively little draw-
backs for a decrease in model uncertainty.

Key words: Assimilation light, FSPM, GroIMP, gross photosynthesis, high-pressure sodium (HPS) lamp, light-
emitting diode (LED), light modelling, plant modelling, realistic leaflet shape, Solanum lycopersicum, tomato.

INTRODUCTION

Tomato (Solanum lycopersicum) is a crop which requires
a relatively high light intensity and temperature in order to
grow. Temperatures below 12 °C can lead to physiological in-
jury (Costa and Heuvelink, 2005), which limits the plant from
growing outdoors in more northern climates. Glasshouses
have been used for many years to combat this temperature
problem. Year-round production in glasshouses is, however,
still hindered due to the dark months in winter. The use of as-
similation light, generally high-pressure sodium (HPS) lamps
(Moerkens et al., 2016), solved this problem and found its way
to commercial glasshouses as early as the 1980s (McAvoy
and Janes, 1984; Dorais et al., 1991; Marcelis et al., 2002).
These innovative technologies are widely applied in Belgium
and the Netherlands, and resulted in them being the most effi-
cient tomato=producing countries (in kg m=2). Both countries
achieved an average yield of around 50 kg m~ in 2017, which
is 22 % more than the runner-up (UK) (FAO, 2017). Another
important type of lamps are light-emitting diodes (LEDs) for
which research started in the late 1980s (Morrow, 2008), only

a few years after HPS lamp research. However, the first LED
prototypes for use as supplemental lighting in glasshouses were
only developed around 2006 (Morrow, 2008). In recent years,
growers have become increasingly interested in these lamps
(Moerkens et al., 2016). Their lower heat radiation makes them
also suitable for lighting inside the canopy (Trouwborst et al.,
2010; Tewolde et al., 2016). These new technologies raise some
interesting research questions regarding optimal lamp and plant
placement within the glasshouse. Experiments can provide an-
swers to some of these questions, but are constrained in time
and space because tomato plants are grown for an entire year
with the use of assimilation light.

As an alternative, a so-called functional-structural plant
model (FSPM) of tomato can be built. Such an FSPM com-
bines both structure and functionality (e.g. light absorption,
photosynthesis, transpiration) of the plant (Godin and Sinoquet,
2005). When combined with a realistic glasshouse structure
and virtual lamps, simulations can be performed to test a wide
array of different scenarios in a short time span. FSPMs for to-
mato have been used for this purpose in the past, but have done
so with simplified leaflet structures (Sarlikioti et al., 2011a, b;
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Chen et al., 2014; de Visser et al., 2014). The rationale behind
these simplifications is that the composite leaf structure of to-
mato consists of many leaflets with a complicated, irregular
and diverse outline. This makes a low-parameter description
of leaflet shapes difficult, as straightforward methods for ac-
curately modelling leaflet shape require entire, simple leaves
[e.g. 3-D curve fitting (Fournier and Pradal, 2012); spline inter-
polation, polynomial fitting and hermite interpolation (Henke
et al., 2014); parametric equation fitting (Coussement et al.,
2018b)], making them inapplicable for tomato. An alterna-
tive, highly accurate method for modelling any leaf contour
is through elliptic Fourier analysis (Iwata et al., 2002; Neto
et al., 2006), although this requires up to 100 parameters or
more, which makes them inapplicable for reconstruction in an
FSPM. As a result, the only viable alternative for realistic leaf
shape inclusion is the random selection of leaf contours from a
database. In FSPMs, the leaflet structure has therefore always
been simplified to either rectangles (de Visser et al., 2014),
hexagons that approximate ellipses (Sarlikioti et al., 2011b),
ellipses (Sarlikioti et al., 2011a) or thombuses (Chen et al.,
2014). Recently, it was shown that the inclusion of a complex
leaf shape, rather than a simplified structure, had a significant
influence on growth parameters in a dynamic cucumber FSPM
(Schmidt and Kahlen, 2018). In a dynamic model, small differ-
ences in light interception and photosynthesis can have a propa-
gating effect on the future growth conditions in the model. In a
static model, these deviations are absolute, and quantification is
warranted so that informed modelling decision with regards to
simplifications can be taken.

In this study, a static FSPM for tomato is constructed to
evaluate deviations in simulated light conditions and photosyn-
thesis as a result of leaf shape simplifications used in previous
research. Tomato plants were grown under a commercial glass-
house set-up with assimilation lighting, where the 3-D plant
structure, assimilation light conditions and glasshouse were
characterized and reconstructed in a virtual FSPM. Realistic
leaflet shapes of tomato plants were reconstructed using
scanned images of leaflets that were converted to triangulation
points, which can be easily used by 3-D simulation software.
Using such an FSPM, we investigated to what extent simplified
leaflet shapes alter light absorption and gross photosynthesis
in a tomato canopy and how these results can be translated to
other crops.

MATERIALS AND METHODS

Experimental design

Tomato plants (Solanum lycopersicum L. ‘Merlice’) were sown
in rockwool blocks (Grodan PRO Blok, Grodan, Roermond,
The Netherlands) on 31 August 2016. They were grafted on
a ‘Maxifort’ rootstock and planted on 19 October 2016 on top
of rockwool slabs (Grodan GT Master, Grodan) in a semi-
commercial glasshouse (51.08°N, 4.53°E) (Research Station
for Vegetable Production, Sint-Katelijne-Waver, Belgium). Two
main stems were maintained per plant. An initial interplant dis-
tance of 48 cm was used with a row distance of 1.6 m. In both
week 46 and week 52, an axillary stem was maintained every
1 : 3 main stems, resulting in a final stem density of 4.34 stems
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m~2. Half of the plants were lighted using a combination of HPS
lamps (1000 W SON-T, Philips, Eindhoven, The Netherlands)
(164 pmol m=2 s7!) and LED toplights (Oreon Grow Light 2.1,
Lemnis Oreon, Ijsselstein, The Netherlands) (94 pmol m= s7).
The other half were lighted with a combination of HPS lamps
(177 pmol m s7!) and LED interlights (HORTILED Inter,
Hortilux, Monster, The Netherlands) (80 pmol m=2 s7!). Lamps
were switched on from 0000 to 1800 h. Four distinct periods
were applied during each day: (1) the first part of the artificial
day between 0000 h and sunrise when light was only supplied
by the lamps, (2) the natural day between sunrise and sunset
when light was supplied both by the lamps and by the sun, (3)
the second part of the artificial day between sunset and 1800 h,
and (4) night-time when lamps were switched off. While these
treatments were originally intended to investigate the effects
of top and interlighting lamps on tomato plants and their eco-
nomic feasibility, data from this setup were also used to gen-
erate the 3-D structure of glasshouse-grown tomato plants for
use in an FSPM. This study focuses solely on the light condi-
tions during periods 1 and 3 because light conditions are very
stable during these periods. Incorporation of natural daylight
would be possible in the model, but would lead to very variable
light conditions, which makes straightforward comparison and
quantification of the different leaflet shapes in terms of light
interception and photosynthesis difficult. Additionally, light
from HPS lamps is often the only light received by commer-
cially grown tomato plants for a large part of the day, i.e. easily
up to 9 h per day in wintertime. This ‘artificial day’ is thus a
very important part of the day and the focus of this study.

Plant characterization and virtual reconstruction

Accurate approximations of within-canopy light conditions
and photosynthesis require four different plant characteris-
tics to be integrated in the model. First, the accurate 3-D top-
ology of the canopy is essential for assessing light interception.
A second component, and the main focus of this study, is the
accurate inclusion of leaflet shapes. Third, leaf spectral charac-
teristics, which determine whether individual light rays are ab-
sorbed, reflected or transmitted when interacting with a leaf, are
required. Last, the relationship between absorbed radiation and
photosynthesis needs to be included on the individual leaflet
level. Characterization and virtual reconstruction in the tomato
FSPM of these four model components is outlined below. The
static model is constructed in the GroIMP (version 1.5) model-
ling platform (Kniemeyer, 2008).

Two plants in each treatment (i.e. four plants in total) were
destructively measured on 3 and 4 April 2017. The length and
thickness of all internodes were measured using a calliper. For
trusses, the total length was measured, as well as peduncle
thickness, and height and width of all fruits. The length and
width of all composite leaves was measured using a ruler. The
leaf angle relative to the main stem was measured using a pro-
tractor. The thickness of the petiole was measured using a cal-
liper, as well as the thickness of the rachis near the middle and
the tip of the leaf. The angle of the petiolules relative to the
rachis was measured using a protractor. No structural differ-
ences were found between the two light treatments and thus all
data were pooled. Allometric relationships between measured
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values of all plant organs and their position in the plant were
established (Supplementary Material S1) and used to model
the static structure of a fully-grown tomato plant. Each plant
consisted of 11 sympodial units, where one sympodial unit
consisted of four phytomers. The first and second phytomer
consisted of an internode with a leaf. The third phytomer was
just an internode as its leaf was consistently cut at a young age,
as is done in practice. The fourth phytomer had a truss on its
internode. An exception was made for the first two phytomers
where all leaves were cut, also according to practice in glass-
house tomato cultivation. This gave rise to plants with a total of
18 leaves with leaf number 1 being the oldest leaf at the bottom
of the canopy and leaf number 18 being the youngest leaf at the
top of the canopy.

To obtain accurate descriptions of the diverse shapes of the
individual leaflets, the leaflets were dissected and scanned
(CanoScan LiDE 120, Canon Inc., Tokyo, Japan). The outlines
of all tomato leaflets were drawn by running the scanned im-
ages through a custom ImageJ (version 1.50i) macro. Leaflet
length, width and area were also automatically determined.
The outlines were used as input for the ‘Triangle’ python
script (Shewchuk, 1996) to create triangulation points in order
to model tomato leaflets in GroIMP. In the model, four leaflet
shape modelling approaches were assessed: realistic shapes
using the scans, rectangles, ellipses and rhombuses, all mod-
elled with identical leaflet surface area. The rectangles, ellipses
and rhombuses all had a width/length ratio of 0.5518, which
was comparable to the real tomato leaflets measured during the
experiment. For the realistic shape, six different leaflet types
were distinguished (i.e. top, serration 1, serration 2, serration 3,
serration 4 and secondary; Fig. 1) which was assumed to be suf-
ficient for capturing the realistic shape. All leaflet triangulation
points belonging to one specific leaflet type were pooled. When
a leaf was created in the model, the outline of a leaflet was ran-
domly chosen from this pool, implemented as a meshnode and

FiG. 1. A schematic overview of the tomato composite leaf structure. After
the top leaflet, four different serrations can be seen at both ends a large leaflet.
Smaller secondary leaflets can be found on the rachis between the different ser-
rations, but also on the petiolules of serrations 2, 3 and 4. Terminal leaflets were
randomly chosen because of their large variation. The smaller secondary leaflets
were identical in shape due to a low variation. The figure is not to scale because
the overlap that exists in real tomato leaves would create an unclear overview.

663

subsequently scaled to the desired size. An exception was made
for secondary leaflets. The variability in their shape was very
low compared to the main leaflets and thus the outline of one
generic secondary leaflet was used. Real tomato leaflets show
curvature and are different from the 2-D scans. Therefore, a
Z-coordinate was added to the meshnode using a second-degree
polynomial. Because addition of this Z-coordinate resulted in
leaflet lengthening, the leaflet area increased as well. Therefore,
additional scaling was performed to correct this offset. The
other leaflet shapes (rectangle, ellipse and rhombus) were also
modelled (Fig. 2) using meshnodes because this facilitated the
implementation of curvature and scaling. Triangulation points
of the original flat leaflets were also stored and used to study the
influence of curvature.

The light transmission spectrum of leaflets was measured
using a light source in a closed box and a spectrometer with co-
sine corrector (FLAME-S-VIS-NIR-ES, Ocean Optics, Largo,
FL, USA). At the same leaflet position where light transmission
was measured, a SPAD measurement was carried out using a
SPAD-502 Plus Chlorophyll Meter (Konica Minolta, Tokyo,
Japan) to obtain an indication of relative chlorophyll content.
The relationship between leaf spectral characteristics and leaf
chlorophyll content was established using the technique intro-
duced by Coussement ez al. (2018a). First, the light transmission
measurements were used to calibrate the PROSPECT-D model
(Jacquemoud and Baret, 1990; Féret ef al., 2017), which models
leaf reflectance and transmittance based on seven parameters
representing the biochemical leaf composition in terms of four
leaf pigments (i.e. chlorophyll, carotenoid, anthocyanin and
relative amount of brown pigment) and three additional char-
acteristics (i.e. the amount of photosynthetically active ‘layers’
in the leaf, the equivalent water thickness and the dry leaf mass
per leaf area). Within a single plant species, the variability of
several of these leaf characteristics is often limited (i.e. antho-
cyanin and brown pigment content), while others have little to
no influence on the spectral range of interest (400—700 nm)
in this study, as the model is originally designed to simulate
a large variety of leaf compositions over the spectral range of
400-2500 nm. As expected, the measured SPAD values and the
calibrated chlorophyll content parameters of the PROSPECT-D
model, established through the measured transmission spectra,
were highly correlated. Additionally, carotenoid content was
found to be linearly related to leaf chlorophyll content and little
variation was found within the structural parameter. As a re-
sult, the spectral characteristics of each leaf could be estimated
using only the measured SPAD values as an indicator. Virtual
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FiG. 2. An overview of the different leaflet shapes that were compared in the
model. All leaflets shown here have the same leaflet area. The curvature of the
leaflets is also slightly visible.
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reconstruction of the spectral characteristics was thus achieved
by incorporating an allometric relationship between SPAD
and leaf rank, the correlation between SPAD and the relevant
PROSPECT-D parameters, and the actual PROSPECT-D model
in the static FSPM. This allowed calculation of leaf absorption,
transmission and reflectance of individual leaves over the entire
spectral range of 400-700 nm.

Individual leaf photosynthesis rates were established by
measuring light response curves on four different levels in the
canopy using an LI-6400XT portable photosynthesis system
(LI-COR Biosciences, Lincoln, NE, USA) in March 2017. On
each level, four curves (measured at 2000, 1000, 500, 250, 100,
50, 25 and 0 pmol photons m= s7') were established. Eight
additional shorter curves (measured at 1500, 250 and O pmol
photons m=2 s7!) per level were measured. These light response
curves were used to calibrate the combined photosynthesis —
stomatal conductance — transpiration (P-SC-T) model of Kim
and Lieth (2003). This model consists of three sub-models: a
photosynthesis model, a stomatal conductance model and an
energy balance model. Specifically, the photosynthesis sub-
model is the biochemical model of photosynthetic CO, assimi-
lation in leaves of C3 species (Farquhar er al., 1980), with the
modifications of Harley ez al. (1992) and de Pury and Farquhar
(1997). The stomatal conductance model is the established
model of Ball et al. (1986). The leaf age parameter introduced
by Kim and Lieth (2003), which incorporates a reduction in
photosynthesis in very young and very old leaves, was esti-
mated based on the different leaf levels (and thus ages) at which
measurements were conducted. The P-SC-T model was imple-
mented in the leaf organ module in the static FSPM. Based on
measurements in the glasshouse, the following environmental
conditions were chosen during simulations: 70 % relative hu-
midity, 21 °C air temperature and 600 ppm CO, concentration.

All these data were combined to recreate average tomato
plants in GroIMP. Such a plant consisted of 44 internodes, 18
composite leaves, eight trusses and three flower stalks. The
structure of the composite leaves (Fig. 1) consists of 43 petiole
components, 20 secondary leaflets and nine irregular leaflets
(i.e. top and serrations). The trusses consisted of 20 peduncle
components and five tomato fruits.

Characterization and virtual re-creation of the light model

Virtual re-creation of the light conditions was achieved by
constructing a virtual HPS lamp using measurements of the
light spectrum with a spectrometer (Jazz spectrometer, Ocean
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Optics) in the glasshouse, and the light distribution file of a
standard HPS lamp (1000 W GreenPower, Philips) installed
in a square reflector. Using the full spectral ray tracer, called
FluxLightModel, which is readily available in the GroIMP
modelling software (Henke and Buck-Sorlin, 2017), an ac-
curate representation of the light conditions was achieved.
The ray tracer was set to simulate light rays between 400 and
700 nm at 5-nm intervals based on the spectrum measured in
the glasshouse. For each simulation, 200 million rays were used
with a maximum of ten possible reflections or transmissions.

Virtual glasshouse reconstruction

The glasshouse module contains the floor, the glass windows,
the glass roof, the aluminium frames supporting the glass, the
metal support structure near the top of the glasshouse, plastic
support structure, rockwool slabs and rockwool blocks. The
spectral properties of all glasshouse elements used in the model
are summarized in Table 1. The glasshouse (3.8 x 6.5 x 6 m?)
consisted of three rows of plants with a corridor in between two
neighbouring rows (Fig. 3). The distance between rows was
1.6 m. In the middle of each row one HPS lamp (2100 pmol
photons s7!) was mounted 5 m above the floor (1 m above the
plants, which were 2.96 m tall). Plants were topped to create two
stems and thus a double row of plants with a distance of 50 cm
between them. The distance between different plants in one row
was 33 cm. The plants were randomly rotated within the hori-
zontal plane to create a random canopy. In total, 60 plants were
simulated, but data were only used from the two plants in the
centre of the glasshouse to minimize border effects.

Light distribution simulations

To test the effect of leaflet shape on light distribution in
the canopy, different repetitions were carried out. At first, the
entire scene was constructed with fully-grown static tomato
plants as described above. One repetition consisted of running
the light model for plants with curved realistic leaflets, chan-
ging the shape of the leaflets without modifying anything else
in the scene, and running the light model again. This process
continued until light absorption and gross photosynthesis was
modelled for all leaflet shapes, both flat and curved. During one
repetition, the random seed for the light model was fixed. This
ensured that, during one repetition, only the leaflet shape, rather
than the random nature of the light model, had an influence on

TABLE 1. Overview of the spectral properties (transmission, reflection and absorption) of the glasshouse structure

Material Transmission (%) Reflection (%) Absorption (%) Source

Floor 0* 40 60 de Visser er al. (2014)
Glass walls and roof 80 10 10 Kittas and Baille (1998)
Aluminium frames 0* 80 20 Hasan (2006)

Metal structure’ 0 80 20 —

Plastic support and plastic surrounding the rockwool 0* 75 25 de Visser et al. (2014)

All parameters were independent of wavelength.

* No light transmission was assumed for the floor, plastic, aluminium and metal.

" The properties of aluminium were used for the metal structure.
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F1G. 3. Virtual reconstruction of the glasshouse with 60 tomato plants. Three

high-pressure sodium (HPS) lamps were located near the top of the glasshouse.

The spectrum of the lamps only contained a small amount of blue and green

photons and a large amount of red and yellow photons, causing the visual or-

ange colour of the leaves. The starting position of each plant stem can be seen
as the internodes that protrude from the rockwool blocks.

the results. A new random rotation within the horizontal plane
was then conducted to generate a new random canopy. New
realistic leaflet shapes (both curved and flat) were constructed
and the entire process was repeated for the required number of
repetitions. It was unnecessary to deconstruct the entire scene
and general plant structure (internodes, trusses and petioles) be-
fore each new repetition because the general plant structure was
constant.

Two different scenarios were tested. The first was the more
simplified one and contained one individual tomato plant with
one HPS lamp (2100 pmol photons s7') located 4 m above the
floor (1 m above the plant). This scene was set in an infinite
black plane (without a glasshouse) and thus when a photon was
reflected outside of the boundaries of the plant it was not able
to reach the plant again. Results from this scenario demonstrate
the effect of leaf simplifications on self-shading in a plant,
without canopy interference. Seventy-five repetitions were car-
ried out for this scenario. The second scenario was more real-
istic and simulated the plants inside the glasshouse as described
above. Because of the strong increase in simulation time, 20
repetitions were carried out instead of 75.

Statistical analyses

Because the goal of this work was to investigate whether
simplifications in leaflet shape are justified, no global statis-
tical analyses were made where all different shapes were com-
pared. The simplified curved leaflet shapes were statistically
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FIG. 4. Simulations of total (A) light absorption and (B) gross photosynthesis
of a single plant in an infinite plane (n = 75). The four different leaflet shapes
are compared, both as flat and as curved objects.

compared to the realistic shape using a Wilcoxon signed-rank
test (R-Studio, version 1.2.1335). This test requires related sam-
ples, which as for each repetition the seed for the light model
and the angles of implantation of the plants were kept constant,
which led to pairing of the samples. Additionally, comparisons
were made between all curved leaflet shapes and their corres-
ponding flat shape.

RESULTS

In the following sections the different ecological scales (i.e.
canopy, leaf and leaflet) will be accompanied by the shape (i.e.
realistic, ellipse, thombus and rectangle) and curvature of the
leaflets used in the simulations. This was done to avoid overly
complicated long treatment names (e.g. rhombus canopy refers
to a canopy constructed using rhombus-shaped leaflets).

Curved leaflets: individual plant

When an individual tomato plant was lighted with a single
lamp in an infinite plane, the leaflet shape influenced the total
light absorption by the canopy (Fig. 4A). This difference in
light absorption revealed no clear trend across leaf ranks,
but rather led to unpredictable differences at the individual
leaflet level (Fig. 5). Overall, the rhombus canopy diverged
most from the other shapes in terms of both whole-plant light
absorption and whole-plant photosynthesis. The uppermost
leaves of the rhombus canopy (leaf numbers 17 and 18) ab-
sorbed on average 9-10 % more light compared to the real-
istic leaves (P < 0.001). This led to lower absorption in the
lower leaves in the rhombus canopy (leaf numbers 13 and
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FiG. 5. Relative light absorption of the leaflets compared to the realistic shapes of one simulation. Blue leaflets absorbed less light than their realistic counterpart
and red leaflets absorbed more light. Leaflets that absorbed 100 % or more light relative to the realistic shapes were given the same red colour. Trusses were re-
moved for the visual representation, but were present during light simulations.

14) of 8-10 % less light than realistic leaves (P < 0.001). For
the other leaves in the canopy, differences in captured light
varied between the rhombus and realistic leaves. This effect
was less relevant in relation to the total light absorption be-
cause relative light absorption in the lower half of the canopy
was much lower than the top half, 4.12 % vs. 95.88 % of total
light absorption, respectively (average across all different
leaflet shapes). In total, the rhombus canopy captured 1.8 %
more light (P < 0.001) compared to the realistic canopy. The
ellipse canopy captured 0.5 % less light compared to the real-
istic canopy (P < 0.001), even though a higher light absorp-
tion was seen for the top two leaves (3.2-4.1 %, P < 0.001).
This was compensated for by lower light absorption in the
remainder of the top half of the canopy. The lowest light
absorption was registered in the rectangular canopy [1.9 %
lower than the realistic canopy (P < 0.001)], which was
mostly attributed to a lower light capture in the top two leaves
(2.6-2.7 %, P < 0.001). This effect was slightly dampened
due to some lower-canopy leaves that absorbed more light
than the realistic leaves. The difference in light distribution
in the canopy also had an impact on total gross photosyn-
thesis (Fig. 4B). Even though the rhombus canopy absorbed
1.8 % more light, the gross photosynthetic rate of such leaves
was only 1 % higher (P < 0.001). The ellipse canopy ab-
sorbed 0.5 % less light and this translated to a 1.4 % lower
gross photosynthetic rate (P < 0.001). The same effect was
observed in the rectangular canopy, where a 1.8 % decrease
in light absorption resulted in a 2.2 % decrease (P < 0.001) in
gross photosynthesis.

Differences in light absorption and gross photosynthesis
between different leaflet shapes on the leaf level were 10 %

at most in the top half of the canopy. The bottom half of the
canopy showed larger differences, up to 70 %, but they con-
tributed relatively little to total light captured by the canopy.
Differences at leaflet level could, however, be many times
higher (Fig. 5) with large variations even within one leaf.
Differences in light absorption of 50 % and higher were not
rare on this scale.

Curved leaflets: glasshouse

More or less the same trends were visible in glasshouse
simulations (Fig. 6A), although the differences were less pro-
nounced, especially on the whole-plant level. The rectangular
canopy had the lowest light absorption and the rhombus canopy
the highest light absorption. The ellipse canopy closely matched
the realistic canopy. Rhombus-shaped leaflets absorbed 0.9 %
more light (P = 0.038) compared to realistic leaflets, how-
ever, gross photosynthetic rates were not significantly different
(P =0.157) (Fig. 6B). In contrast to the individual plant simu-
lations, the glasshouse simulations showed no significant dif-
ferences between the ellipse and realistic leaf shapes, with an
increase of 0.3 % in light absorption (P = 0.445) and 0.03 %
(P = 0.862) decrease in gross photosynthesis. The rectangular
canopy also displayed non-significant differences with a de-
crease in light absorption of 0.3 % (P = 0.429) and a decrease in
gross photosynthesis of 0.3 % (P = 0.398). However, although
many differences were not statistically different at the canopy
level, they were at the leaf level.

Differences at the leaf level were still as large as 9 %, which
is similar to individual plant simulations. In the glasshouse
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simulations, the bottom half of the canopy contributed 18 % to
the total light absorbed (average across different leaflet shapes),
contrasting the mere 4.12 % in the single plant simulations. The
standard deviations in absorbed light and gross photosynthesis
per plant in the glasshouse simulations were similar across all
leaf simplifications (Fig. 6) in sharp contrast to the single plant
simulations (Fig. 4) where leaf shape simplifications resulted in
a near total loss of variance.

Flat leaflet shape approximation

The effect of discarding curvature was similar for all leaflet
shapes in the individual plant simulations. The flat leaflets ab-
sorbed on average 3.0-5.4 % more light (P < 0.001) compared
to their respective curved leaflet shape (Fig. 4A). Light cap-
ture in the top two leaves was higher in curved leaflets, but all
other leaves showed a higher light absorption with flat leafiets.
This difference in light absorption translated to an increase
in gross photosynthesis by 4.8-7.2 % (P < 0.001) (Fig. 4B).
The effect on light distribution was different in the glasshouse
simulations (Fig. 6) where curvature had no significant effect
on light absorption for the realistic, ellipse and rectangular
canopy (P > 0.8). The flat rhombus canopy was statistically dif-
ferent from its curved counterpart and absorbed 0.7 % more
light (P = 0.063). Even though three of the four flat canopies
absorbed the same amount of light as the curved canopies, all
of the flat canopies showed an increase in gross photosynthesis:
0.9 % (P =0.049), 1.0 % (P = 0.040), 1.6 % (P = 0.001) and
0.8 % (P = 0.097) for the realistic, ellipse, rhombus and rect-
angular canopies, respectively.
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Computation time

Simulations were conducted on a high-performance com-
puting cluster (2 x 12-core Intel E5-2680v3; Haswell-EP @
2.5 GHz) with 64 Gb RAM assigned to the simulation. The
impact on computation time of using realistic leaflet shapes for
generating virtual plants was limited, with a negligible effect
on single-plant simulations. On larger canopies, such as those
used in the glasshouse simulations, build-time for the scene was
similar (1159-1179 s), but light simulation time was affected
by the complexity of the leaflet shape (averaging 201.5 s for
the realistic canopy, and ranging between 131 and 148 s for
the simplifications). The difference in light simulation time ori-
ginates from the requirement of using a far larger triangulation
number for simulating the meshes of the realistic leaflet shapes
(variable complexity), compared to the simple approximation
(simulated with a constant triangulation of 40 triangles). If
leaflet curvature is not considered, leaflet simplifications have
the additional option to not use meshes at all, and use the pre-
defined simple geometric shapes available in GroIMP. This can
lead to an additional time saving in both build-time (888 s) and
light simulation time (100 s). An additional time-saver would
be the use of GPU-based light computing, which is compatible
with the FluxLightmodel in GroIMP. As this is equally applic-
able to all leaflet shapes, it would thus make the absolute differ-
ence in simulation time smaller.

DISCUSSION

In the past, there has been some research on the impact of
simplifying geometric parameters (leaf position, leaflet in-
clination, etc.) of tree crowns in 3-D models (Parveaud et al.,
2008; Da Silva et al., 2013) and the structure of composite to-
mato leaves (leaflet number, leaflet size, etc.) (Sarlikioti et al.,
2011a). Parveaud et al. (2008) noted a strong decrease, up to
26 %, in intercepted light by the canopy when using a simplified
composite leaf structure of hybrid walnut trees (Juglans
regia x J. nigra). Sarlikioti et al. (2011a) reported differences
in light absorption of up to 19 % for tomato. Despite this re-
search, no studies have assessed the effect of simplifying the
shape of the individual leaflets. This was unexpected, because
the methods to model leaflets in this research have already been
used for at least 15 years in computer imaging (Hong et al.,
2005; Lu et al., 2010).

Our results showed that a simplification of the leaflet shape
in a tomato crop can lead to small, but significant, deviations
in simulations of light absorption and gross photosynthesis. At
the canopy level, this effect was shown to be mitigated some-
what by the canopy closure in dense canopies, such as that used
in the glasshouse simulation, as overall less light escapes the
canopy. At the individual leaf level, however, these differences
persisted for both the individual plant and the glasshouse scen-
ario, which can only be attributed to the geometrical properties
of the shapes, as leaflet area was kept constant across different
shapes. All simplified shapes were chosen to have the same
width/length ratio as an average realistic leaflet. This caused
the rectangles to be shorter than the realistic leaflets and the
rhombuses to be longer, and the length of the ellipse-shaped
leaflets was very comparable to the realistic leaflets (Fig. 2).
These small differences in leaflet length might have contributed
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to a slightly wider or narrower canopy and thus also to a slightly
lower or higher light absorption. Within-leaf shading can also
partially explain the difference between leaflet shapes. In small
and young leaves, the leaflets are still in close proximity to each
other. The rectangular leaflets are the shortest and thus contain
relatively more leaf area near the petiole and rachis, which
increases the likelihood of shading other leaflets in the same
leaf, thus lowering light absorption. The opposite is true for
the rhombuses, which are less likely to self-shade due to their
longer shape when compared to realistic leaflets.

Differences in light absorption could not be attributed to
a single leaf, but rather to a complex interaction in the entire
canopy. Light absorption per plant was often not statistically
different in glasshouse simulations, but there were signifi-
cant differences at the leaf level. This is important because the
photosynthetic efficiency of leaves in a tomato canopy is not
constant, but decreases with leaf age (Acock et al., 1978; Qin
etal.,2011). Additionally, the non-linear response of photosyn-
thesis to light absorption means that higher light penetration
can lead to an advantage in overall photosynthesis, even with
similar whole-plant light absorption. This is reflected in the re-
sults as a certain increase or decrease in light absorption did not
lead to the same increase or decrease in gross photosynthesis.
The individual plant ellipse canopy absorbed 0.5 % less light
when compared to the realistic canopy, but the effect on gross
photosynthesis was almost three times larger (i.e. 1.4 % lower).
Sometimes the effect was the opposite (e.g. an increase in light
absorption of 1.8 % by the individual plant rhombus canopy but
only an increase of 1 % in gross photosynthesis). For the glass-
house simulations this effect was also present.

Another degree of realism that was added in comparison
with previous studies is the curvature of the leaflets. Previous
research has used flat leaflets, which the authors identified as
a simplification in their models (Sarlikioti ef al., 2011a; de
Visser et al., 2014). Representation of the leaflets as triangu-
lation points in our work made implementation of curvature
straightforward, although this comes at the cost of an increase
in computation time. de Visser et al. (2014) commented that
curvature in leaflets might lead to a higher light use efficiency
in dense canopies due to increased diffuse reflection. Our simu-
lations did not show this result. Light absorption by plants
in the glasshouse was unaffected for three out of four leaflet
shapes. Leaflet curvature even decreased light absorption in
the rhombus canopy. The individual plant simulations showed
a decrease for all leaflet shapes. The introduction of curvature
created a slightly narrower canopy as the tip of the leaflets was
now pointed slightly towards the ground and not to the sides.

Overall, the simplification of leaflet shapes led to rather small
differences in terms of whole-plant photosynthetic capacity.
However, several arguments could be made for the inclusion of
realistic leaflet shapes in models specifically aimed at assessing
light efficiency. First, the results here show that deviations in
light absorption do not correspond to an identical deviation in
photosynthesis. This indicates that canopy structure plays an
important role in light use efficiency and highlights the signifi-
cance of using more accurate leaflet shapes in studying whole
canopy photosynthetic efficiency.

Second, the dependency of the modelling discrepancies
on canopy density is an indication that the discrepancies are
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primarily related to the direct component of radiation. As a re-
sult, these discrepancies may be attenuated in open canopies,
in young plants and with the use of additional sources of direct
radiation. The last of these is especially important when the ef-
ficiency or optimal position of specific assimilation lights such
as interlights are to be evaluated with an FSPM (e.g. de Visser
et al., 2014). Alternatively, the effect may be diminished when
a large fraction of incoming light is diffuse, which is often the
case under normal daylight conditions, which were not investi-
gated within this study. Open canopies and young plants are of
primary importance in dynamic FSPMs, where the growth of
plants is simulated over their entire lifetime. An over- or under-
estimation of assimilated carbon can lead to a positive or nega-
tive feedback loop, respectively, with under- or overproduction
of leaf area, leading to increasingly large modelling errors. As
a result, the modelling discrepancy related to leaf shape simpli-
fications can be higher in a dynamic model, as exemplified by
Schmidt and Kahlen (2018).

Third, it could be argued that the use of realistic leaflet
shapes has relatively little drawbacks. An increase in measure-
ment time is to be expected due to the need for a leaflet scan
database, rather than the faster alternative of a leaf area meter.
Post-processing and virtual reconstruction also take longer,
but can be completely automated and scripts can be reused.
Additionally, these two tasks would only need to be conducted
once to establish a reusable database for this purpose. An in-
crease in light computation time is an inevitable drawback, but
the effect is quite limited. Taking these drawbacks into account,
a decrease in model uncertainty due to the incorporation of
realistic leaf shape may be of value, as uncertainty in com-
plex models such as FSPMs is often difficult to assess (Ford
and Kennedy, 2011). The inherent impossibility of exactly
replicating the crop canopy and light conditions complicates
direct comparison of model simulation with experimental
measurements. Within dense canopies, with a large degree of
canopy closure, actual light measurements in the canopy can be
used for validation and compared to virtual sensor results (e.g.
Buck-Sorlin et al., 2011; Coussement et al., 2018a) due to the
large spatial homogeneity of light conditions below the canopy.
In relatively open canopies this becomes problematic because
direct, non-intercepted light contributes to the vast majority
of overall sensed light below the canopy, leading to highly
heterogenic light conditions with clear shadow and light spots.

Compared to the study of Sarlikioti ef al. (2011a), who simu-
lated a number of different scenarios with different leaflet ar-
rangements, including internode lengths, leaf elevation and
angles, it is clear that realistic leaflet shapes play a relatively
less important role in capturing canopy shape compared to
other topological characteristics of the plant. With reported dif-
ferences in light absorption of 2—11 % compared to a reference
structure, it is clear that the main focus of plant characterization
should be diverted to these components.

Translation of these results to other FSPMs would probably
lead to parallel conclusions. Leaflet shape simplifications are ex-
pected to exhibit the largest deviations in open canopies, highly
irregular leaflet types and dynamic models which rely heavily
on early light competition. Additionally, our results show that,
if an approximation is to be chosen, it is best to opt for an ap-
proximate shape in which the overlap between simplified and
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realistic shape is maximal, as exemplified by the far lower de-
viations of the elliptic approximation compared to the rhombic.

Conclusions

In this study, we have shown that using simplified leaflet
shapes to represent tomato leaves resulted in significant, but
relatively small, deviations from the realistic shape, with
changes in individual leaflet light interception, gross photo-
synthesis and canopy light distribution. However, assessment
of the cost—benefit of realistic shape inclusion shows relatively
little drawbacks for a decrease in model uncertainty. Especially
when static FSPMs, such as those used in this paper, are spe-
cifically developed to obtain realistic simulations of light inter-
ception or lamp placement, there seems to be few arguments
for simplifications. On top of this, the relatively small devi-
ations obtained in this research might lead to larger deviations
in dynamic FSPMs. The main workload for re-creating real-
istic shapes is a one-time investment to create a shape database
and automated scripts for shape extraction and reconstruction.
Additionally, the cost in simulation time is only marginally
increased.
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