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Chapter 1. General introduction

1

General introduction

One of the wonderful things that we can do in our lives is to enjoy plants that grow next
to us, simply by looking at them, preparing them into a dish and feeding them to our
livestock. We can harvest what is in our backyards, greenhouses, on large scale produce in
fields and these days also in buildings without any natural sunlight. We have come a long
way in understanding the way plants grow and interact with their environment, including
neighboring plants. We use our understanding of plant growth to make our agricultural
productivity higher, more resilient to future climate change and more sustainable to feed
the population across the world. This thesis is one contribution and part of a large research
community that tries to understand the concepts involved in plant growth. In particular, the
focus is on the variability between plants in canopy stands in controlled climatic conditions,
and the way the plants are affected by this through differences in light absorption. In this
thesis 3D plant modelling of plant architecture, light absorption and photosynthesis is used
to explain experimental findings and explore crop growth strategies.
1.1

Crop modelling

In agricultural research process-based models (PBM) were the first developed applications to
model growth in relation to the environment. These PBM consider many interacting factors
and processes and simulate physiological plant processes taking into account factors and
processes affecting the growth rate (e.g. temperature, water, nutrients, weeds, pests, diseases,
transpiration, photosynthesis) (Marcelis et al., 1998; van Ittersum et al., 2003). Generally,
processes at one integration level are used to simulate plant performance or another rate
or state variable at a higher integration level. The mechanistic detail of these bottom-up
models varies strongly.
1.1.1

Empirical models

Empirical models are the simplest plant productivity models used and find their use frequently in agricultural, horticultural and forestry to predict productivity in monocultures.
These do not contain any physiological processes and directly relate biomass productivity to
3
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climatic or soil conditions. Although empirical models are simple and effective, they have
their limitations in prediction capability and perform poorly outside the boundaries of the
empirical data on which they are built (Dourado-Neto et al., 1998).
1.1.2

Light-use efficiency models

One group of mechanistic models that are extensively used rely on light use efficiency (LUE).
In this type of modelling the productivity of plants is linked to light captured and the
conversion of this light to assimilates. The first step is to estimate light absorption within
a canopy, which is possible with the use of the classical Lambert-Beer calculation (Monsi
and Saeki, 2005). Here, an extinction coefficient k is used to relate leaf area index (LAI) to
the fraction of incident light intercepted to estimate the absorbance profile within a canopy
(e.g. Mailhol et al., 1997). Instead of modelling photosynthesis and respiration, LUE is a
lumped parameter converting absorbed light into biomass and can be adjusted with simple
reduction factors when there is e.g. water or nutrient limitation, sub-optimal temperatures
or other environmental factors that limit plant growth (Runyon et al., 1994; Yuan et al.,
2007; Kergoat et al., 2008).
1.1.3

Photosynthesis and respiration models

A more detailed simulation than a model just based on LUE, is modelling carbon assimilation
and dissimilation i.e. photosynthesis and respiration. The Farquhar-von Caemmerer-Berry
(FvCB) equations are commonly used to determine photosynthesis (Lloyd and Farquhar,
1996). These equations include light, CO2 and temperature and calculates photosynthesis
based on the most limiting factor. Advances over the past decades in modelling canopy
photosynthesis in PBM has gone from a one big leaf model (Thornley et al., 1992) to
multi-layer models (e.g. Samson et al., 1997; Zhu et al., 2012; Boonen et al., 2002), where
the model differentiates multiple layers with different light environments (Monsi and Saeki,
2005). An alternative to the multi-layer model was developed by separately integrating the
sunlit and shaded leaf fractions of the canopy, resulting in an accurate and simpler single
layered sun/shade model (De Pury and Farquhar, 1997). SUCROS-based models integrate
both approaches (van Ittersum et al., 2003). Respiratory processes are complex to model
and are usually simplified to loss functions, where coefficients for growth and maintenance
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respiration determine the loss of CO2 to construct or maintain a gram of biomass.
1.1.4

Functional-structural plant models

The majority of process-based models describe the photosynthetically active vegetative plant
parts according to one descriptor, usually leaf area index (LAI; leaf area m−2 ). Simplifying
the canopy by using LAI as the descriptor removes plant to plant architectural variability
which is normally present within a canopy. This saves computation time and can be useful
when whole canopy estimates are required, but also results in a loss of detail and inaccuracy
at the individual plant level. Although at the time computationally impossible, it was
early recognized (∼1960’s) that a next step in plant modelling would be to combine PBM
with architectural plant models to study the interaction between plant form and function
and the environment. The foundation for such a model framework was the development of
the Lindenmayer-systems (L-systems) by Lindenmayer (Lindenmayer, 1968a; Lindenmayer,
1968b) and later improved by (Prusinkiewicz and Hanan, 1990). L-systems were initially
intended to simulate cellular automata and branching structures by reiterating production
rules, and were thus ideal to describe plant form. L-systems is a language which describes
both static plant structure and its dynamics (steered by functions) by intuitive rules at
the organ level. The resulting combination of PBM and plant architectural modelling is
known as functional-structural plant modelling (FSPM), which allows feedbacks between
plant structure and functioning by simulating the 3D environment, plant architecture and
plant processes (Louarn and Song 2020). FSPM make use of the Lindenmayer-systems (Lsystems), thus allowing feedbacks of processes at the organ level and plant functioning at
individual plant or canopy level.
Functional–structural plant models (FSPMs) explore and integrate relationships between
a plant’s structure and processes that underlie its growth and development (Louarn and
Song 2020). These models have been developed for a wide range of crops and for many
purposes (Louarn and Song 2020) including studies on effects of plant architecture on light
absorption and photosynthesis in a canopy (e.g. Buck-Sorlin et al., 2011; Cieslak et al., 2010;
Wiechers et al., 2011; Chen et al., 2014; Chapter 2). These models can also be used to study
interplant variation by either carbon driven competition (e.g. Luquet et al., 2006; Kang
et al., 2011) or signalling (which may be internal to the plant, external or an integration of
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both; e.g. Fournier et al., 2005; Alban et al., 2008; Evers et al., 2011) to modulate growth
and development.
1.2

Light sources, and the challenges of measuring light in the crop canopy

Light, originally only from the sun and these days also from lamps, is the key to plant
growth. These days high-pressure sodium (HPS) lamps are commonly used in greenhouse
horticulture and these are gradually being replaced by LEDs. LEDs are more efficient than
HPS lamps due to their high conversion of electrical energy into light, and due to their
relatively low heat can also be placed inside the canopy closer to the plants (intra-canopy
lighting). Measuring the incident light environment in a canopy has always been a time
consuming task due to horizontal and vertical light heterogeneity. This resulted in many
light measurement procedures and devices being used. The use of line quantum sensors and
line sensors for light measurements used in this thesis will be discussed in a later section of
the introduction.
1.2.1

The introduction of LEDs in agriculture and plant growth

A light-emitting diode (LED) is a semiconductor light source that emits light when current
flows through it. Reasons why LEDs are interesting in agriculture are that they are energy
efficient, different light spectra can be chosen to influence plant growth and development, that
they have a high life expectancy and a low heat radiation which may prevent overheating
the canopy (Davis and Burns 2016). By providing supplementary light within the crop
reflective loss of the upper canopy reduced (Goudriaan and van Laar 1994; Marcelis et al.,
1998). Furthermore, a more homogeneous vertical light distribution and therefore a higher
photosynthetic use efficiency of the absorbed light could be achieved (Li et al., 2014).
Studies where supplemental intra-canopy lighting replaced top lighting showed increased
fruit yield in cucumber (Hovi-Pekkanen et al., 2004; Hovi-Pekkanen and Tahvonen, 2008),
an increase in sweet pepper fruit number and weight (Hovi-Pekkanen et al., 2006) and an
increased net photosynthesis (PN ) and photosynthetic capacity (Pmax ; Pettersen et al., 2010).
These studies show that intra-canopy lighting affect plant growth and development. Still,
some studies did not find differences in whole plant biomass production between top lighting
and intra-canopy lighting (Trouwborst et al., 2010; Gómez and Mitchell 2016; Yan et al.,
6
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2018). Explanations for this lack of biomass were related to a loss of total light interception
due to extreme leaf curling by intra-canopy lighting (Trouwborst et al., 2010; Yan et al., 2018)
and to an increased maintenance respiration of leaves lower in the canopy that acclimated
to a higher light intensity (Gómez and Mitchell 2016).
Both the distribution of light absorption and the light spectrum are changed when LEDs
are used in growth. With addition of for example red light at the bottom of the canopy,
the red to far-red ratio (R:FR) is changed locally within the canopy. Plants compete with
neighboring plants in vegetation stands and ensure survival and reproduction by showing
appropriate growth responses to neighbour presence. One used cue is by perceiving and
interpreting environmental signals by photo-sensory receptors. Perception of low R:FR light
reflected by neighbouring vegetation (plant tissues have a high absorption of red light while
largely reflecting far-red light) is a signal of neighbour presence (Casal, 2013; Ballaré and
Pierik, 2017). The photo-sensory receptor phytochrome is switched to the active state when
exposed to red light. Far-red light and darkness has the opposite effect, switching phytochrome to an inactive state. The balance between active and inactive phytochrome is
called the phytochrome photostationary state. A lowered R:FR ratio induces shade avoidance responses (SAR) such as increased elongation of stems (Ballaré et al., 1991; Smith
and Whitelam, 1997; Cole et al., 2011) and petioles (Kozuka et al., 2010), reorientation of
petioles (Whitelam and Johnson 1982; Sasidharan et al., 2010; Pantazopoulou et al., 2017;
Kalaitzoglou et al., 2019) and a decrease in leaf thickness resulting in more leaf area per
gram of dry weight (Holmes and Smith, 1975; Smith and Whitelam, 1997), all in order for
a plant to compete with its neighbours. There are plenty of reviews on the way SAR are
thought to operate and their functionality (Casal, 2013; de Wit et al., 2016; Fraser et al.,
2016; Ballaré and Pierik, 2017; Viczián et al., 2017; Iglesias et al., 2018).
By placing LEDs lower in the canopy however, parts of the plant are now exposed to a
higher red to far-red ratio again. The link between a plants site of light perception and the
sites where morphological adaptations take place is a field of study with recent advancements
but is still not fully understood (Küpers et al., 2018; Iglesias et al., 2018). Plants are modular
organisms and they are built-up of individual organs connected to one big network through
the xylem and phloem (Kroon et al., 2005). Organs perceive their own light microclimate
(light intensity, light spectrum; Chelle, 2005). Changes in morphology resulting from an
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individual organ’s perceived light microclimate can be at the level of the organ itself (local)
and at the plant level where it also affects other plant organs (long-distance). Local and
long-distance morphological responses to local light spectrum can be studied in relation to
phytochrome by lowering the R:FR ratio through application of FR radiation.
1.2.2

Quantum sensors usage for measuring light distribution

Point or line quantum sensors are commonly used devices for measuring light. Fixed height
intervals can be used for measurements to gain an estimate of the vertical light gradient
through the canopy (Särkkä et al., 2017; Paponov et al., 2020), which is often combined
with measurements at fixed horizontal intervals (Hovi-Pekkanen et al., 2006; Hovi-Pekkanen
and Tahvonen, 2008; Pettersen et al., 2010; Pepin et al., 2014). With the introduction of
intra-canopy lighting the quantum sensors are turned horizontally towards the LED lamps
to gain an estimate of the side-way directed light profile in the canopy (Pettersen et al.,
2010; Pepin et al., 2014; Särkkä et al., 2017; Kaiser et al., 2019; Paponov et al., 2020).
1.2.3

Modelling light interception

For process-based models the classical Lambert-Beer calculation is often used to model light
extinction of light in the canopy. Instead of using classical Lambert-Beer calculation, it is
possible with FSPM to use estimations of light scattering which requires the radiance equation (e.g. Chelle and Andrieu, 1998). As this equation is set at one point, integration over all
surfaces is required. Two approaches enable this integration: the Monte Carlo method (e.g.
Henke and Buck-Sorlin 2017) and a deterministic method derived from the finite elements:
the radiosity method (Chelle and Andrieu, 1998). Interesting scientific questions as well as
practical questions for greenhouse horticulture can now be approached through simulations.
For instance, understanding the consequences of different light distributions in canopies for
leaf and crop photosynthesis (Sarlikioti et al., 2011b), which is being applied in the development of light diffusing materials and LED lighting systems. The distribution of light within
and absorption by a canopy has a direct impact on plant growth and development.
Various FSPM studies have been performed on greenhouse cultivated crops, such as cutrose (Buck-Sorlin et al., 2011; Zhang et al., 2021), grapevine (Prieto et al., 2019) and tomato
(de Visser et al., 2010; Kang et al., 2011; Sarlikioti et al., 2011a; de Visser et al., 2014; Shin
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et al., 2021). Those studies aim to either optimize lighting strategies, plant architecture or
plant densities to increase interception of light. Light distribution in canopies is important
for crop photosynthesis as suggested by the modelling study of (Sarlikioti et al., 2011b) and
as evidenced by the increased crop photosynthesis and growth of greenhouse grown tomato
when the light is made more diffuse (Li et al., 2014).
1.3

Architectural parameter variability

Plant to plant variation (interplant variation) may play an important role in determining
individual plant and whole canopy performance (Westerband et al., 2021), where interplant
variation in architecture and photosynthesis traits have direct effects on light absorption and
photosynthesis (Sarlikioti et al., 2011a). Interplant variation has been studied for a longer
time in ecology, greenhouse horticulture and field crops, where in greenhouse horticulture
and field crops uniformity is of importance. Fruits of greenhouse cucumber (Marcelis 1992),
as well as other reproductive and indeterminate crops such as bell pepper (Wubs et al.,
2009b) and tomato (Heuvelink, 1996) show a changing demand in assimilates over time and
abortion of individual fruits. Differences in fruit growth have been linked to environmental
factors such as light intensity, photoperiod, CO2 concentration, temperature, relative air
humidity, water and nutrient supply (Marcelis 1993; Wubs et al., 2009a; Pettersen et al.,
2010) and canopy architecture (Chen et al., 2014).
1.3.1

Quantifying plant phenotype and assess the impacts of architectural trait variation

Nowadays high-throughput plant phenotyping systems allow to quickly acquire architectural
data, for example from pictures taken assisted by deep learning (Li et al., 2020). This greatly
reduces measurement times, allowing for more elaborate and detailed data sets. Additional
time can be saved if data analysis and plant phenotype is processed at the whole plant level.
It is possible to extract a mesh point cloud of the plants, implement this directly into a
structural model and then estimate light absorption (Zhu et al., 2020). Despite an increase
in methods for data gathering and analyzing, quite some still have heavy computational
costs, limited performance of machinery by e.g. occlusion and/or a need to have the used
machinery moved around, thus reducing space-time coverage (Li et al., 2020). Measuring
plant architecture by ruler and protractor is still an often used technique even though it is
9
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very cumbersome.
Approaches to determine the influence of realism or parameter assumptions on light
absorption and photosynthesis in model simulations performance include e.g. changes in cucumber leaf shapes and positions (Schmidt and Kahlen, 2018), comparing simplified leaves to
structurally-accurate leaves in both sweet pepper (Kim et al., 2020) and tomato (Vermeiren
et al., 2020), investigating the golden angle (Strauss et al., 2020), alternate branching in
trees which induces variation in geometrical and topological traits (Da Silva et al., 2014), increasing internode lengths of tomato plants which was found to change light absorption and
photosynthesis by 6-10% (Sarlikioti et al., 2011a), as well as in a dynamic FSPM simulation
where leaf angles affected shoot dry mass production up to 20% (Chen et al., 2014).
In the last years there has been considerable improvement in model predictions of carbondriven growth, and several models have been developed that can simulate plant architectural
variation such as Greenlab (latest review; de Reffye et al., 2021) and Ecomeristem (Larue et
al., 2019). In these two models main functions related to influencing variation in growth are
branching, tillering time and senescence. The importance of including interplant variation
in architectural and photosynthesis traits for modelling light absorption and photosynthesis
can be structurally assessed by model simulations but has yet received minimal attention.
Zhu et al. (2015) investigated this topic in a maize and soybean mixture, and showed that
inclusion of interplant variation in maize and soybean plants can result in complementary
crop light capture.
1.4

Tomato plants

In this thesis the model plant tomato (Solanum lycopersicum) was used as model plant
for fruit-bearing crops. Tomato is the most produced vegetable in the world. The origin
of tomato is found in western South America, after which it has been domesticated in
Central America (Kimura and Sinha, 2008). Breeding has focused on improving the overall
productivity, the resistance of the plants to (a)biotic stresses and the quality of fruits (Kimura
and Sinha, 2008). Tomato is a model plant for research due to the fact that it has simple
diploid genetics, a short generation time, routine transformation technology and is easy to
maintain (Ranjan et al., 2012). Research studies on tomato brings knowledge that can be
applied to other plants in the Solanaceae family, such as eggplant and peppers. Tomato
10
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Figure 1: Double-row tomato canopy in an early growth stage showing the two rows as well as the walking
path for crop maintenance and harvesting.

plants are generally cultivated in high-wire double row systems when grown in high-tech
greenhouses (Fig. 1). For greenhouses the cultivars chosen have an indeterminate growth
habit allowing almost year-round cultivation in the Netherlands. When the plants reach
several meters high, they are lowered weekly along the path.

11
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1.5

Knowledge gaps and hypotheses

In canopies a large variation exists between and within plants with respect to architecture
and the distribution of light (both intensity and spectrum). The main hypothesis in this
thesis is that including this variation gives a much more realistic simulation of the crop
canopy.
Within-row variability has not been investigated thoroughly by both experimentation as
well as model simulations combined. So far either some experimentation or modelling, but
a clean combination of both has not been found. We hypothesize is that plants in northand south-facing rows in the the east-west row orientation double row system will have a
much larger variation in light absorption and photosynthesis and hence fruit production than
plants in east- and west-facing rows in the north-south row orientation.
With the introduction of intra-canopy lighting leaves, stems and fruits are now exposed
to a change in light spectrum. It is currently unknown if this could induce long-distance
signalling in plant that would alter plant morphology. Extrapolation of results from studies
on local lighting on de-etiolated seedlings, rosette plants or very young plants to tall plants
(e.g. longer than 1 m) is difficult if not impossible. We hypothesize that mature plant parts
can still induce morphological changes in young growing plant parts.
Total light absorption can be estimated by quantum sensor measurements above and
below the crop, pointing, respectively, upward and downward which measures the light that
is not absorbed by the canopy. However, the spatial heterogeneity of incident and absorbed
light is hard to measure in detail. The spatial variability of absorbed light is important
when physiological processes such as photosynthesis are compared between light treatments.
By use of an FSPM an investigation can be performed comparing spatial heterogeneity of
incident and absorbed light between intra-canopy lighting and top lighting systems. We
hypothesize that using intra-canopy lighting increases overall crop uniformity in light absorption.
Inclusion of interplant variation in architectural and photosynthesis traits for modelling
light absorption and photosynthesis has yet received minimal attention, while this could be
of great importance for accurately modelling variability in a canopy. We hypothesize that
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including measured interplant variation in architectural and photosynthesis traits results in
more accurate model simulations of light absorption and photosynthesis than a model which
does not include spatial variation.
1.6

Thesis outline

The aim of this thesis was to study the variability in light absorption and photosynthesis
within tomato canopies, where a combination of experimentation and 3D modelling was
used. A comprehensive overview of the different components (Fig. 2) and a summary of the
key objectives of each chapter are given below:

Chapter 2 Considering the importance of a uniform light distribution within a canopy,
this chapter aimed to quantify the influence of row orientation on the inter- and within-row
variation of light absorption and photosynthesis in a hedgerow crop. An experiment with
two different row orientations of a tomato crop was conducted, which was then also used
to adapt and calibrate a tomato FSPM to compare row orientations, explain experimental
findings and quantify differences between rows at varying latitudes and seasons.

Chapter 3 With the introduction of intra-canopy assimilation lighting and LED lights
without far-red, the natural ratios in red:far-red light absorption are changed throughout
the canopy. The red:far-red light ratio has a strong effect on plant architecture. This chapter aimed to investigate whether and to which extent local supplementation of far-red light
resulted in local or long-distance architectural and growth responses in full-grown tomato
plants. An experiment was performed where tomato plants were horizontally separated in
a lower and a upper half by use white plastic and supplementing local FR light to either of
the two halves, where the lower half was full-grown.

Chapter 4 The introduction of intra-canopy lighting instead of toplighting seemed to
increase crop productivity. The aim of this chapter was to identify the impact of intracanopy versus top lighting systems on 3D light distributions in the canopy on leaflet level.
Architectural data was collected from an experiment and used to parameterize a modified
functional-structural plant model. This was then validated with light measurement data.
13
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Figure 2: (A) Schematic representation of a double-row tomato crop canopy that is exposed to varying climatic conditions from sunlight, top- and intra-canopy LED lighting, resulting in (B) unequal light intensities
and red:far-red ratios through the canopy affecting the phytochrome photostationary state as well as the
light interception profile, which affect (C) the architecture of the plant and canopy photosynthesis. The
change in architecture then visa versa affects light distribution and phytochrome photostationary state.

The model was then used to visualize heterogeneity of canopy light absorption and discussed
in three directions according to voxel maps; parallel and perpendicular to the double rows, as
well as in the vertical direction. The findings were then discussed in relation to experiments
conducted with intra-canopy lighting.

Chapter 5 Plant to plant variation (interplant variation) may play an important role
in determining individual plant and whole canopy performance, where interplant variation
in architecture and photosynthesis traits have direct effects on light absorption and photo14
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synthesis. The aim of this study was to determine the importance of observed interplant
variation in architectural and photosynthetic traits on average light absorption and net photosynthesis and coefficient of variation in plant light absorption and net photosynthesis. For
this we used measured interplant variation in greenhouse grown tomato canopies and used
that as input in a functional-structural plant model to simulate consequences of interplant
variation.

Chapter 6 The results of this thesis are summarized and put into a more general context.
The advantages and the shortcomings of the methods used as well as the further steps in
this research are discussed.
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Abstract
Light distribution within canopies is important for plant growth. We aimed to quantify
the influence of row orientation on inter- and within-row variation of light absorption and
photosynthesis in a hedgerow crop. An experiment with two row orientations of a tomato
crop was conducted which was then used to calibrate a functional–structural plant model
(FSPM). The FSPM was used to analyse light absorption and photosynthesis for each of the
row facing directions in the double-row trellis system (e.g. north- and south-facing rows for
the east–west row orientation). The measured leaf area decreased by 18 % and specific leaf
area by 10 %, while fruit dry weight increased by 7 % for south-facing compared to northfacing rows, but total plant dry weight did not significantly differ. Model simulations showed
a 7 % higher light absorption for the south-facing rows than north-facing rows, while net
photosynthesis was surprisingly -4 % lower, due to local light saturation. When in the model
leaf area was kept equal between the rows, light absorption for the south-facing rows was 19
% and net photosynthesis 8 % higher than for north-facing rows. We conclude that although
south-facing rows would be expected to have a higher photosynthesis than north-facing rows,
plants can adapt their morphology such that differences in light absorption and photosynthesis between north- and south-facing rows are minimal. Rows oriented north–south were
more uniform in light absorption and photosynthesis than east–west rows, but the overall
crop light absorption and photosynthesis were minimally affected (both 3 % lower compared
to east–west orientation).
2.1

Introduction

Plant positioning in rows causes inter- and intra-row shading, which affects the light distribution and pattern throughout the whole day (Trentacoste et al., 2016; Campos et al., 2017).
Inter- and intra-row shading have been experimentally studied in relation to weed control
(Borger et al., 2010; Johnson and Davis 2015; Borger et al., 2016) and hedgerow productivity and fruit quality (review by Trentacoste et al., 2015). For weed control, row orientation
is manipulated such that the crop will cast shadow on the weeds, which can reduce weed
growth due to lack of sunlight (Borger et al., 2010; Johnson and Davis 2015; Borger et al.,
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2016). For hedgerow productivity and product quality, a north–south row orientation is
often favourable as reviewed by Trentacoste et al. (2015). These authors argued that this
is the result of a more equal distribution of light to the most important leaves and fruits
between both east- and west-facing parts of the rows during a day in a north–south row
orientation. A south-facing side can be light-saturated, while the north-facing side of a tree
is still limited by light, resulting in unequal fruit set (Khemira et al., 1993), fruit abortion or
fruit rot (Lombard and Westwood, 1977). Model simulations revealed that a certain canopy
porosity could be required to support proper fruit growth in olives (Connor et al., 2009).
Process-based models (PBMs) have been used to simulate row orientation effects on light
absorption and crop production of hedgerows. Studies using PBMs revealed that the effect
of row orientation on light absorption and productivity depends on architecture, season and
latitude (Mutsaers, 1980; Gijzen and Goudriaan, 1989). A north– south row orientation
results in increased light absorption in summer at lower latitudes of 15–55◦ (Mutsaers, 1980).
The ratios between path width, row width and row height have major consequences for row
orientation effects. Differences in light absorption and photosynthesis between row orientations diminish as the ratio between path width and row height decreases. When this ratio
drops below 0.3 differences between row orientations become very small (Gijzen and Goudriaan, 1989). Functional–structural plant models (FSPMs) explore and integrate relationships
between a plant’s structure and processes that underlie its growth and development (Louarn
and Song 2020). These models have been developed for several crops and for many purposes
(Louarn and Song 2020) also for the study of plant architecture effects on light interception
and distribution in a canopy (e.g. Buck-Sorlin et al., 2011; Cieslak et al., 2010; Wiechers
et al., 2011; Chen et al., 2014). Sarlikioti et al. (2011b) developed a 3D static FSPM for
tomato to study the responses of light absorption and photosynthesis in relation to plant
architecture at the leaf level for inter- and intra-canopy shading. Their preliminary study
suggested that in both summer (June) and winter (December) at a latitude of 52◦ light absorption in a north–south row orientation is higher than in an east–west row orientation.
Light distribution in canopies is important for crop photosynthesis as suggested by the modelling study of Sarlikioti et al. (2011b) and as evidenced by the increased crop photosynthesis
and growth of greenhouse grown tomato when the light is made more diffuse (Li et al., 2014).
Considering the importance of a uniform light distribution within a canopy, the aim of this
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study is to quantify the influence of row orientation on the inter- and within-row variation
of light absorption and photosynthesis in a hedgerow crop. Therefore, an experiment with
two different row orientations of a tomato crop was conducted, which was then also used to
adapt and calibrate a tomato FSPM. By doing so it was possible to (i) compare the growth
and architecture of both rows in the north–south and east–west row orientations, (ii) explain
the findings with the tomato FSPM by quantifying the light absorption and photosynthesis
at leaf level for each of the rows and (iii) use the tomato FSPM to quantify light absorption
and photosynthesis differences between rows at varying latitudes and seasons.
2.2
2.2.1

Material and methods
Growth conditions

Tomato plants (Solanum lycopersicum cv. Capriccia) were grown in two adjacent glasshouse
compartments at Wageningen University (52◦ N, 5.7◦ E). In one compartment the plant rows
were oriented from north to south, and in the other from east to west. On 8 March 2016, 5
weeks after sowing, the plants were transplanted onto gutters on rockwool slabs. The plants
were grown until 20 July 2016. The crop was managed according to grower practice. Nutrient
solution (EC: 2.8 and pH: 5.5; see Supporting Information-Table S1) was provided daily in
a frequency matching solar radiation. Side stems were removed weekly, and from 13 April
onward the bottom three leaves were removed every week. From 25 April the plants reached
the high wire at a height of 3.3 m, after which they were lowered weekly. The plants were
grown in double rows, with distance of 50 cm between the single rows. Distance between
the mids of two adjacent double rows was 160 cm, resulting in a path of 62 cm (distance
between outer leaves of each row). The distance between plants in a each single row was 50
cm. Stem density was 2.5 stems per m2 until 7 April, when a secondary shoot was allowed
to develop in the leaf axil directly below the fourth truss, thus raising the stem density to
5.0 stems per m2 . On 20 May a number of plants were removed for destructive harvests (and
some additional plants) from each row to achieve the targeted 4.4 stems per m2 . Trusses
were pruned to 6 fruits per truss. The CO2 concentration was targeted at 600 ppm when the
windows were closed and 400 ppm when the windows were open. Inside each compartment,
a Hoogendoorn Box (Hoogendoorn, The Netherlands) was installed monitoring the climatic
conditions at a 5-min interval. Averaged daily temperature, relative humidity and CO2
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(±standard deviation) over the whole growth period were 20.1 (±3.6) and 20.0 (±3.4) ,
74.6 (±10.5) and 74.1 (±10.1) % relative humidity and 509 (±97) and 518 (±94) ppm CO2
for each compartment with, respectively, north– south and east–west row orientation. The
two glasshouse compartments were oriented -24◦ North–South. On the east, west and north
side they were surrounded by other compartments, while there was a corridor on the south
side. There was no artificial lighting present in surrounding compartments. Height of the
greenhouse was 5 m and the rockwool slabs were 0.3 m above the floor. A picture of the
plants in the greenhouse is shown in Supporting Information-Fig. S1).
2.2.2

Plant measurements

Architecture and dry weight. Dry weight of ripe fruits was recorded of twelve plants
of each of the north, south, east and west facing rows during the whole experiment by
weekly removal and weighing of trusses with fruits in stage 3 (‘turning’) up to stage 6 (‘red’)
(Camelo Gómez 2004). For each facing row, three main stems were randomly selected from
4 center rows for destructive measurements on 20-22 April, 17-20 May and 19-20 July. At
each measurement day plant architecture was measured and dry weight was determined for
these three plants. On the measurements of 17-20 May and 19-20 July also three secondary
stems were measured. Architectural measurements consisted of leaf area, as measured by a
leaf area meter (LI-3100C, LI-COR, USA), leaf length, which was measured from the base
of the petiole to the tip of the terminal leaflet using a ruler, and internode length. Plant
material was dried in a ventilated oven at increasing temperature steps from 45 to 70 to
105◦ C, each for 24h.
Additional measurements were performed for model development during the final harvest. One plant of each row facing orientation was measured to get an estimate of parameters
that were necessary for building the model architecture, but were considered non-significantly
different for both row orientations. These parameters were petiole angle, petiolule angle,
leaflet angle and curvature, leaf area ratio between small and big leaflets, rachis to petiolule
length, the ratio between petiolule length to leaf area, leaflet length-to-width ratio and the
rachis bend at the first and second big leaflet pairs, counted from the petiole to the tip of
the leaf. These measurements were performed on leaves on ranks 1 to 3, 5 to 7, 10, 14, 18
and 22, counted from above.
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Gas exchange. The response of net photosynthesis rate (A; µmol m−2 s−1 ) to light intensity and leaf internal CO2 partial pressure (Ci ) was determined on three different heights
in the canopy: 50, 80 and 150 cm from the top, which refer to leaves 7, 10 and 16, respectively. Measurements dates for this were, respectively, 10–11, 16–17 and 25–26 June, with
each height taking 2 days. At each height, gas exchange was measured with the LI-6400
photosynthesis system (LI-COR), equipped with the LI-6400 fluorescence cuvette (2 cm2
leaf area) on two leaves for each row facing side. For each measured leaf, the leaf was enclosed in the cuvette at 1400 µmol m−2 s−1 photosynthetically active radiation (PAR) (90
% red, 10 % blue), 600 µbar CO2 partial pressure, temperature of 28 ± 3% fixed according
to ambient temperature at start of measurements, relative humidity at 70 ±10% and a flow
rate of 400 µmol m−2 s−1 . After A stabilized (≈15 min), CO2 partial pressure was decreased
in steps to 400, 300, 200, 100, 50 and 0 µbar. Then, CO2 partial pressure was increased to
600 µbar, and after A stabilized (≈10 min) the CO2 partial pressure was further increased
to 800, 1200 and 1600 µbar. Then, CO2 partial pressure was decreased to 700 µbar and light
intensity was raised to 1800 µmol m−2 s−1 . After A stabilized (≈15 min), the light intensity
was decreased in steps to 1450, 1100, 750, 450, 225, 100, and 0 µmol m−2 s−1 . At each CO2
and light intensity step, the sample cell was calibrated against the reference cell, and A and
Ci were recorded after this.
2.2.3

Model description

An adapted version of the static greenhouse tomato FSPM of de Visser et al. (2014) was
used. The adaptation consisted of a modified leaf reconstruction by replacing each single parallelogram that represented a leaflet by 6–8 parallelograms that together represent the leaflet
geometry more precisely [see Supporting Information-Fig. S8]; a larger number of parallelograms did not improve the simulated light absorption [see Supporting Information-Table
S3]. This model was developed on the GroIMP platform (Kniemeyer, 2008) and consists of
an architectural, photosynthesis and light module.

Architectural module. The architectural parameter values for leaf area, stem length
and leaf length were taken from data at the phytomer level acquired from the final destruc-
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tive measurement on 20 July (Table 2). Leaf area differed significantly between north- and
south-facing rows and was implemented as such. All other variables were non-significantly
different (P < 0.05) and were averaged within each row orientation; e.g. stem length for
north- and south-facing rows was averaged together and the averaged value was taken for
both north- and south-facing rows in the simulations. For additional required model parameters that were not in the scope of this study a limited number of replicate measurements
were taken and averaged, namely petiole angle, first and second rachis bend [see Supporting
Information- Table S2]. Leaf curvature was assumed 60◦ and the number of leaflets were
considered 11 (three bigger pairs, two smaller pairs and one terminal leaflet; see Supporting
Information-Fig. S8). The leaf area was then distributed across the 11 leaflets on each leaf
according to an empirical allometric relationship. The area of the composite leaf was distributed over the five leaflet pairs and the terminal leaflet for each leaf in the same manner,
using the following fractions (from proximal to distal leaflet pair): 0.1296, 0.0188, 0.1516,
0.0281, 0.0948 and the terminal leaflet with 0.1541. The length of the petiole was 35 % of
the total leaf length, and at that point the first leaflet pair was attached [see Supporting
Information-Fig. S8]. The actual leaf area depended on the observed relationship with leaf
rank. No collision avoidance of leaves was computed, since leaves of neighbouring plants do
in reality not show distinct avoidance mechanisms and extremely intertwine. Then, each
plant was constructed in the simulation with a random phyllotaxis initiation [see Supporting
Information-Fig. S9] oriented randomly after randomly deciding the first phyllotaxis angle.
We assumed that the absence of collision avoidance in modelling leaf orientation was reasonable since leaves strongly intertwine when touching another at lower parts in the crop, and
so leaflets may well be oriented rather randomly. The spaces between the leaflets of the leaf
allow easy penetration of the leaf environment of the neighbouring plant. Moreover, during
plant management operations (leaf cutting, fruit harvesting, shifting plant position in the
row weekly) the leaves of neighbouring plants are often reshuffled and become slightly mixed
in a random way. Above all, this mechanical process is appearing in both row treatments
equally and will not affect treatment effects. Vermeiren et al. (2020) used a similar light
model as we did and concluded that a simplification of the leaflet shape in a tomato crop
can lead to small deviations in simulations of light absorption and gross photosynthesis. At
the canopy level, this effect is mitigated somewhat by the canopy closure in dense canopies.
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Photosynthesis module. An adapted Farquhar–von Caemmerer– Berry model (FvCB
model) was used to simulate photosynthesis (Farquhar et al., 1980; Qian et al., 2012). All
photosynthesis parameter values were kept the same as Qian et al. (2012), with exception
of Jmax28 (µmol m−2 s−1 ; maximum electron transport rate at 28◦ C) and Vcmax28 (µmol m−2
s−1 ; the maximum carboxylation capacity if Rubisco is fully activated at 28◦ C). Values for
Jmax28 and Vcmax28 were estimated from gas exchange measurements. Comparison of light
response curves between leaves 7 and 10 showed such small differences in Amax (<4 %)
that these were considered equal for leaves 7 and 10. Jmax28 and Vcmax28 were assumed to
decrease exponentially from the 10th leaf to the oldest leaf, as a result of age. This most
basic assumption was taken since there was no support for any other relationship. Besides
this, model simulations have shown that overestimation of photosynthesis when acclimation
of photosynthetic parameters with height in the canopy is not considered is minimal when
the only light source is the sun (van Ieperen and Trouwborst, 2008). Values for Jmax28 and
Vcmax28 were estimated at 235.6 and 136.0, respectively, for the 10 youngest leaves, and exponentially decreased to 145.8 and 67.7, respectively, for the oldest leaf (R2 > 0.99) by use of
least-squares regression on light response curve data. This was done using the evolutionary
solver in Excel, version 2016. α and θ were assumed constant throughout the whole canopy.
The ratio between Ci and Ca was assumed constant at 0.7, as suggested by (Sinclair et al.,
1984) for C3 species. This is valid if Ca values are larger than 300 ppm. In the experiment Ca
varied between 350 and 550, resulting from CO2 enrichment. Supporting Information-Figure
S6 shows the fit of modelled and measured data of the response of net photosynthesis rate
to light intensity and leaf internal partial pressure.

Light module. The light in the 3D scene was simulated in hourly time steps with a ray
tracer, called Flux Light Model, provided by GroIMP. The Flux Light Model was described
in detail by (Henke and Buck-Sorlin 2017). This ray tracer was based on an inversed path
tracer with a Monte Carlo pseudo-random number generator as in (Veach, 1997). So, this
light model differed from the light model used by Sarlikioti et al. (2011b) that was based on
radiosity. However, we expect not much differences between the two models. If applied with
our currently used ray numbers, the ray tracer casts enough rays to illuminate each object
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in the scene and will thus be comparable to the radiosity model that simulates all rays from
light source to objects within a specified bounding box; for details on the models we refer to
Chelle and Andrieu (1998), Sarlikioti et al. (2011b) and Henke and Buck-Sorlin (2017). The
number of rays were 750 million and recursion depth was 10; these numbers were chosen such
that a further increase would not improve simulation results [see Supporting InformationTable S3]. For diffuse radiation, the assumption was made of an overcast sky, where light
sources were located according to azimuth at every 7.5◦ and zenith at every 15◦ . The fraction
diffuse light depended on the atmospheric transmission as estimated from hourly measured
global radiation outside the greenhouse (Spitters et al., 1986). The remainder fraction of
light was direct light, and modelled as a point source of directional light, arriving from the
hourly solar position (model from Goudriaan and van Laar 1994). The leaf reflectance and
transmittance for 5 nm wavebands from 400 to 700 nm were measured with a Lambda 1050
spectrophotometer (Perkin-Elmer Inc.) coupled to a snap-in light integrating sphere. Stem
optical properties were assumed to be similar to leaf properties, while fruits were assumed
to absorb all light colours except for green (unripe fruits) and red (ripe fruits) wavelengths
that were reflected for 100 %. A schematic representation of azimuth and solar angle in
relation to row orientation is presented in (Supporting Information-Fig. S2). A comparison
of simulated light extinction in a canopy with measured data and a Lambert–Beer extinction
can be found in (Supporting Information-Fig. S10).
2.2.4

Model scenarios

Row orientation light absorption and net photosynthesis. Model simulations were
run to study light absorption and photosynthesis for the full-grown canopy (last 2 months of
the experiment; 20 May to 20 July). Hourly climatic data on CO2 , temperature and radiation were used as input and the model was run with hourly time steps. The relation between
fraction direct solar light and total radiation can be seen in Supporting Information-Fig. S4.
Calculations were performed for the centre 12 plants in the centre two double rows. For
row orientation comparison, four model simulations were performed: EWN4.6,S3.8 (east–west
row orientation, with a differing leaf area index of 4.6 for north-facing rows and 3.8 for
south-facing rows according to measurements), EWN3.8,S3.8 (east–west row orientation, with
an equal leaf area index of 3.8 for both north- and south-facing rows), EWN4.0,S4.0 (east–west

25

Chapter 2. Row orientation affects the uniformity of light absorption, but hardly affects crop
photosynthesis in hedgerow tomato crops

row orientation, with an equal leaf area index of 4.0 for both north- and south-facing rows;
leaf area index was equal to that of the plants in the north–south row orientation according
to measurements) and NSE4.0,W4.0 (north–south row orientation, with leaf area equal for eastand west-facing rows according to measurements). In order to determine the sensitivity of
the model to important assumptions, three additional model simulations were performed
for EWN4.6,S3.8 : EWN4.6,S3.8,Pn (equal photosynthetic parameters through the whole canopy),
EWN4.6,S3.8,Fl (flat leaves) and EWN4.6,S3.8,Rc (random leaflet curvatures between 0 and 120◦ ).

Inter- and intra-row shading at different latitudes and seasons. For inter-row shading in an E-W row orientation, a simulation study was run for three latitudes (0◦ , 26◦ N
and 52◦ N) for different seasons of the year (21 March, 21 June, 21 December) where northand south-facing rows were compared in an E-W row orientation. In this simulation, CO2
was fixed at 600 ppm, temperature at 23 ◦ C and direct light at 77 %. The chosen days of
the year (80, 171 and 356) represent the spring equinox (21 March) and the summer and
winter solstices (21 June, 21 December). For these simulations the architecture of plants
for north- and south-facing rows was the same with equal leaf area and a leaf area index
(LAI) of 3.8. Distance between mid of the double rows was 160 cm and path width 62 cm
(distance between outer leaves of two rows). In order to determine the sensitivity of the
model to important assumptions, three additional model simulations were performed, where
either the row distance was lowered to 130 cm, row distance was increased to 190 cm or
where the photosynthetic parameters were equal through the whole canopy.
2.2.5

Statistical analysis of experimental data

Final harvest dry weight data of stem and leaves, as well as architectural data on stem length,
leaf area, leaf length and specific leaf area were compared between rows within each row
orientation in each compartment using an F-test (general linear model with main/secondary
stem as covariate; P = 0.05; n = 6). Cumulative plant dry weight over the growth period
was estimated from fruit mass of 12 plants (12 main + secondary stems) for north-, south-,
east- and west-facing rows (including the weekly harvested fruits). As the recorded stem and
leaf weight of three main and three secondary stems at final harvest were non-significantly
different between rows within the row orientations (Table 1), the average stem and leaf
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weight for each row facing side was added to each of the 12 main and secondary stem fruit
weights. Besides this, pruned leaf weight was estimated by averaging the leaf weight of the
bottom 12–15 leaves at three consecutive harvests, comprising an average of 12 plants total
per row facing side, and multiplying this with the total number of leaves harvested over time.
Finally, effects of row facing side on cumulative plant dry weight and fruit dry weight per
plant were tested within each row orientation using an F-test with row as blocking factor
(general linear model with three plants for each row facing side per double row as block; P
= 0.05; n = 4). Normality and equal variances were assumed.
2.3
2.3.1

Results
Experimental results

No significant differences were found for stem and leaf dry weight (g per plant) between
the rows within the east–west as well as within the north–south row orientations (Table
1). Fruit dry weight (g per plant) was significantly higher (7 %) for the south-facing rows
compared to the north-facing rows in the east–west row orientation. Between the east- and
west-facing rows in the north–south row orientation there was no significant difference in fruit
dry weight. No significant differences were found for cumulative plant dry weight between
the rows within the east–west as well as within the north–south row orientations (Table 1).
Leaf area was 18 % higher for north-facing rows than south-facing rows in the east–west row
orientation (Table 2). Specific leaf area (SLA) seemed to be 10 % higher for the north-facing
compared to south-facing rows, though this difference was not statistically significant. Leaf
area was non-significantly different between east- and west-facing rows in the north–south
row orientation. No significant differences were found in stem length and leaf length between
the rows within the east–west as well as within the north–south row orientations (Table 2).
2.3.2

Model simulations

Within-row orientation differences in light absorption and net photosynthesis
Model simulations for the full-grown crop (20 May to 20 July) showed a clear relationship
between global incoming PAR (µmol m−2 s−1 ) and ∆PAR absorbed (µmol m−2 s−1 ) and
∆net photosynthesis (µmol m−2 s−1 ) for the east–west row orientations (Fig. 1, ∆ denotes
differences between the facing sides of rows; in this case between south- and north-facing
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Table 1: Measured values of dry weight of individual plant parts and cumulative plant biomass (g DW
plant−1 ; mean ±se). of the rows with different facing side for plants grown in E-W oriented rows and N-S
oriented rows. Values marked in bold indicate significant differences between both facing rows within the
same row orientation.
E-W orientation
Parameter

Stem

Nf acing

Sf acing

Main

45.7 ±1.3

45.6 ±3.1

Stem

p-value

Secondary

35.3 ±2

39.1 ±3.2

Main

38.5 ±1.9

35.7 ±3.4

Leaf

Leafremoved

N-S orientation

Secondary

30.6 ±2.2

29.2 ±3

Main

141.8

135.3

.476

.442

Ef acing

Wf acing

43.5 ±1.7

44.9 ±3.1

35.0 ±1.8

36.8 ±0.6

33.8 ±0.2

35.6 ±3.5

27.9 ±3.4

32.2 ±2.1

140.7

139.4

61.3

60.7

211.4 ±9.8

211.0 ±4.6

86.6 ±4.4

83.3 ±3.1

Secondary

61.8

59

Main

195.6 ±5.2

213.4 ±5.0

Fruit

p-value
.369

.215

-

.038

.726

Secondary

84 ±5.0

85.5 ±2.4

Stembase

-

34 ±1.1

33.8 ±1.7

.955

32.9 ±1

34.7 ±1.5

.309

Total

-

667.2 ±8.9

676.7 ±7.8

.268

673.1 ±13.7

678.6 ±5.8

.804

Table 2: Measured values of plant architectural parameters leaf area, stem length, leaf length and specific
leaf area at the end of the experiment (20 July) of the rows with different facing side for plants grown in
E-W oriented rows and N-S oriented rows. Values shown are the averages (±se) of the whole plant including
main and secondary heads. Values marked in bold indicate significant differences between both facing rows
within the same row orientation.
Facing

Leaf area

side

(cm2 )

N

10356 ±564

S

8745 ±470

E

8586 ±533

W

9416 ±477

p-value

Stem length

p-value

(cm)

442 ±19

30.6 ±0.5
.926

423 ±7
.150

433 ±18

p-value

(cm)

443 ±15
.007

Leaf length

29.3 ±0.5

29.1 ±0.7

(cm2 g−1 )

p-value

301 ±22
.103

28.7 ±0.6
.224

SLA

274 ±18

.227

280 ±10
.724

285 ±21

.844

rows). On days with low global incoming radiation, which are cloudy days with a larger
fraction diffuse radiation, the north-facing row had a higher light absorption and net photosynthesis compared to the south-facing row. For NSE4.0,W4.0 (both east- and west-facing
row having LAI of 4) very minimal differences were found between east- and west-facing
rows, only 1 % for PAR absorption and 0 % for net photosynthesis (Fig. 1). For EWN4.6,S3.8
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(north-facing row higher LAI than south-facing row) the differences were clear. Over the
whole period, south-facing rows absorbed 7 % more light, but this still resulted in a lower
net photosynthesis of -4 %. With leaf area equal for north- and south-facing rows (simulation EWN3.8,S3.8 ) the difference in light absorption of the south-facing rows compared to
north-facing rows increased to 19 %, while net photosynthesis was 8% higher. The model
sensitivity analysis for EWN4.6,S3.8 showed that the assumption of photosynthetic parameters
had a slight 2% change in daily net photosynthesis, while changing the leaf curvature to
completely flat leaves increased daily PAR differences by 1 % [see Supporting InformationFig. S7]. Model results were only minimally influenced by these parameters. In N-S rows
the cumulative difference in PAR absorption and photosynthesis between the east- and westfaced row was less than 1 %. A comparison between EWN4.0,S4.0 and NSE4.0,W4.0 showed that
EWN4.0,S4.0 had a 3 % higher daily light absorption and net photosynthesis.

Inter-row shading in an east–west row orientation. Biggest relative differences between south- and north-facing rows in PAR absorbed and net photosynthesis were found
when the maximum solar angle during solar noon was about 60◦ (Fig. 2). On Day 80
biggest daily differences in PAR absorption between south- and north-facing row were found
at latitude 26, while at Day 171 and 356 biggest differences were found at latitude 0. In these
cases, the biggest differences were always found in the middle of the canopy [see Supporting
Information- Fig. S5]. This was always paired with light-saturated conditions; hence, the
relative differences in daily net photosynthesis rate are close to half that of differences in
daily absorbed PAR. An example of this was for Day 356, where daily PAR differences were
+55 % and photosynthesis differences only +28 % for latitude 0. For latitude 26 this was
+25 % and +13 %. The fact that the biggest differences were found for the middle leaf layer
indicates that most shading is taking place on the middle layer of the canopy. Reducing the
row distance from 1.6 to 1.3 m, thereby reducing path distance to 0.32 m, resulted in a lower
maximum difference between north- and south-facing rows of 33 % instead of 61 % for latitude 26 on Day 80 [see Supporting Information-Table S4]. Differences in net photosynthesis
were decreased by 10 % (from 32 to 22 %). Increasing the row distance from 1.6 to 1.9 m,
thereby increasing path width to 0.92 m, resulted in a maximum difference in daily absorbed
PAR between north- and south-facing rows of 73 % instead of 55 % for latitude 0 on Day
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356. This resulted in an only small increase in differences of daily net photosynthesis of
north versus south-facing row from 28 to 32 %. Hence, modifying the row distance had clear
effects on daily light interception, although effects were limited for daily net photosynthesis
since most additional light captured was during light-saturated conditions. Removal of leaf
photosynthetic aging in the model increased daily net photosynthesis differences between
north- and south-facing rows by a maximum of 6 % for latitude 26 on Day 80.

Figure 1: Simulated absolute differences in (A) PAR absorbed (µmol m−2 s−1 ) and (B) net photosynthesis
rate (µmol m−2 s−1 ) between the two sides of a row versus incoming PAR (µmol m−2 s−1 ); hence, difference
between south- and north-facing rows in an E-W row orientation and between east- and west-facing rows
in a N-S row orientation. ’EWN4.6,S3.8 ’ denotes the model simulation where north-facing rows had a higher
leaf area index than south-facing rows (leaf area index 4.6 versus 3.8 m2 m−2 ), whereas ’EWN3.8,S3.8 ’ is the
model simulation where north-facing rows and south-facing rows have equal leaf area index (3.8 m2 m−2 ).
In ‘NSE4.0,W4.0 ’ both east- and west-facing rows have equal leaf area index (4.0 m2 m−2 ). Each data point
refers to an entire plant and represents the value of 1 day (from sun rise to sun set) between 20 May and 20
July.
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Figure 2: Hourly simulated PAR absorbed (A, D, G) and net photosynthesis (B, E, H), presented as differences (µmol m−2 leaf area s−1 ) between south- and north-facing rows of east–west oriented rows for three
different leaf layers from bottom to top of canopy (80 cm height interval each) at different latitudes (0, 26
and 52◦ Northern hemisphere) on days that represent the spring equinox (Day 80) and the summer and
winter solstices (Day 171 and 356). Solar angle and azimuth are shown in C, F and I. Leaf area index of
each canopy height (from bottom to top) was 1.43, 1.42 and 0.93 m2 and was equal for the north- and
south-facing rows. The numbers just above the x-axis represent cumulative differences over the whole day
between the south- and north-facing rows. For schematic representation of azimuth and solar angle, we refer
to Supporting Information-Fig. S2.
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2.4

Discussion

2.4.1

Leaf area adaptation increased within-row net photosynthesis uniformity

Although the total plant mass was similar for north- and south-facing rows, south-facing rows
produced substantially more fruit mass. Hence, dry matter partitioning differed between
north- and south-facing plants. This could be due to a higher fruit temperature in the
south-facing rows, when fruits were hanging below the leaves, at the stage in which they
are more prone to heat maturation (Adams et al., 2001). Temperatures of tomato trusses
on the outside of the canopy have been shown to be 1.9 ◦ C higher than air temperature
and 0.9 ◦ C warmer than trusses in middle of the rows (Adams and Valdeés, 2002). With
south-facing rows receiving more light the higher temperatures could have resulted in faster
fruit development (Qian et al., 2015) and potentially a higher partitioning towards the fruits
(Adams et al., 2001).
The increase in fruit dry weight was observed to have been compensated by a decrease
in light absorption by a reduction in leaf area (Table 2). Surprisingly, north-facing plants
adapted and had a larger total leaf area. This larger total leaf area partly compensated
the lower light absorption per unit leaf area. An increase in leaf area is observed under
shade avoidance symptoms (Kalaitzoglou et al., 2019). Another symptom, a decrease in leaf
thickness (where more leaf area per gram of dry weight is required) (Holmes and Smith,
1975; Smith and Whitelam, 1997), was observed but found non-significant. Other typical
shade avoidance responses were not found such as increased elongation of stems (Ballaré
et al., 1991; Smith and Whitelam, 1997; Cole et al., 2011), nor a change in leaf mass.
Model simulations withincreased leaf area for plants in the north rows (EWN4.6,S3.8 )
demonstrate that the increase in leaf area enhanced within-row uniformity in light absorption
and net photosynthesis (Fig. 1). At the end of the period of 2 months, total simulated light
absorption was 7 % higher for south-facing rows, while net photosynthesis rate was -4 %. To
understand the difference in these relative effects on light absorption and net photosynthesis,
we have to consider that during the period of the model simulations the climate consisted
of days with varying light conditions. On completely cloudy days the north-facing rows had
higher light absorption and higher net photosynthesis rate. On sunny days the south-facing
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rows absorbed more light than north-facing rows. However, during hours close to solar noon
when intensity is high the effects of extra light on photosynthesis are relatively small (Fig.
2). This can also be seen in a frequency plot covering simulations of the whole 2 months [see
Supporting Information- Fig. S3]. The assumptions of leaf curvature and photosynthetic
aging throughout the canopy had minimal influence on model result findings [see Supporting
Information-Fig. S7]. Model simulations where leaf area was equal between north- and
south-facing rows (EWN3.8,S3.8 ) show that this would have resulted in a major difference
between the two rows in light absorption and net photosynthesis of 19 and 8 %, respectively.
2.4.2

Light absorption and net photosynthesis similar between row orientations

In the current modelling study a minimal difference in light absorption and net photosynthesis was found for the period of 20 May to 20 July between both row orientations, with 3
% higher light absorption and net photosynthesis for the E-W row orientation (EWN4.0,S4.0 )
compared to the N-S row orientation (NSE4.0,W4.0 ). This is also in accordance with model
simulations of Gijzen and Goudriaan (1989), who mentioned that row orientation is less
influential at higher latitudes when the path width and row height ratio was in the range of
≤30 %. In this study, the path width was 62 cm and row height was 2.3 m, resulting in a
ratio of 27 % between both. Similarly, another study on plant spatial distribution in maize
suggested that the plasticity of maize canopy results in similar daily light interception values
in different inter-row distances (Maddonni et al., 2001). Furthermore, no differences were
found within the N-S row orientation, in accordance with previous literature (Trentacoste
et al., 2015).
2.4.3

Inter-row shading in an east–west row orientation

The model exploration showed that inter-row shading of south-facing on north-facing rows is
highly season- and latitude-dependent, following similar patterns to that found in hedgerows
by Trentacoste et al. (2016). The differences of 33 % between daily differences in light
absorption and daily differences in net photosynthesis on Day 356 show that light saturation
plays a large role in row orientations where inter-row shading occurs around solar noon.
At higher angles the differences are largest when the azimuth is not following the equator.
Similar to Trentacoste et al. (2016) we found that the biggest differences between north- and
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south-facing rows are found in the middle layer of the canopy, followed by the top and then
the bottom of the canopy (Fig. 2). Different strategies could be explored to increase the
uniformity in tomato production within the double rows. The sensitivity analysis showed
that either reducing or increasing row distance by 30 cm had a quite large effect on light
interception differences up to 28 %, although differences in photosynthesis did not exceed 11
% and thus remained similar. To reduce within-row differences between facing sides it could
be worthwhile to prune leaves around the middle leaf layer of the south- or north-facing
rows, as it has been shown that most light is absorbed by the middle leaf layer. This light
could then penetrate to the next rows.
2.5

Conclusions

Despite the higher uniformity when rows were oriented north–south, the overall crop light
absorption and photosynthesis were slightly higher for an east–west orientation (both 3 %
higher). Due to plant adaptation, row orientation had a minimal influence on light absorption
and net photosynthesis at 52◦ N, where east–west has a slightly higher light absorption and
net photosynthesis. In an east–west row orientation, an increased leaf area for the northfacing rows compared to the south-facing rows enhanced the uniformity in light absorption
and net photosynthesis. Here, despite inter-row shading and higher light absorption for the
south-facing rows, dry weight production was unaffected due to light saturating conditions.
Model explorations reveal that almost all competition for light occurs in the middle layer
of the canopy, and that this is strongly dependent on season with differences in solar angle
and azimuth. Model simulations for the spring equinox and the summer and winter solstices
reveal that between north- and south-facing rows the differences in daily light absorption
range from -37 % up to +61 %, whereas for daily net photosynthesis this range is between
-23 % up to +32 %. Reducing the row distance or pruning leaves are clear strategies that
minimize within double row differences in productivity.
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2.6

Supplementary material

Figure S1: Pictures taken during the experiment at 1 (A), 6 (B), 10 (C), and 14 weeks after transplanting
(D, E).
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Figure S2: Schematic representation of azimuth and solar angle, in relation to plants in a row with southnorth orientation.

Figure S3: Frequency distribution of PPFD absorbed by each individual leaflet during the whole two month
period for north and south facing rows.
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Figure S4: Simulated averaged daily direct light (%) versus daily incoming PAR (µmol m−2 s−1 ) for the
final two months of the experiment (20 May to 20 July).
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Figure S5: Hourly simulated PAR absorbed (A, D, G) and net photosynthesis (B, E, H) differences (µmol
m−2 leaf area s−1 ) for south-facing rows in east-west oriented rows for three different leaf layers (80 cm each)
at different latitudes (0, 26 and 52◦ Northern hemisphere) on days that represent the spring equinox (day
80) and the summer and winter solstices (day 171 and 356). Leaf area index of each canopy height (from
bottom to top) was 1.43, 1.42 and 0.93m2 .
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Figure S6: Measured (symbols) and modelled (lines) relation between net assimilation rate and (A) leaf
internal partial pressure pressure of CO2 and (B) incident light intensity, at the middle-top (triangles;
dotted line; 50-80 cm from the top) and bottom (crosses; dashed line; 150 cm from the top) of the canopy.

Figure S7: Sensitivity analysis EW1 . Pn stands for equal photosynthesic parameters throughout the entire
canopy (no aging), Fl stands for flat leaves (0 degrees curvature in leaflets), Rc stands for random curvature
(between 0 and 120 degrees), normally curvature of leaves is 60 degrees.

40

Chapter 2. Row orientation affects the uniformity of light absorption, but hardly affects crop
photosynthesis in hedgerow tomato crops

Figure S8: Simulated representation of a single leaf of a plant showing the number of leaflets and curvature.
The place of the first and second bend of the rachis are depicted by respectively a red and a blue arrow.

Figure S9: Single plant showing the architecture of a plant.
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Figure S10: Comparison of simulated light extinction in the canopy compared with measurements and
Lambert-Beer extinction (k=0.75).
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Table S1: Composition of the nutrient solution used in the experiment. Solution EC: 2.8 and pH: 5.5.
Macronutrients

Amount

Unit

Micronutrients

Amount

Unit

NH4

1.2

mmol/l

Si

0

µmol/l

K

10.3

mmol/l

Fe

25

µmol/l

Na

0

mmol/l

Mn

10

µmol/l

Ca

5.8

mmol/l

Zn

5

µmol/l

Mg

2.59

mmol/l

B

30

µmol/l

NO3

17.2

mmol/l

Cu

0.75

µmol/l

SO4

4.76

mmol/l

Mo

0.5

µmol/l

HCO3

0

mmol/l

Cl

0

µmol/l

P

1.62

mmol/l
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Table S2: Architectural parameter values considered non-significantly different of petiole angle, rachis first
bend and rachis second bend for different phytomer ranks.
Phytomer

Petiole angle

Rachis first bend

Rachis second bend

1

10.0

-22.7

-20.9

2

19.4

-25.0

-18.8

3

20.7

-15.7

-27.1

4

18.1

-22.5

-26.3

5

28.1

-25.6

-8.1

6

10.0

-20.0

-12.5

7

21.0

-22.5

-8.0

8

23.6

-20.7

-15.0

9

17.5

-15.8

-5.0

10

23.9

-17.2

3.9

11

23.9

-24.3

-3.6

12

26.4

-15.0

-10.0

13

19.6

-9.6

-5.0

14

27.5

-14.5

-3.0

15

31.2

-9.6

-6.2

16

31.3

-10.6

-10.6

17

25.0

-15.5

-1.5

18

35.5

-11.8

3.2

19

36.7

-5.8

0.0

20

40.6

-1.9

2.5

21

44.6

-7.9

-5.8

22

51.4

-7.3

-9.1

23

49.3

-11.8

-22.5

24

50.0

-23.8

-20.0

25

46.4

-16.8

-22.3

26

51.4

-21.4

-21.4

27

53.3

-6.7

-5.0
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Table S3: Percentual difference of modelled crop net photosynthesis and absorption of PPFD between model
runs using default or other values of input parameters such as number of parallelograms per leaflet (6 to
14, with 8 as default), ray number (50 million to 1 billion, with 750 million as default) and recursion depth
(1-15, where 10 is default). Simulations were done for one light condition on day 171 with diffuse sunlight
and a plant density of 4.4 m−2 . For the default settings simulated daily averaged photosynthesis and crop
light absorption were 36.16 µmol CO2 m−2 s−1 and 1591.85 µmol PPFD m−2 s−1 .
Parameter value

Net photosynthesis

PPFD absorbed by crop

6

100.10

99.86

7

100.03

99.95

10 (default)

100.00

100.00

12

100.01

100.02

14

100.02

100.03

50

99.94

100.08

100

99.95

99.98

250

99.98

99.98

500

99.99

99.99

750 (default)

100.00

100.00

1000

100.00

100.00

1

95.53

96.02

5

99.90

99.91

10 (default)

100.00

100.00

15

100.01

100.01

Number of parallelograms

Ray number (millions)

Recursion depth
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Table S4: Daily differences in PAR absorption and net photosynthesis (%) between south- and north-facing
rows in an E-W row orientation at different latitudes (0, 26 and 52◦ Northern hemisphere) on days that
represent the spring equinox (day 80) and the summer and winter solstices (day 171 and 356). Leaf area
index of the canopy was 3.8. Path and row width were 62 cm and 160 cm, respectively. Distance between
both rows in a double row was 0.5m.
Daily PAR difference (S/N; %)
Latitude

Day

Ref

Row dist

Row dist

(130 cm)

(190 cm)

Pn equal

Daily net photosynthesis difference (S/N; %)
Ref

Row dist

Row dist

(130 cm)

(190 cm)

Pn equal

0

80

1

1

1

1

0

1

0

1

0

171

-37

-23

-43

-37

-23

-15

-25

-26

0

356

55

28

73

55

28

17

32

33

26

80

61

33

75

61

32

22

32

38

26

171

-14

-9

-16

-14

-11

-8

-11

-12

26

356

25

13

36

25

13

8

17

14

52

80

35

19

46

35

20

14

24

22

52

171

25

15

30

25

9

7

8

11

52

356

14

14

16

14

11

13

12

12
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Abstract
Local and long-distance plant responses to localized light spectrum have hardly been studied
in large plants. This paper aims to investigate whether local supplementation of FR results
in local or long-distance architectural and growth responses in full-grown tomato plants.
Tomato plants grown in a climate chamber were separated horizontally with white plastic
at 85 days after sowing (lower half was 50cm and upper half 15cm long). The lower half was
already full-grown and did not elongate anymore. The following 17 days both halves received
123 µmol m−2 red/blue light. The lower, upper, or none of the plant halves received 94
µmol m−2 additional far-red radiation (FR). FR supplied to the upper half increased petiole
and internode elongation as well as specific leaf area (SLA) while petiole angle decreased.
Moreover, dry weights of leaf stem (petiole+rachis+petiolules) and stem increased while
leaf (lamina) dry weight decreased. Leaf area was unaffected. When FR was supplied to
the lower half of the plant SLA, stem length, and stem dry weight of the upper half also
increased, but to a lesser extent than when FR was supplied to the upper half. However, FR
supplied to the lower half of the plant did not significantly affect other parameters such as
petiole length, petiole angle and leaf dry weight of the upper plant half. We conclude that
locally supplied FR has long-distance effects on length and dry weight of the stem and on
SLA, while some other parameters (petiole elongation, petiole angle, leaf weight) are only
locally affected.
3.1

Introduction

The link between a plant’s site of light perception and the sites where morphological adaptations take place is a field of study with recent advancements but is still not fully understood
(Küpers et al., 2018; Iglesias et al., 2018). Plants are modular organisms and are the product
of build-up of individual organs connected to one big network through the xylem and phloem
(Kroon et al., 2005). Each organ perceives its own light microclimate (light intensity and
spectrum; Chelle, 2005). Changes in morphology resulting from an individual organ’s perceived light microclimate can be at the level of the organ itself (local) and at the plant level
where it also affects other plant organs (long-distance). Local and long-distance morpho-
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logical responses to the local light spectrum can be studied in relation to the photoreceptor
phytochrome by lowering the ratio of red (R) to far-red (FR) light, mimicking shade, through
application of FR. This lowered R to FR ratio induces shade avoidance responses (SAR) such
as increased elongation of stems (Ballaré et al., 1991; Smith and Whitelam, 1997; Cole et al.,
2011) and petioles (Kozuka et al., 2010) and reorientation of petioles (Whitelam and Johnson
1982; Sasidharan et al., 2010; Pantazopoulou et al., 2017; Kalaitzoglou et al., 2019), in order
for a plant to compete with its neighbours. There are plenty of reviews on the way SAR are
thought to operate and on their functionality (Casal, 2013; de Wit et al., 2016; Fraser et al.,
2016; Ballaré and Pierik, 2017; Viczián et al., 2017; Iglesias et al., 2018).
An increase in perception of FR upregulates the biosynthesis of auxin, a plant hormone
strongly related to SAR (Procko et al., 2014; Tao et al., 2008). Auxin is transported from
cell to cell through polar auxin transport by auxin efflux carriers PIN-FORMED3 (PIN3),
PIN4 and PIN7 (Keuskamp et al., 2010; Kohnen et al., 2016). Studies with (mutant) plants
where auxin was limited in biosynthesis, conjugation, transport, downstream signaling or
perception showed severely weakened SAR (Keuskamp et al., 2010; Keuskamp et al., 2011;
de Wit et al., 2015). The way this is thought to operate at the molecular level is that
perception of FR inactivates phytochrome B, which results in a reduced phosphorylation and
less degradation of the phytochrome-interacting factors (Ni et al., 2014; Shin et al., 2016).
Phytochrome-interacting factors are basic helix-loop-helix transcription factors (Leivar and
Quail, 2011) and promote elongation (Ni et al., 2014; Shin et al., 2016). Therefore, an
increase in perceived FR increases the activity of phytochrome interacting factors, resulting
in SAR.
Local versus long-distance responses to light spectrum are commonly studied in seedlings,
where (de-etiolated) seedlings are used as study material, allowing for fast research (Küpers
et al., 2018). These studies provide very useful information and have revealed that light
spectrum perceived by an organ induces a wide range of morphological responses which
can either be local or long-distance, depending on the type of organ receiving the light
treatment and the morphological response looked at, as summarized by Küpers et al. (2018).
Early work on cucumber (Cucumis sativus L.) (Black and Shuttleworth, 1974) and on white
mustard (Sinapsis alba L.) (Casal and Smith, 1988; Casal and Smith, 1989) revealed that
local illumination of the cotyledons by FR induced an increased extension growth of the first
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internode. This increased internode extension growth is fueled by and requires an increase in
sucrose transport towards the internode (de Wit et al., 2018). Local illumination with FR on
cotyledons of Brassica rapus seedlings induced hypocotyl elongation which was linked to an
auxin gradient from the leaves towards the hypocotyl (Procko et al., 2014). A long-distance
response was also found in Arabidopsis thaliana, where illumination with FR on the tip of a
lamina induced a hyponastic response in the petiole of that particular leaf (Pantazopoulou
et al., 2017; Michaud et al., 2017). Sugar content and botrytis were found to increase in
both the third and fourth formed leaf, when the fourth leaf of young tomato plants was
illuminated by FR, but illumination of third leaf only affected the third leaf (Courbier et al.,
2020). Thus, using young plants as model plants has demonstrated that there is a variety of
responses to local FR.
Extrapolation of results from studies on local lighting on de-etiolated seedlings, rosette
plants or very young plants to tall plants (e.g. longer than 1 m) is difficult if not impossible,
and experiments should be conducted with large adult plants (Küpers et al., 2018). That
long-distance signaling is possible has been shown for root development and flowering, which
are regulated by R:FR perception in the leaves (Chen et al., 2016; Endo et al., 2016; van
Gelderen et al., 2018). According to the best of our knowledge there has been no research
in tall full-grown plants whether FR effects on growth and morphology are local or longdistance. Therefore, this paper aimed to investigate whether and to which extent local
supplementation of FR results in local or long-distance architectural and growth responses
in full-grown tomato plants. A climate room experiment was performed where tomato plants
were horizontally separated by opaque white plastic in a lower and a upper half and FR was
locally supplemented to either of the two halves.
3.2
3.2.1

Material and methods
Plant material and growth conditions

Tomato seeds (Solanum lycopersicum, cv. Cappricia) were sown in a tray with stonewool
(Grodan, Roermond, The Netherlands) plugs in a climate chamber, irrigated with a tomatospecific nutrient solution (EC = 2.1 dS m−1 and pH = 5.5; Table S1). Thirteen days since
sowing, a total of 18 seedlings were transplanted onto stonewool blocks (10 cm x 10 cm x
6.5 cm) and placed onto 6 stonewool slabs (100 cm x 20 cm x 10 cm) placed in hard plastic
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Figure 1: Tomato plants separated in lower and upper halves by use of two layers of white plastic. In
each treatment both halves received R+B light by LED lighting (123 µmol m−2 s−1 ) and received either
no supplemental FR (left), supplemental FR (94 µmol m−2 s−1 ) in the lower half of the plant (center) or
supplemental FR (94 µmol m−2 s−1 ) to the upper half of the plant (right).

gutters on the floor. Day length was 16 hours with a light intensity of 123 µmol m−2 s−1
at the apex. Light was provided by red and blue (RB) LEDs (ratio 76:24; GreenPower
RB production modules 150 cm, Philips, the Netherlands). The distance between light
source and top of the plants was kept at a maximum of 40 cm and minimum of 30 cm by
raising the height of the LEDs. Setpoint for relative humidity was 70%, and setpoints for
day/night temperatures were 22/20◦ C. Temperature and relative humidity were continuously
measured in one compartment with a Hoogendoorn Box (Hoogendoorn, the Netherlands).
During both repetitions, measured day and night temperatures (◦ C) with standard deviations
were 21.8 ±0.5/ 19.9 ±0.4 and 21.8 ±0.4/ 19.8 ±0.3. Measured relative humidity (%) was
70.0 ±1.9 and 70.0 ±1.4. Combined temperature and humidity loggers were placed in each
compartment during several days to compare the local climate, with average differences
between treatments of at most 4.5% relative humidity and 0.1◦ C (ML4106 Temperature and
Humidity Data Logger: Hanwell, England; Tables S2 and S3).
The plants were supported by a high wire once they reached 40 cm. The first truss
(phytomere rank 12) was removed before anthesis to provide sufficient vegetative growth
before the treatment began. Axillary bud outgrowths were removed at least every other
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day. To ensure pollination of the flowers a Vibri Vario (tomato pollinator; Royal Brinkman,
the Netherlands) was used to vibrate each flowering truss 5 times a week. All trusses were
pruned to 6 fruits per truss.
At 85 days since sowing the climate chamber was separated in three units by use of two
layers of white/black double sided plastic (Fig. 1). Each unit contained one of 3 treatments,
randomly allocated, and was 1.2 m2 in area with 6 plants, resulting in a planting density
of 5 plants m−2 . Within each unit the plants themselves were divided into lower (up to
phytomere rank 14) and upper plant (from phytomere rank 15) halves by use of two layers
of white/black double sided plastic (white sides towards both the upper and lower half of
the plants); the lower half was 50 cm long and the upper stem was 15 cm at start of the
treatments. In addition to the already present RB LEDs above the apex, RB LEDs were
installed in an identical way at the top of the lower plant part. In this way on each level
there was 123 µmol m−2 s−1 RB light. Besides the additional RB LEDs, also FR LEDs
(GreenPower LED production modules FR 120 cm, Philips, the Netherlands; λ: 710-760
nm; peak at 735 nm) were installed in two of the treatments, either at the lower or upper
plant half, with an intensity of 94 µmol m−2 s−1 . The R:FR ratio with standard deviation
was 1.30 ±0.12. Leaves on phytomere ranks 10 to 14 were removed to make sufficient space
between LEDs and the leaves. Also leaves on phytomere ranks 1 to 5 were removed due to
some leaf senescence. The healthy leaves at rank 6 to 9 were kept. These were considered
adult leaves since they had reached their final length and did not elongate during treatment
(Table S4). Supplemental FR lasted for 17 days.
3.2.2

Plant measurements

Non-destructive plant measurements were taken on the day of treatment initiation (day
85) and at the end of the experiment (day 102). These measurements were divided in
measurements on the young (phytomere ranks ≥15) and on the adult part (phytomere ranks
6 to 14). Measurements on the young part included internode length (≥2 mm), leaf length
(≥5 cm) and width as measured by protractor and pictures were taken to determine the
petiole angle (upper angle between petiole and stem). At the end of the experiment (day
102), destructive measurements were performed on each individual phytomere, determining
leaf area (LI-3100C, LI-COR, USA) and dry weights of internode, leaf lamina, leaf stem (this
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term is used here for the sum of petiole, rachis and petiolules) and fruit truss. Dry weight
was determined after oven drying (ventilated oven, 70◦ C for 24h, followed by 105◦ C for 24h).
3.2.3

Statistical analysis

The experiment was conducted twice. In each experiment the three treatments were randomized over 3 plots. There were 6 replicate plants per plot in each experiment. As there was no
systematic difference between replicate experiments for any of the parameters tested (data
not shown), data were analyzed as randomized design by ANOVA, followed by mean separation with Student’s Least Significant Difference (LSD) test. Normality and equal variances
were assumed. Motivated by the small number of experimental units (n = 2), treatment
effects were tested at the 10% instead of 5% probability level to avoid that likely treatment
effects would be denied (Ott and Longnecker, 2006). Data collected on the adult plant parts
before and after the treatments were compared using a paired samples t-test.
3.3
3.3.1

Results
Architecture

Supplying FR to the upper half of the plant (FRupper ) increased stem and petiole length
and specific leaf area (SLA) in the upper half of the plant, while it decreased petiole angle
(upper angle between petiole and stem), hence more upright leaves (Fig. 2). Leaf area was
not significantly influenced by supplemental FR. When FR was supplied to the lower plant
half, stem length and SLA in the upper half of the plant also increased but to a lesser extent
than when FR was supplied to the upper plant part (Fig. 2). No significant differences were
found between the control (no FR) and FRlower (FR supplied to lower plant half) for petiole
length, petiole angle, and leaf area in the upper half of the plant.
3.3.2

Biomass

FR, whether supplied to lower or upper half of the plant, increased stem dry weight of
the upper plant half, though effects of FRupper were larger than that of FRlower (Fig. 3).
Dry weight of the leaf stem (petiole+rachis+petiolules) was significantly higher for FRupper
compared to the control, whereas for FRlower it was in between and not significantly different
from either of the other two treatments. Leaf (lamina) dry weight was the same for control
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and FRlower , whereas this was significantly lower for FRupper . Fruit dry weight seemed
to increase from control to FRlower to FRupper , but the differences were not statistically
significant due to a high variance. The treatments had no statistically significant effect on
total dry weight of the upper plant half.

Figure 2: Architecture of the upper plant half when supplemental FR was applied to either no plant half
(Control), the lower plant half (FRlower ) or the upper plant half (FRupper ). Different letters indicate significant differences (P=0.10), based on the LSD test. Standard error of the mean was based on the common
variance and p-values (F-test) are given in each panel.
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Figure 3: Dry weights of the plant organs and the total of all organs of the upper plant half when supplemental
FR was applied to either no plant half (Control), the lower plant half (FRlower ) or the upper plant half
(FRupper ). Leaf stem refers to sum of petiole, rachis and petiolules; leaf refers to the lamina of the leaf.
Different letters indicate significant differences (P=0.10), based on the LSD test. Standard error of the mean
was based on the common variance and p-values (F-test) are given in each panel.
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3.4

Discussion

3.4.1

Overall response to far-red radiation supplied to the upper plant half

The observed increases in petiole and internode length due to FR illumination of the upper
half of the plant is in line with findings with FR illumination of whole plants (Holmes and
Smith, 1975; Ballaré et al., 1991; Smith and Whitelam, 1997; Kozuka et al., 2010; Cole
et al., 2011; Kalaitzoglou et al., 2019). The decrease in petiole angle (more upright leaves) is
in line with findings on small balsam (Impatiens parviflora) (Whitelam and Johnson 1982)
and Arabidopsis thaliana (Sasidharan et al., 2010; Pantazopoulou et al., 2017), though
Kalaitzoglou et al. (2019) found an increase in petiole angle when tomato plants were
illuminated by additional FR.
Leaf (lamina) dry weight was significantly decreased in the upper half of the plant, while
at the same time dry weights of leaf stem (petiole+rachis+petiolules) and stem increased
when FR was supplied to the upper plant part (Fig. 3). The observation that there was
no statistically significant increase in the upper plant half total biomass might be explained
by the short duration of the F treatment. Kalaitzoglou et al. (2019) found that biomass
increases with supplemental FR due to increased leaf area and hence light interception. Here,
no differences were yet found for leaf area within the 17 days of treatment. The decrease
in leaf dry weight while increase in dry weights of stem and leaf stem agrees with general
effects of FR on dry matter partitioning (Ballaré et al., 1991; Smith and Whitelam, 1997;
Cole et al., 2011; de Wit et al., 2018). Furthermore, the dry matter partitioning to fruits
tended to increase (though not statistically significant), which is in line with Ji et al., (2019)
when whole plants were illuminated by supplementary FR.
3.4.2

Local versus global response to far-red radiation

FR supplied to the upper half of the plant affected many variables of the upper plant half.
Some of these variables such as petiole length, petiole angle and leaf weight, were not affected
by FR supplied to the lower plant part. Hence, FR had a local effect but not long-distance
effect on these variables. In contrast, variables like stem length, specific leaf area and dry
matter partitioning to stem and leaf stem (at the expense of leaves) were affected by both
supplying FR to lower or upper half of the plant. However, these effects were stronger when
FR was supplied to the upper half of the plant. This indicates that in relatively tall plants
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(1.3m) FR has a long distance effect on these variables, though the FR effect is smaller
for organs at a distance from the FR illuminated organs. An explanation for the weaker
long-distance effects compared to local effects could be that the distance itself has a limiting
effect on the transport of the signal, possibly through dilution, as seen with auxin transport
(Goldsmith et al., 1974) or that local synthesis of a signal molecule is more important, as
proposed for auxin (Zhao, 2018).
3.4.3

Conclusions

Morphological and growth responses occurred in the upper young part of tomato plants
when FR was supplied to adult leaves of the lower half of the plants. The morphological and
growth responses were weaker than those resulting from locally perceived FR at the upper
young plant part. Still, morphology and growth of young developing plant tissue can be
influenced by light spectrum perceived by adult plant parts.
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3.5

Supplementary material

Table S1: Composition of the nutrient solution used in the experiment. Solution EC: 2.1 and pH: 5.5.
Macronutrients

Amount

Unit

Micronutrients

Amount

Unit

NH4

1,2

mmol/l

Si

0

µmol/l

K

7,2

mmol/l

Fe

35,0

µmol/l

Na

0

mmol/l

Mn

8,0

µmol/l

Ca

4,0

mmol/l

Zn

5,0

µmol/l

Mg

1,82

mmol/l

B

20,0

µmol/l

NO3

12,4

mmol/l

Cu

0,5

µmol/l

SO4

3,32

mmol/l

Mo

0,5

µmol/l

HCO3

0

mmol/l

Cl

0

µmol/l

P

1,0

mmol/l

Table S2: Temperature (o C) and relative humidity (%) ±standard deviation measured during 4 consecutive
days in each of the 3 compartments before FR treatment
Period

Treatment

Temperature

Relative humidity

Day

Control

22.5 ±0.5

67.2 ±1.5

Day

FRlower

22.5 ±0.5

64.5 ±1.3

Day

FRupper

22.4 ±0.5

68.7 ±1.5

Night

Control

20.8 ±0.2

66.2 ±1.0

Night

FRlower

20.8 ±0.1

67.6 ±1.0

Night

FRupper

20.8 ±0.1

63.1 ±0.8

60

Chapter 3. Local versus long-distance responses to far-red illumination in full-grown tomato plants

Table S3: Temperature (o C) and relative humidity (%) (±standard deviation) measured during 3 consecutive
days in the lower and upper halves in each compartment during FR treatment
Period

Treatment

Layer

Temperature

Relative humidity

Day

Control

Lower

21.3 ±0.6

70.4 ±2.7

Day

FRlower

Lower

21.3 ±0.6

69 ±2.4

Day

FRupper

Lower

21.3 ±0.5

69.3 ±2

Day

Control

Upper

21.4 ±0.5

67.2 ±1.9

Day

FRlower

Upper

21.4 ±0.4

67.5 ±1.4

Day

FRupper

Upper

21.3 ±0.4

66 ±0.7

Night

Control

Lower

19 ±0.5

72.4 ±4.2

Night

FRlower

Lower

19 ±0.5

71.9 ±4.6

Night

FRupper

Lower

18.9 ±0.5

71.8 ±4.5

Night

Control

Upper

19.5 ±0.3

68.1 ±1.5

Night

FRlower

Upper

19.5 ±0.2

67.8 ±1

Night

FRupper

Upper

19.4 ±0.2

66.2 ±0.8

Table S4: Paired samples t-tests reveal that there were no significant differences between stem length (phytomere ranks 6 to 14) and leaf length (phytomere ranks 6 to 9) at the moment the treatments started and
the final day of the experiment.
Parameter

Treatment

Start of treatment

End of treatment

P -value

Stem length

Control

34.3

34.2

0.695

FRlower

34.6

34.9

0.215

FRupper

34.2

34.3

0.935

Control

36.6

36.6

1.000

FRlower

35.4

35.2

0.357

FRupper

35.6

35.4

0.407

Leaf length
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Abstract
In the past decade, the potential of intra-canopy light-emitting diode (LED) lighting to
enhance or modify crop growth and yield has been explored in greenhouse cultivation.
Changes in spatial heterogeneity of light absorption that come with the introduction of
intra-canopy lighting have not been thoroughly explored. We calibrated and validated an
existing functional- structural plant model (FSPM), which combines plant morphology with
a ray tracing model to estimate light absorption at leaflet level. This FSPM was used to
visualize the light environment in a tomato crop illuminated with intra-canopy lighting,
top lighting or a combination of both. Model validation of light absorption of individual
leaves showed a good fit (R2 = 0.93) between measured and modelled light absorption of
the canopy. Canopy light distribution was then quantified and visualized in three voxel
directions by means of average absorbed photosynthetic photon flux density (PPFD) and
coefficient of variation (CV) within that voxel. Simulations showed that the variation coefficient within horizontal direction was higher for intra-canopy lighting than top lighting
(CV=48% versus CV= 43%), while the combination of intra-canopy lighting and top lighting yielded the lowest CV (37%). Combined intra-canopy and top lighting (50/50%) had in
all directions a more uniform light absorption than intra-canopy or top lighting alone. The
variation was minimal when the ratio of PPFD from intra-canopy to top lighting was about
1, and increased when this ratio increased or decreased. Intra-canopy lighting resulted in 8%
higher total light absorption than top lighting, while combining 50% intra-canopy lighting
with 50% top lighting, increased light absorption by 4%. Variation in light distribution was
further reduced when the intra-canopy LEDs were distributed over strings at four instead
of of two heights. When positioning LED lamps to illuminate a canopy both total light
absorption and light distribution have to be considered.
4.1

Introduction

In the past decade, the potential of intra-canopy lighting with light-emitting diodes (LED) to
enhance crop growth has been explored in greenhouse cultivation, where part of the supplementary light is given from within the canopy. By providing supplementary light within the
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crop reflective loss of the upper canopy is reduced (Trouwborst et al., 2010). Furthermore,
a more homogeneous vertical light distribution and therefore a higher photosynthetic use
efficiency of the absorbed light could be achieved (Trouwborst et al., 2010). Studies with
intra-canopy lighting partially replacing top lighting showed increased fruit yield in cucumber (Hovi-Pekkanen et al., 2004; Hovi-Pekkanen and Tahvonen, 2008), an increase in sweet
pepper fruit number and weight (Hovi-Pekkanen et al., 2006), and an increased net photosynthesis (PN) and photosynthetic capacity (Pmax) in cucumber (Pettersen et al., 2010). In
other studies no differences were found in whole plant biomass production or yield between
top lighting and intra-canopy lighting (Trouwborst et al., 2010; Dueck et al., 2011; Gómez
and Mitchell 2016; Yan et al., 2018). This lack of biomass gain could be related to a loss
of total light interception due to extreme leaf curling by intra-canopy lighting as observed
by Trouwborst et al. (2010) who used a large fraction of blue light. Gómez and Mitchell
(2016) mentioned an increased maintenance respiration of leaves lower in the canopy that
acclimated to a higher light intensity and an increased partitioning to non-harvestable organs
as possible reasons for lack of effect on yield. All the explanations mentioned in literature
about effects or absence of effects are based on differences in incident light environment
which affect plant growth and morphology.
Measuring the incident light environment for individual leaves in a canopy is complex due
to large horizontal and vertical light heterogeneity within a canopy. Incident light from lighting from above can be measured by quantum sensors pointing upward at different heights.
Incident light from intra-canopy lighting might be measured by use of quantum sensors
pointing in a sideward direction towards the intra-canopy lighting at different heights as for
instance was done in Kaiser et al. (2019). Total light absorption can be estimated by measuring incident light by a quantum sensors pointing upward and measuring the non-absorbed
light by quantum sensors above and below the crop, pointing, respectively, downward and
upward. However, the spatial heterogeneity of incident and absorbed light is hard to measure
in detail. The spatial variability of absorbed light is important when physiological processes
such as photosynthesis are compared between light treatments.
A way to estimate spatial variability in light absorption is through crop modelling. Multiple process- based crop models (PBM) have been developed that include the relation between
light interception and physiological processes such as photosynthesis. Many crop models use
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the Lambert-Beer equation (Monsi and Saeki, 2005) to estimate the light interception of a
crop, based on the exponential decrease in light intensity with leaf area index (LAI) from
top to bottom. With the addition of intra-canopy lighting the vertical light distribution
cannot be simply represented by the Lambert-Beer calculation, while it may also have consequences for the horizontal light distribution, which is not considered in models using the
Lambert-Beer equation. For simulation of intra-canopy lighting functional-structural plant
models (FSPM) might be used. FSPM allow for a more detailed approach which combines
3D plant architecture and a ray tracing model to create understanding of the interaction
between plant morphology, light interception, absorbance and distribution patterns at leaf
level (Chelle and Bruno Andrieu, 2007; Vos et al., 2007; Chenu et al., 2008; Vos et al., 2010;
Sarlikioti et al., 2011b; de Visser et al., 2014).
Various FSPM studies have been conducted for greenhouse cultivated crops, such as cutrose (Buck-Sorlin et al., 2011; Zhang et al., 2021) and tomato (Sarlikioti et al., 2009; Sarlikioti
et al., 2011b; Kang et al., 2011; de Visser et al., 2010; de Visser et al., 2014). Those studies
aim to either optimize lighting strategies, plant architecture or planting densities to increase
interception of light. To our knowledge however, the differences in light heterogeneity when
comparing intra-canopy with top lighting have not yet been approached using an FSPM.
Uniformity of spatial distribution of light over the leaves is important for maximizing crop
photosynthesis. Due to the curvilinear shape of the light response curve of leaf photosynthesis
the crop photosynthesis is higher when all leaves have the same intensity, compared to a
situation with the same average light intensity but with variation among individual leaves.
The importance of uniform light distribution was shown by Li et al. (2014) who found that
a more uniform distribution of natural light in the greenhouse by diffuse greenhouse cover (a
cover that converted 71% of the direct light into diffuse light) increased crop photosynthesis
by 7%.
The objective of this study was to identify the impact of intra-canopy versus top lighting
on 3D light distributions in the canopy. This was approached by conducting a greenhouse
tomato experiment to parameterize and validate an FSPM which included simulation of light
distribution by ray tracing in a 3D environment. This FSPM was then used to simulate and
compare light absorption profiles between tomato canopies with intra-canopy lighting, top
lighting or a combination of both intra-canopy and top lighting. The heterogeneity of light
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absorption was approached at the leaflet level in three directions; parallel and perpendicular
to the double rows, as well as in the vertical direction.
4.2
4.2.1

Material and methods
Plant material, growth conditions and light treatments

Tomato plants (Solanum lycopersicum L. “Foundation”; Nunhems, Haelen, the Netherlands)
were transplanted on the 10th of February 2017 (52 days after sowing, DAS) in a glasshouse
at Wageningen University, the Netherlands (52◦ N, 5.5◦ E) and grown until the 1st of June
2017. The details of the experimental setup can be found in Kaiser et al. (2019), as the data
acquired for this study were independently collected during the same experiment. Plants
were grown on stone wool slabs (Grodan, Roermond, The Netherlands) for 111 days in a
“high wire” system at 2.4 plants m−2 . Dimensions of the compartment were 6 by 12 meter.
The plants were set up in 8 double rows with 1.5 meter double row distance. Each double row
of 5m consisted of 20 plants. The glasshouse compartment was kept at 22/16◦ C day/night
temperature, a relative humidity of 78% and 500 ppm CO2 partial pressure was applied. This
entailed removal of all side shoots, except for the axillary bud just after the sixth truss. All
side walls of the greenhouse compartment were covered with a reflective screen, to prevent
light pollution from neighboring compartments. In the greenhouse there was a gradient in
rows receiving only red LED light to rows receiving up to 24% blue (76% red) light (see
Kaiser et al., 2019). In this study rows receiving only red LED were used. Intra-canopy and
top red supplemental light was provided by Greenpower PM-DR150 (Philips, Eindhoven,
the Netherlands). The lamps for top lighting were pointing downward, while the lamps for
intra-canopy lighting were pointing sideward to the plant rows on both sides. Lamps were
on for 16 h per day, unless outside global radiation exceeded 450 W m−2 . Two LED strings
(i.e. fixtures) of intra-canopy lighting were positioned between the plants in the double row
at heights of 108 and 153 cm. Plant height during measurement period was 2m.
4.2.2

Plant architecture measurements

On 20 March (80 DAS), morphological traits of 6 plants were assessed. Stem and internode
length, and leaf width and length were measured with a flexible ruler. Number of leaves and
leaflets per leaf were counted. Petiole angle, first and second main rachis angles, and the
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insertion- and tip angle of the two biggest leaflets per leaf were measured with a protractor.
Leaf length and width, and all angles were measured for rank number 4, 8, 12, 16 and 20,
where rank 1 corresponded with the youngest leaf (> 2 cm) of the plant.
4.2.3

Light measurements

Vertical and horizontal light distribution was measured 0 to 2 days after the architecture
measurements. A grid of photosynthetically active radiation (PAR) measurements was created (Fig. 1), using a line quantum sensor (1 m, LI-191SA, LI-COR Biosciences, Lincoln,
NE, United States). The sensor was oriented upwards and positioned parallel to the gutter
at regular intervals of about 50 cm in the vertical plane (at 35.5, 80, 130, 180, 230 and 280
cm from the floor). To measure the horizontal PAR distribution at each height, the sensor
was oriented side-ward (towards the intra-canopy lighting) at regular intervals of 15 cm in
the horizontal plane (at 0, 15, 30, 45, 60 and 75 cm from the center of the double rows).
In addition, reflection from the floor was measured at 41 cm from the floor with the line
sensor oriented downwards. All measurements took place in the absence of solar light, at
least 2 hours after sunset. Then, either the top lighting, or the upper or lower positioned
LED modules were switched on. The same light measurements were done in the greenhouse
without plants.
4.2.4

Model description

An adapted version of a static greenhouse tomato functional- structural plant model (Chapter 2; de Visser et al., 2014) was used. This model was developed on the GroIMP platform
(Kniemeyer, 2008) and consists of an architectural and a light module.

Plant architecture. The architectural parameter values for leaf length, leaf width, internode length, petiole angle, rachis angles and leaflet angles were taken from phytomer ranks
4, 8, 12, 16 and 20, acquired from the measurements on 20 March (80 DAS). Mean and
standard deviation (SD) values for all architectural parameters for the non-measured phytomer ranks were linearly interpolated from the measured phytomer ranks [see Supporting
Information-Fig. S1]. Area per leaf was estimated using a power function fit with leaf width
as regressor (leaf area = 0.203*Lw 1.674, where Lw is leaf width; Schwarz and Kläring 2001).
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Figure 1: Side view of the light measurements in a tomato crop with LED lamps on top of the canopy and
as intra-canopy lighting. Measurements were taken with a line sensor, indicated as a grey square with partly
red borders. The line sensor was positioned parallel to the tomato double row at fixed distances (0, 15, 30,
45, 60 or 75 cm) from the center of the double row at fixed heights (35.5, 80, 130, 180, 230 or 280 cm).
The two red borders on each grey square indicate the sides to which the line sensor was oriented in order
to measure the vertical and horizontal incident light separately. Measurements for intra-canopy and top
lighting were done when there was only light from one of the lighting systems at a time.

Parameter values for the equation were taken from the same paper of Schwarz and Kläring
(2001). The leaf area was then distributed across the 11 leaflets (3 bigger pairs, 2 smaller
pairs and one terminal leaflet) of each leaf according to an empirical allometric relationship
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as determined in Chapter 2. Leaflet lengths were then calculated by use of leaf area and
leaflet shape according to Evers et al. (2006), after which each leaflet was constructed and
represented as 10 parallelograms [see Supporting Information-Fig. S2]. Modelled architectural parameter values were acquired by drawing values from a normal distribution for each
architectural trait. Internode length and leaf area were set at a minimum of 0.1 cm and 5
cm2, respectively. The apex height of the plants was set at 2 m from the floor, with the
intra-canopy lighting on 1.53 and 1.28 m from the floor. The entire canopy comprised all
the plants, i.e. 8 double rows of 20 plants each (Fig. 2). This simulated canopy was defined
as the reference canopy.

Light module. The LEDs were reconstructed as they were in the experiment. The light
distribution at a given time step was computed by the GroIMP radiation model, which is
based on an inversed path tracer with a Monte Carlo pseudo-random number generator as
in Veach (1998), which was upgraded to a full-spectral ray tracer by Henke and Buck-Sorlin
(2018).

Greenhouse environment. The compartment was reconstructed with its major components. The white outside curtains (ILS Hortiroll Revolux w/w) were assumed to have a
diffuse reflectivity of 25% for the front and left side wall (since these were behind glass) and
50% for the white curtain on the right wall (since this was inside the compartment). The
white plastic that split the treatments in half was assumed to have a diffuse reflectivity of
65%, for the concrete floor this was 30% and for the plastic-covered stone wool slabs 65%.
The simulations in the greenhouse were performed for moments that there was no solar radiation, nor was reflection from the greenhouse cover simulated.

Model validation. The simulated distribution of LED light inside the greenhouse compartment including plants was compared with the light measurement values performed with the
line sensor during the experiment. To quantify the accuracy of the simulated light distribution, in the model virtual line sensors were placed similar to the actual measurements (Fig.
1). The light intensity at each virtual position of the line sensor was compared with the actual
light measurements. The performance of the model was evaluated by the goodness of fit (R2 ).
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Simulation scenarios. Simulations were run with the reference canopy structure for three
different lighting strategies: intra-canopy lighting, top lighting and a combination of intracanopy and top lighting (50/50%). In each scenario the incident light of all light sources
together was equal (85.5 µmol m−2 s−1 ), being verified in the light model by enclosing the
lamps in a black box absorbing all emitted lamp light. The top lighting modules were placed
centered above each double row. Intra-canopy lighting modules were simulated at at 108
and 153 cm height similar as in the experimental setup.

Evaluation of simulated light distribution and heterogeneity. In each simulation
two times six center plants were observed in each of four double rows (Fig. 2). These eight
groups of six plants each were considered repetitions of each other for further calculations.
Each of these sets of six simulated plants was divided into voxels to visualize the canopy light
distribution. Each voxel had a width and height of 7.5 cm and a length to include all leaflets
of the considered plants within that direction. The voxels were directed either (1) horizontal
parallel to the row, (2) horizontal perpendicular to the row or (3) vertical. Consequently,
the corresponding length of the voxels were based on either (1) the row length of the six
plants in the row, (2) the width of four double plant rows (hence includes 8 plants) or (3)
the height of the plants.
For each voxel, the average absorbed PPFD (µmol m−2 s−1 ) and coefficient of variation
(CV) within that voxel were calculated. This was done with light absorption data collected
for each individual leaflet (µmol s−1 per leaflet; for sample sizes in each voxel see Supporting
Information-Fig. S3). The average absorbed PPFD inside each voxel was calculated by
dividing the cumulative absorbed light of all leaflets by the cumulative leaf area (m2 ) of all
leaflets inside the voxel (Fig. 3). Furthermore, the average, SD and CV of absorbed PPFD
was calculated based on average values of each voxel. These SD and CV values give an indication of heterogeneity between voxels, quantifying the heterogeneity within the canopy. For
calculating the CV within a voxel the four smallest leaflets on each leaf were not considered
due to their small total fraction (0.09%) of the leaf area. By excluding these four smallest
leaflets the calculated CV is representative for the majority of the photosynthetically active
leaf area. Then, inside each voxel the absorbed PPFD was calculated for each leaflet indi-
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vidually and these were then used to calculate the mean absorbed PPFD with its associated
standard deviation (SD) between leaflets. The CV was then calculated by dividing the SD
by the mean absorbed PPFD. Furthermore, a mean CV of canopy absorbed PPFD was calculated by averaging the CV of each voxel (indicating the average CV within a canopy).

Sensitivity analysis. Besides the reference simulations there were additional model simulations that tested the sensitivity of the mean CV and SD of the absorbed PPFD to changes
in height and number of the LED modules and the ratio between intra-canopy and top light.
Either the height of the LED modules were increased or decreased by 30 cm, the number of
LED module strings was increased from 2 to 4 (the additional 2 LED module strings were
located at 131 and 86 cm from the floor, which is between and below the original two LED
module strings; see Supporting Information-Fig. S4), or the ratio between intra-canopy and
top light was set at 25/75% or 75/25%.

Figure 2: Top-view of the reconstructed modelled tomato canopy with architectural parameters measured
on 20 March (80 DAS). In each simulation two times six center plants were observed in each of four double
rows. These eight groups of six plants each were considered repetitions of each other and the absorbed light
of each leaflet was used for further calculations.
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Figure 3: Calculation of the coefficient of variation (CV) and mean leaflet absorbed PPFD within one voxel
(perpendicular to the plant row) of the tomato plant canopy. Each voxel had the dimensions of 7.5 cm
width and length and a depth reaching across four double rows (8 plants). As a hypothetical example
calculated values are shown. Subsequently two figures are produced to visualise the PPFD of each voxel
(voxels perpendicular to the rows) in the canopy and the coefficient of variation within each voxel.
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4.3
4.3.1

Results
Validation of the model

Measured and modelled incident PPFD (as observed by upward-facing sensors at different
heights) showed a good correlation (R2 = 0.93; Fig. 4). A sensitivity analysis showed that
an increased leaf length of +25%, an increase in stem width of +50% or an increase of
apex height by +30 cm had slight positive effects on the goodness of fit by up to 4% [see
Supporting Information-Fig. S5]. Therefore, since all of the fits were with a high R2 no
modifications were made based on the sensitivity analysis.

Figure 4: Relationship between measured and modelled incident PPFD (as observed by upward-facing sensors
at different heights) in a greenhouse with a tomato crop illuminated by top lighting. The different symbols
represent different distances to the middle of the rows in the canopy, whereas the symbol color represents
height from the floor. Position of plants, lamps and sensors is shown in Figure 1.

4.3.2

Light distribution and heterogeneity with top lighting and intra-canopy lighting

The modelled light distribution for the intra-canopy lighting, top lighting and combined
lighting system was visualized by 2D heat maps of absorbed PPFD per voxel (Fig. 5). Additionally, the heterogeneity was expressed as the coefficient of variation within each voxel,
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visualised by 2D heat maps as well (Fig. 6).

Vertical light distribution averaged parallel to row. The simulated PPFD absorbed by
the leaflets was largest for leaflets close to the intra-canopy lighting modules (Fig. 5A,B,C).
The absorbed PPFD values decreased with distance in a circular distribution pattern from
the intra-canopy lighting modules and approached low values even within the same double
row in which the intra-canopy lighting modules were located. In particular, the difference
was notable in absorbed PPFD on the outsides of the double row compared to the inward
row side. When top lighting was added to the intra-canopy lighting while total incident light
intensity remained equal, the absorbed PPFD values showed a more homogeneous light distribution pattern through the canopy (Fig. 5B). For top lighting only, the absorbed PPFD
distribution pattern in the vertical plane was much steeper with a larger SD (23.1) compared
to either intra-canopy setting (SD of 19.2) or a combined lighting from top and intra-canopy
lighting (SD of 15.1; Fig. 5A-C). Both the horizontal variability perpendicular to the row
occurring with sole intra-canopy lighting, and the vertical variability occurring with sole top
lighting, were diminished by the combination of intra-canopy and top lighting.

Vertical light distribution averaged perpendicular to row. The side view of the
canopy showed the light distribution in the vertical plane and parallel to the row (Fig.
5D,E,F). With sole intra-canopy lighting (Fig. 5D), variation throughout the canopy occurred mostly in the vertical direction, when looking at the side view. Interestingly, on
the height where the intra-canopy lighting was located, there were quite big differences in
absorbed PPFD parallel to the row as well. With a combination of intra-canopy and top
lighting the variation in absorbed PPFD slightly decreased when compared to intra-canopy
lighting. For top lighting the distribution of absorbed PPFD was more homogeneous across
the length of the row, but much less homogeneous with height of the canopy, resulting in
larger variation of mean absorbed PPFD compared to intra-canopy lighting or a combination of intra-canopy and top lighting, when looking at the side view (SD being 22.8 versus
respectively 14.4 and 13.5; Fig. 5D,E,F).

Horizontal light distribution averaged over heights. In the horizontal direction ab-
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sorbed light distribution was more uniform for combined intra-canopy and top lighting (SD
of 7.3) compared to intra-canopy lighting (SD of 11.9) or top lighting (SD of 11.3). In general, the horizontal light distribution (averaged over all heights) seemed more homogeneous
than the vertical light distribution (averaged over horizontal layers) since (all) SD values
were lower when averaging was performed over height (Fig. 5A-I).

76

Chapter 4. Consequences of intra-canopy and top LED lighting for uniformity of light distribution in a
tomato crop

Figure 5: Front (A,B,C), side (D,E,F) and top views (G,H,I) of a double row canopy with mean absorbed
PPFD (µmol m−2 s−1 ) per voxel calculated as the mean taken from each leaflet’s absorbed PPFD within
the voxel. Three LED lamp positions are compared; (A, D, G) intra-canopy lighting, (B, E, H) combined
intra-canopy and top lighting, and (C, F, I) top lighting. Each voxel had the dimensions of 7.5 cm width and
length and a depth reaching 6 plants in each row (A,B,C), 8 plants across four double rows (D,E,F) or whole
plant height (G,H,I). This means that the voxels are directed (A-C) parallel to the row; (D-F) perpendicular
to the row and (G-I) vertically. The standard deviation (SD) is calculated over all voxels. Plants are spaced
at 0.5m within each row in a double row. For visual interpretation of the distance between rows in the
canopy an additional replicate double row is shown in A-C and G-I for which the same values were used as
in the other row.
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Variation coefficient horizontally in length direction of row. The CV of absorbed
light within horizontal voxels (7.5 x 7.5 cm x 6 plants) parallel to the rows was smallest for
the combined intra-canopy and top lighting; CV of 26%, compared to 36% for intra-canopy
lighting and 0.31 for top lighting (Fig. 6A-C). Consequently, the light uniformity parallel to
the row was best for a combined intra-canopy and top lighting setting (Fig. 6B).

Variation coefficient horizontally perpendicular to row. Within horizontal voxels
(7.5 x 7.5 cm x 4 double rows) perpendicular to the rows, combined intra-canopy and top
lighting showed the lowest mean CV (31%) of absorbed light, followed by top lighting (35%)
and then intra-canopy lighting (44%) (Fig. 6D-F). Therefore, uniformity of absorbed PPFD
is lowest for intra-canopy lighting when uniformity perpendicular to the row is considered
(Fig. 6D), and is reduced by combined intra-canopy and top lighting (Fig. 6F).

Variation coefficient vertically. Within vertical voxels (7.5 x 7.5 cm x plant height),
combined intra-canopy and top lighting showed the lowest mean CV (51%) of absorbed
light, followed by intra-canopy lighting (65%) and top lighting (69%; Fig. 6G-I). Light
heterogeneity is highest for top lighting in the vertical direction of the canopy, and is strongly
reduced by combined intra-canopy and top lighting.
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Figure 6: Front (A,B,C) , side (D,E,F) and top views (G,H,J) of the canopy with the CV (coefficient of
variation) calculated as the standard deviation (SD) of the absorbed PPFD divided by the mean absorbed
PPFD of the leaflets within the voxel times 100%. Three LED lamp positions are compared; (A, D, G)
intra-canopy lighting, (B, E, H) combined intra-canopy and top lighting, and (C, F, I) top lighting. Each
voxel had the dimensions of 7.5 cm width and length and a depth reaching 6 plants in each row (A,B,C), 8
plants across four double rows (D,E,F) or whole plant height (G,H,I). In A-C, a front view of the canopy is
shown in which the CV value represents the heterogeneity of the voxel oriented parallel to the row. In D-F,
a side view of the canopy is shown in which the CV value represents the heterogeneity of the voxel oriented
perpendicular to the row. In G-I, a top view of the canopy is shown in which the CV value represents the
heterogeneity of the voxel oriented vertical. Plants are spaced at 0.5m within each row in a double row. For
visual interpretation of the distance between rows in the canopy an additional replicate double row is shown
in A-C and G-I for which the same values were used as in the other row.
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Average distribution in absorbed PPFD in the vertical and horizontal plane.
Differences between top lighting and intra-canopy lighting occurred at the top and middle of
the canopy (Fig. 7A-B). In the top of the canopy intra-canopy lighting resulted in the lowest
weighted absorbed PPFD (27.3 µmol m−2 s−1 versus 48.5 for top lighting). These differences
were the opposite for the middle of the canopy, where the weighted absorbed PPFD was 30.0
µmol m−2 s−1 for intra-canopy lighting versus 19.1 for top lighting. In the lower part of the
canopy the differences were minor, with 11.0 µmol m−2 s−1 for intra-canopy lighting versus
9.0 for top lighting (Fig. 7C). The combination of intra-canopy and top lighting was always
in between the other two treatments. The mean absorbed PPFD across all leaves in the
canopy was highest for intra-canopy lighting, with a value of 24.3 µmol m−2 s−1 , compared
to 23.4 for the combination of intra-canopy and top lighting and 22.5 for top lighting only.
This indicates that total light absorption was 8% higher for intra-canopy lighting, and 4%
for combination of intra-canopy light and top lighting compared than top lighting. The
intra-canopy lighting has very high peak values for CV around the height of the LED strings
(Fig. 8). The mean CV and SD over the different horizontal layers demonstrated highest
values for intra-canopy lighting (48% ±22), followed by top lighting (0.43% ±18) and then
the combination of intra-canopy and top lighting (37% ±18). This means that the variation
within the horizontal layers is highest for intra-canopy lighting.

Sensitivity analysis of fraction and position of intra-canopy light. Changing the
ratio between intra-canopy and top lighting showed that 50/50% gave the lowest CV (Fig. 9).
The higher the percentage of either intra-canopy or top light, the higher the CV. Increasing
or decreasing the height of the intra-canopy lighting LEDs by 30 cm largely had no effect on
the variation in the horizontal plane, but variation in the vertical plane was reduced when
height of the intra-canopy light was reduced by 30cm, while it increased when LED strings
were raised by 30cm (Supplementary Fig. S6). Increasing the number of intra-canopy LED
strings from two to four strings keeping the same total intra-canopy light output also reduced
the CV [see Supporting Information-Fig. S6].
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Figure 7: Frequency distribution of leaflets based on absorbed PPFD (µmol m−2 s−1 ) at top (A), middle (B)
bottom (C) or whole of canopy (D). Numbers in each figure indicate the height range, the leaf area index,
and the mean weighted absorbed PPFD (µmol m−2 s−1 ) of all leaflets for intra-canopy lighting, combination
of intra-canopy and top lighting, and top lighting, respectively. From within the canopy 48 center plants
were taken from four center double rows, 6 plants from each double row side.
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Figure 8: Coefficient of variation (CV) of absorbed PPFD in relation to height in the canopy. CV relates to
the variation within horizontal layers. Each layer is represented by 7.5 cm height and takes all perpendicular
and parallel leaves of 48 plants and is shown as a dot in the graph. Mean CV of all horizontal layers is
provided in the top left corner for intra-canopy lighting; intra-canopy and top lighting; and top lighting,
respectively.

Figure 9: Effects of percentage top light (0, 25, 50, 75 or 100%) on the mean coefficient of variation (CV)
within voxels of absorbed canopy PPFD for the front, side and top-view of the canopy. Top light percentage
was 0, 25, 50, 75 and 100%, with respectively, 100, 75, 50, 25 and 0% intra-canopy light. Each voxel had the
dimensions of 7.5 cm width and length and a depth reaching 6 plants in each row of a double row stretching
across four double rows.
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4.4

Discussion

4.4.1

Partial replacement of top by intra-canopy lighting increases absorbed PPFD uniformity

In our study we showed that FSPM appears to be an effective tool to visualize and quantify
the distinctive extinction patterns throughout the canopy with intra-canopy lighting and/or
top lighting. For intra-canopy lighting there is a strong absorption close to the LED modules
and the majority of the light does not even reach the outside of the double row in which
the intra-canopy lighting is located (Fig. 5A), which is a similar observation to that of de
Visser et al. (2014). This may lead to local acclimation to the areas experiencing high light
conditions (Joshi et al., 2019). Despite high local light intensities surrounding intra-canopy
LED modules there is a lower overall variation (smaller SD) in absorbed light when compared
to top lighting (Fig. 5). The combination of a higher uniformity (Fig. 5) and a higher total
light absorption (Fig. 7) all favor intra-canopy lighting above top lighting. It should be
realised that younger leaves are generally most photosynthetically active and are acclimated
to high light conditions (e.g. Qian et al., 2012). Therefore, a more homogeneous vertical
distribution does not necessarily lead to a higher photosynthesis in all cases, as a relative
larger fraction of light will be absorbed by leaves with photosynthetic parameters which are
less favourable for high rates of photosynthesis. On the other hand when the light profile
in the canopy changes, the leaves will acclimate to the changed light profile. Our model
simulations show that a combination of top lighting with intra-canopy lighting results in the
most uniform light distribution in the canopy, when compared to sole intra-canopy as well
as compared to sole top lighting. In addition, there is a slight increase in light absorption
by 4% compared to top lighting but 4% less compared to sole top lighting. The lower light
absorption of top lighting versus intra-canopy lighting, is due to some reflection of top lighting
by the top layer of the canopy. So, overall a combination of top and intra-canopy lighting
increases uniformity of light distribution over individual leaves and total light absorption of
the canopy compared to sole top lighting. op light
Variation in light intensity along the LED string (parallel to the row) was still present
despite the string having a LED at every few cm showing the effect of plant-caused variation
due to irregularly oriented leaves and randomly occurring open spaces in the crop. It is
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possible that in reality leaves turn towards the light (as shown for cucumber by Kahlen et
al., 2008) and thus reduce their irregular positioning. Research on diffusing solar light has
shown that a more uniform light distribution over the laves in the canopy can increase crop
photosynthesis and growth (Li et al., 2014). In Chapter 2 it was shown that increased variation in light distribution due to different sun exposures between plant rows hardly resulted
in yield reduction in a similar tomato crop, since leaves adapted in size and thickness. Moreover, effects of higher spatial light intensity variation may depend on average light intensity,
being larger when light intensities are high as the relative response of leaf photosynthesis
slows down at high light intensity. Consequences of changed light distribution on morphological and physiological acclimation of leaves and consequence for photosynthesis and growth
request for further research.
4.4.2

Impact on crop production

A combination of intra-canopy and top lighting is recommended for reducing canopy heterogeneity in absorbed light (Figs. 5, 6, 8, 9). The simulation results also show that there
is an optimum for the fraction of intra-canopy light for optimizing uniformity. This optimum was at about 50% intra-canopy light and 50% top light. When there is also solar light
(coming from the above) the optimum ratio of intra-canopy lighting to top lighting is likely
to increase; most likely the optimum fraction of intra-canopy light is when the intra-canopy
light is similar as the total light from top light and sun. Furthermore, the position of the
intra-canopy lamps is important. Too high positioning may lead to light loss to the greenhouse cover and too low positioning may lead to light loss to the floor. Distributing the
intra-canopy light over different heights in the canopy also increased the light uniformity
[see Supporting Information-Fig. S6].
Experimental comparison between lighting strategies by means of photosynthetic characteristics is difficult for various reasons. The most obvious is that measurements are time
consuming and limited in number. Our findings demonstrate that there is a large variation
in local light conditions when comparing lighting treatments. Joshi et al. (2019) found
a 3-4 times higher photosynthetic capacity for bell pepper at intra-canopy lighting on the
inside of the canopy close to the LEDs compared to the control without supplementary lighting. Such acclimation of photosynthesis to changed light intensity may take place within a
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week (Hogewoning et al., 2006). Apart from acclimation, intra-canopy lighting simulations
showed an increased light absorption compared to top lighting. Further experimental studies are needed to investigate effects on light distribution, photosynthesis, growth, and yield
by intra-canopy lighting. Studies with intra-canopy lighting partially replacing top lighting
showed increased fruit yield in several studies (Hovi-Pekkanen et al., 2004; Hovi-Pekkanen
et al., 2006; Hovi-Pekkanen and Tahvonen, 2008) but having not effects in other studies
(Trouwborst et al., 2010; Dueck et al., 2011; Gómez and Mitchell 2016; Yan et al., 2018).
4.5

Conclusions

Positioning of LED lamps above or in between the canopy (intra-canopy) has large effects
on total canopy light absorption and the distribution of the absorbed light over the leaves.
Intra-canopy lighting resulted in 8% higher total light absorption than top lighting, while
combining 50% intra-canopy lighting with 50% top lighting, increased light absorption by 4%.
Combining intra-canopy and top lighting resulted in a more uniform canopy light absorption
than intra-canopy or top lighting alone.
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4.6

Supplementary material

Figure S1: Measured vs modelled mean plant architecture values with confidence interval (2 times standard
deviation). The architectural parameter values for leaf length, leaf width, internode length, petiole angle,
rachis angles and leaflet angles were taken from phytomer ranks 4, 8, 12, 16 and 20 (counted from the top;
from the first leaf 2 cm), acquired from the measurements on 20 March (81 DAT). Mean and standard
deviation (SD) values for all architectural parameters of the non-measured phytomer ranks were linearly
interpolated between the measured phytomer ranks.
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Figure S2: Representation the reconstruction of a single leaf with leaflets as used in the model. Each leaf
consisted of 4 small and 7 larger leaflets.
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Figure S3: A front, side and top view of a double row canopy with the number of leaflets used for absorbed
light calculations within each voxel. Each voxel had the dimensions of 7.5 cm width and length and a depth
reaching 6 plants in each row (A), 8 plants across four double rows (B) or whole plant height (C). This means
that the voxels are directed (A) parallel to the row; (B) perpendicular to the row and (C) vertically. Plants
are spaced at 0.5m within each row in a double row. For visual interpretation of the distance between rows
in the canopy an additional replicate double row is shown in A,C for which the same values were used as in
the other row.
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Figure S4: Relationship between measured and modelled incident PPFD (as observed by upward-facing
sensors at different heights) in a greenhouse with a tomato crop illuminated by top lighting for model
scenarios (A) reference simulation; (B) leaf length +25%; (C) stem width +50% (D); apex height +30 cm.
The different symbols represent different distances to the middle of the row canopy, whereas the symbol
color represents height from the floor. Reference apex height was 200 cm.
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Figure S5: Relationship between measured and modelled upward-facing line sensor incident PPFD values in
a greenhouse with a tomato crop illuminated by top lighting for model scenarios (A) reference simulation;
(B) leaf length +25%; (C) stem width +50% (D); apex height +30 cm. The data point shape is representing
the distance to the middle of the row canopy, whereas the data point color represents height from the floor.
Reference apex height was 200 cm.
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Figure S6: Sensitivity analysis of the relationship between mean coefficient of variation (CV) within voxels of
absorbed canopy PPFD with differing simulation scenarios, evaluated for the front, side and top-view of the
canopy. Number and position of LED modules as well as standard deviation of architecture are evaluated.
Simulation scenarios are performed with 50% intra-canopy lighting and the sensitivity analysis scenarios are
follows; ’50/50’ is the reference simulation; ’-30 cm’ has the intra- canopy lighting LED modules lowered
from 108 and 153 cm to 78 and 123 cm; ’+30 cm’ has the intra-canopy lighting LED modules raised from
108 and 153 cm to 138 and 183 cm; ’4 LEDs’ has two additional intra- canopy lighting module locations on
81 and 131 cm. Each voxel had the dimensions of 7.5 cm width and length and a depth reaching 6 plants in
each row (Front View), 8 plants across four double rows (Side View) or whole plant height (Top View).
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Abstract
Plant to plant variation (interplant variation) may play an important role in determining
individual plant and whole canopy performance, where interplant variation in architecture
and photosynthesis traits have direct effects on light absorption and photosynthesis. We
aimed to quantify the importance of observed interplant variation on both whole-plant and
canopy light absorption and photosynthesis. Plant architecture was measured in two experiments with tomato crops (Solanum lycopersicum) grown in glasshouses in the Netherlands.
Experiment 1 included four cultivars grown under three supplementary lighting treatments
and Experiment 2 included two different row orientations. Measured interplant variation of
the architectural traits internode length, leaf area, petiole angle and leaflet angle, as well
as literature data on interplant variation of photosynthesis traits alpha, Jmax28 and Vcmax28
were incorporated in a functional–structural plant model (FSPM). The FSPM was used to
analyze light absorption and net photosynthesis of whole plants in response to phytomer
level interplant variation in architectural and photosynthesis traits. Introducing interplant
variation in architecture and photosynthesis traits in a functional-structural plant model did
-depending on the trait- not or negatively affect canopy light absorption and net photosynthesis compared to the reference model without interplant variation. Introducing interplant
variation of architectural and photosynthesis traits in FSPM results in more realistic simulation of variation of plants within a canopy. Furthermore, it can improve the accuracy of
simulation of canopy light interception and photosynthesis, though these effects at canopy
level are relatively small (<4% for light absorption and <7% for net photosynthesis).
5.1

Introduction

Plant to plant variation (interplant variation) may play an important role in determining
individual plant and whole canopy performance (Westerband et al., 2021), where interplant
variation in architecture and photosynthesis traits have direct effects on light absorption and
photosynthesis (Sarlikioti et al., 2011a). Interplant variation has been studied for a longer
time in ecology, greenhouse horticulture and field crops, where in greenhouse horticulture
and field crops uniformity is of importance. Fruits of greenhouse cucumber show a changing
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demand in assimilates over time and abortion of individual fruits (Marcelis 1992). These
characteristics result in non-uniform fruit growth and is also observed in other reproductive
and indeterminate crops such as bell pepper and tomato (Heuvelink, 1996; Wubs et al.,
2009b). Differences in whole plant fruit growth have been linked to environmental factors
such as light intensity, photoperiod, CO2 concentration, temperature, relative air humidity,
water and nutrient supply (Marcelis 1993; Wubs et al., 2009a; Pettersen et al., 2010) and
canopy architecture (Chen et al., 2014).
Functional–structural plant models (FSPMs) explore and integrate relationships between
a plant’s structure and processes that underlie its growth and development (Louarn and Song
2020). These models have been developed for a wide range of crops and for many purposes
(Louarn and Song 2020) including studies on effects of plant architecture on light absorption
and photosynthesis in a canopy (e.g. Buck-Sorlin et al., 2011; Cieslak et al., 2010; Wiechers
et al., 2011; Chen et al., 2014; Chapter 2). This is also used to study interplant variation in
organ growth and development by either an hypothesis of carbon driven competition (e.g.
Luquet et al., 2006; Kang et al., 2011) or the integration of other forms of signalling (which
may be internal to the plant, external or an integration of both; e.g. (Fournier et al., 2005;
Alban et al., 2008; Evers et al., 2011).
In the last years there has been considerable improvement in carbon-driven growth
through sink strength modelling, and several successfully models have been developed that
can predict variability such as Greenlab (de Reffye et al., 2021) and Ecomeristem (Larue
et al., 2019). Main functions for determining variability are branching, tillering time and
senescence. The importance of including interplant variation in architectural and photosynthesis traits for modelling light absorption and photosynthesis can be structurally assessed
by model simulations but has yet received minimal attention. Zhu et al. (2015) investigated
this topic in a maize and soybean mixture, and showed that inclusion of interplant variation
can result in complementary light capture.
The aim of this study was to determine the importance of observed interplant variation
in architectural and photosynthetic traits on canopy light absorption and net photosynthesis
and coefficient of variation in plant light absorption and net photosynthesis. For this we used
measured interplant variation in greenhouse grown tomato canopies and used that as input
in a functional-structural plant model to simulate consequences of interplant variation.
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5.2

Material and methods

5.2.1

Architectural data acquisition

Data on plant architecture were collected in two separate experiments with tomato crops
(Solanum lycopersicum) grown in glasshouses in Bleiswijk, the Netherlands (Exp 1) and
Wageningen, the Netherlands (Exp 2; described in Chapter 2).

Experiment 1 - Cultivar x lighting. Four tomato cultivars (cv. ‘Foundation’, ‘Progression’, ’Extension’ and ’9112’) were sown on the 28th of August 2015 and transplanted
into the glasshouse compartments (6 Oct 2015) when the first truss emerged, having a split
stem and 8-10 leaves per stem. Three treatments with supplementary lighting to natural
light were applied to the four tomato cultivars: (1) HPS top lighting (110 µmol m−2 s−1 )
+ LED intra-canopy lighting (53 µmol m−2 s−1 ) at two heights (2 and 2.5m); (2) LED top
lighting (110 µmol m−2 s−1 ) + LED intra-canopy lighting (53 µmol m−2 s−1 ) at two heights
(2 and 2.5m); (3) LED top lighting (110 µmol m−2 s−1 ) + two intra-canopy lighting (53 µmol
m−2 s−1 ) at two heights (2.5 and 3m). Top lighting was provided using either HPS or LED
lamps (Philips Greenpower, 95% red and 5% blue, Signify, Eindhoven, The Netherlands)) at
a height of 4.75 m above the floor. Intra-canopy lighting was provided Philips Greenpower
inter lighting LED lamps (95% red and 5% blue, Signify, Eindhoven, The Netherlands).
Lower and upper leaves were on average at 1.5 and 3.5 m height above the floor respectively,
whereas the rockwool slab was at 0.9m height of the floor. Lamps were turned on 14 October
2015, gradually increasing the duration of lighting to a daily maximum of 19 h (0:00 h until
1 h after sun set). When the outside solar radiation exceeded 600 W m−2 , the lamps were
switched off.
Plant architecture was measured 16 weeks after transplanting (25 - 29 January, 2016) on
five plants in each of the 12 treatments (4 cultivars x 3 light treatments), in total 60 plants.
Leaf length and width, internode length, petiole angle and 1st and 2nd rachis bending angles
were measured at every phytomer rank (Fig. 1). Leaf length was measured from the petiole
to the tip of the terminal leaflet. Leaf width was measured between the tips of the two longest
leaflets. The measured internode length was the distance between the insertion points of two
consecutive plant organs (leaves or truss). Petiole angle and 1st and 2nd rachis bend angle
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were measured relative to the horizon. Rachis bend angles were measured at the first and
second big leaflet pairs (Fig. 1). Stem density on the day of measuring was 3.1 stems m−2 .
Leaf area was estimated from leaf length and leaf width for the second experiment according
to the formula
Leaf area = A ∗ (leaf length ∗ leaf width)B

(1)

where A and B are dimensionless parameters where values for each cultivar are taken
from data of Exp. 2 (for values see supplementary Table S1).

Figure 1: Diagram of measured plant architecture at phytomer level. On the left side a leaflet with a
terminal leaflet (T) and six lateral leaflets (L). On the right hand side a stem section with two phytomers
each containing an internode, petiole and leaflet. Indicated are (1, 2) a zoomed in terminal leaflet showing
the measurement of terminal leaflet angle 1 (from the base of the leaflet to the middle point) and terminal
leaflet angle 2 (from the tip of the leaflet to the middle point) relative to the horizon (3, 4, 5) petiole angle,
1st rachis bend and 2nd rachis bend which are all measured relative to the horizon, and internode lengths 1
and 2 of the two phytomers.

Experiment 2 - Row orientation. Five week old tomato plants (cv. ”Capriccia)
were transplanted into greenhouse compartments in either a north-south or east-west row
orientation on the 8th of March, 2016. The plants were grown until 20 July 2016. Nutrient
solution (EC: 2.8 and pH: 5.5; see Supporting Information Table S2) was provided daily
in a frequency matching solar radiation. Side stems were removed weekly, and from 13
April onward the bottom three leaves were removed every week. From 25 April the plants
reached the high wire at a height of 3.3 m, after which they were lowered weekly. The
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plants were grown in double rows, with distance of 50 cm between the single rows. Trusses
were pruned to 6 fruits per truss. The two glasshouse compartments were oriented -24
North–South. Architecture of 12 plants were measured in both the north-south and eastwest row orientations 19 weeks after transplanting (20 July 2016), in total 24 plants. For
this study, architectural measurements on each phytomere of internode length, leaf length
and leaf area were used. Stem density on the day of measuring was 4.4 stems m−2 . For more
details on this experiment see Chapter 2.
5.2.2

Modelling

The tomato functional-structural plant model used in Chapter 2 was adapted and re-parameterized.
This model was developed on the GroIMP platform (Kniemeyer, 2008) and consists of an
architectural, photosynthesis and light module. The essentials of each module are briefly
explained, while for a more elaborate explanation we refer to Chapter 2.

Architectural module. Architecture trait reference values were estimated encompassing all measurements on the 84 plants total (60 from Exp. 1 and 24 from Exp. 2) of both
experiments and were used to construct a reference plant (Fig. 2). This reference plant was
copied 216 times (6 double rows with 36 plants per double row) to construct a reference
canopy, where each plant was rotated (0 to 360◦ , drawn at random) relative to its neighbor,
and these orientations were then fixed during all simulations. Taking measurement data together from two experiments and of five genotypes increased the range where trait variability
was derived from. This was done as follows. Firstly, for each trait a mean and variance were
calculated for each phytomer rank of each genotype for each treatment in each experiment.
Afterwards, for every trait for every phytomer rank the calculated means and variances were
averaged. In this way one mean value with standard deviation was calculated for each phytomer for leaf area, stem length and leaf length with measurements of both experiments; and
for rachis bend and leaflet angles with data of the first experiment. The number of leaflets
were 11 (six lateral and one terminal leaflet) and leaf area was then distributed across the
11 leaflets on each leaf according to an empirical allometric relationship. The area of the
composite leaf was distributed over the five leaflet pairs and the terminal leaflet for each
leaf in the same manner, using the following fractions (from proximal to distal leaflet pair):
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0.1296, 0.0188, 0.1516, 0.0281, 0.0948 and the terminal leaflet with 0.1541 (from Exp. 2).
The length of the petiole was 35% of the total leaf length, and at that point the first leaflet
pair was attached.

Photosynthesis module. An adapted Farquhar-von Caemmerer-Berry model (FvCB
model) was used to simulate photosynthesis (Farquhar et al., 1980; Qian et al., 2012). Mean
values with variation for alpha, Jmax28 and Vcmax28 were taken from a set of measurements
at the middle and top height of the canopy as described in Qian et al., 2012. Jmax and
Vcmax were assumed to decrease in an exponential way from the 10th leaf from the top to
the oldest leaf as a result of a decrease in light; Jmax decreased from 309 to 232 µmol m−2
s−1 and Vcmax from 117 to 97 µmol m−2 s−1 . Variation in photosynthesis parameters was
introduced as a fraction of the mean. This assumption of exponential decrease was taken
since there was no support for any other relationship. Besides this, model simulations have
shown that overestimation of photosynthesis when acclimation of photosynthetic parameters
with height in the canopy is not considered is minimal when the only light source is the sun
(van Ieperen and Trouwborst, 2008).

Light module. The light in the 3D scene was simulated in hourly time steps with a ray
tracer, called Flux Light Model, provided by GroIMP. The Flux Light Model was described
in detail by Henke and Buck-Sorlin (2017). This ray tracer was based on an inversed path
tracer with a Monte Carlo pseudo-random number generator as in (Veach, 1997). The
number of rays were 750 million and recursion depth was 10; these numbers were chosen
such that a further increase would not improve simulation results (see Supplementary Table
S3). For diffuse radiation, the assumption was made of an overcast sky, where light sources
were located according to azimuth at every 7.5o and zenith at every 15o . The remainder
fraction of light was direct light, and modelled as a point source of directional light, arriving
from the hourly solar position (model from Goudriaan and van Laar 1994).
5.2.3

Model scenarios

One reference canopy was created, which contained 216 plants. Each plant was rotated (0
to 360◦ , drawn at random) relative to its neighbor and for the reference canopy this was
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the only source of variation. The rotation of the plants relative to their neighbors was kept
the same for every model simulation such that any differences in light absorption and net
photosynthesis are the result of including interplant variation of architectural and/or photosynthesis traits. No collision avoidance of leaves was computed, since leaves of neighbouring
plants do in reality not show distinct avoidance mechanisms and extremely intertwine. Every
model simulation was run with fixed environmental variables.
Model simulations were run to study light absorption and photosynthesis for a fullgrown tomato canopy under differing architectural and photosynthesis trait variations. Trait
variation was introduced by drawing from the normal distribution for each trait from these
measured data and was independent of other ranks in the same plant. To ensure equal
leaf area and internode length between different model scenarios, for each phytomer value
drawn there was a plant on the mirrored other side of the canopy with a value that deviated
the opposite from the mean [see Supporting Information-Fig. S1]. 10 scenarios with or
without interplant variation for specific traits were compared; (1) reference (2) internode
length (3) leaf area (4) petiole angle (5) leaflet angle (6) full architecture (internode length,
leaf area, petiole angle and leaflet angle combined) (7) alpha (8) Jmax and Vcmax (9)
full photosynthesis (alpha, Jmax and Vcmax combined) and (10) everything combined (full
architecture and full photosynthesis).
Planting densities were 1.5, 2.4 and 3.3 plants m−2 , with LAI 1.75, 2.80 and 3.85, respectively.The model was run with hourly time steps at a fixed CO2 concentration of 600
ppm and a temperature of 23o C. The model was run for summer and winter solstices (21
June, 21 December) at latitude 52o with both days 0 and 77% direct light. Each model simulation was repeated 5 times with a different value for the random number generator, which
randomizes any parameter with a random component in it, i.e. the values drawn from the
normal distribution as well as the light model ray tracer. Differences between 5 repetitions
were on maximum 2.2% for canopy light absorption, 6.4% for average net photosynthesis,
26.5% for the coefficient of variation of plant light absorption and 23.0% for the coefficient of
variation of plant net photosynthesis. Calculations were performed for the centre 12 plants
in the centre two double rows (24 plants in total).
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5.3
5.3.1

Results
Architectural variation in tomato canopies

The coefficient of variation (CV) of internode length and leaf area remained fairly constant
from bottom to top with a maximum of 60% for internode length and 43 % for leaf area
(Fig. 2). For petiole angle the standard deviation was rather large in the bottom with a
maximum of 46◦ , compared to a minimum of 8◦ in the top. For leaflet angles of the lateral
and terminal leaflets the ranges were similar between a minimum of 11◦ found at the top
leaves and a maximum of 56◦ at the bottom of the canopy.
5.3.2

Interplant variation reduces canopy light absorption and net photosynthesis

Introducing interplant variation of architectural and photosynthesis traits had rather small
effects on canopy light absorption and net photosynthesis in all planting densities, ranging
from +0.3 to -2.2% for the individual traits (Fig. 3; see Supporting Information-Fig. S4)
for absolute values on light absorption and net photosynthesis for the reference scenario).
When interplant variation of all architectural traits were simultaneously included in the
model the canopy light absorption was 3.1% lower and net photosynthesis was 2.4% lower
than for the simulation without any interplant variation. Adding interplant variation of
all photosynthesis traits to interplant variation in all architecture traits further decreased
canopy net photosynthesis by -1.1%; hence net photosynthesis was 3.5% lower when variation in architectural as well as photosynthesis traits were considered compared to a crop
without any interplant variation. The coefficient of variation in plant light absorption and
net photosynthesis increased with a higher planting density in every model scenario, for the
reference this was from 2.4 to 5.5% for PAR absorption, and from 2.0 to 5.6% for net photosynthesis when planting density increased from 1.5 to 3.3 plants m−2 (Fig. 3). Introducing
interplant variation in internode length and leaf area increased CV in light absorption and
net photosynthesis by up to 4.0%.
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Figure 2: Measured interplant variation of (A-G) architectural traits combined from two glasshouse experiments (for details on how the architectural parameters were measured see Fig. 1), as well as (H-I) interplant
variation in photosynthesis traits. Alpha, Jmax28 and Vcmax28 mean values with variation were taken from
(Qian et al., 2012) whom performed measurements on two heights. Mean values for Jmax28 and Vcmax28 were
assumed equal from the 1st to 9th top from the leaf and then decrease exponentially as a result of lower light
levels from the 10th leaf from the top to the lowest leaf of the plant. Variation in photosynthesis parameters
was kept relational to the mean. Data is represented as the mean ±2 times the standard deviation. Every
4th phytomer bears a truss instead of a leaf, and is therefore presented as missing data, with exception of
internode length.
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5.3.3

Season and fraction direct light have minor effects on canopy light absorption and
photosynthesis

Introducing interplant variation in all architectural traits had a limited effect on canopy
light absorption up to -3.3% on both summer and winter solstice for both 0 and 77% direct
light (Fig. 4). Largest effects were observed for canopy net photosynthesis of up to -6.8%
on the winter solstice on a direct light day when interplant variation was introduced for
every architecture and photosynthesis trait. On this day there was an increase in canopy
light absorption at the upper part of the canopy while decreased in the lower part of the
canopy, resulting in a lower canopy net photosynthesis (Fig. 5). Interplant variation in light
absorption and net photosynthesis was largest (12.3%) for the reference on the winter solstice
with 77% direct sunlight, compared to a maximum of 2.4% on other combinations of solstice
and direct sunlight.
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Figure 3: Simulated effects of interplant variation in architectural and photosynthesis traits on canopy light
absorption (symbols) and the coefficient of variation in plant light absorption and net photosynthesis (%;
vertical bars) at three planting densities. Canopy light absorption and plant net photosynthesis are presented
as % change compared to the reference where the rotation of plants relative to their neighbors (0 to 360◦ ,
drawn at random) was the only source of variation. The rotation of the plants relative to their neighbors was
kept the same for every model simulation such that any differences in light absorption and net photosynthesis
are the result of including interplant variation of architectural and/or photosynthesis traits. Data are the
averaged values of all hourly time steps in a day of 24 plants (centre 12 plants of the centre two double
rows) from five repetitions (simulations with each a different random number generator for the light model
and drawings from the normal distribution), at two fractions of direct light (0 and 0.77) and two solstices
summer and winter (DOY 171 and 356), resulting in a total of 480 plants.
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Figure 4: Simulated effects of interplant variation in architectural and photosynthesis traits on canopy light
absorption (symbols) and the coefficient of variation in plant light absorption and net photosynthesis (%;
vertical bars) at two fractions of direct sunlight (0 and 0.77) and at summer and winter solstices (DOY
171 and 356). Canopy light absorption and net photosynthesis are presented as % change compared to
the reference where the rotation of plants relative to their neighbors (0 to 360◦ , drawn at random) was
the only source of variation. The rotation of the plants relative to their neighbors was kept the same for
every model simulation such that any differences in light absorption and net photosynthesis are the result
of including interplant variation of architectural and/or photosynthesis traits. Data are the averaged values
of all hourly time steps in a day of 24 plants (centre 12 plants of the centre two double rows) from five
repetitions (simulations with each a different random number generator for the light model and drawings
from the normal distribution) and three different planting densities (1.5, 2.4 and 3.3 plants m−2 , resulting
in a total of 360 plants).
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Figure 5: Simulated effects of interplant variation in architectural and photosynthesis traits on differences in
leaf light absorption and net photosynthesis at two fractions of direct sunlight (0 and 0.77) and at summer
and winter solstices (DOY 171 and 356). Each simulation is compared to the reference where the rotation
of plants relative to their neighbors (0 to 360◦ , drawn at random) was the only source of variation. The
rotation of the plants relative to their neighbors was kept the same for every model simulation such that
any differences in light absorption and net photosynthesis are the result of including interplant variation of
architectural and/or photosynthesis traits. Data represent the average of 3 adjacent phytomer ranks (i.e.
phytomer rank 2 is the average of phytomer ranks 1 to 3; phytomer rank 6 the average of phytomer ranks 5
to 7) of all hourly time steps in a day from 24 plants (centre 12 plants of the centre two double rows) from
five repetitions, at three different planting densities (1.5, 2.4 and 3.3 plants m−2 ), resulting in a total of 360
observed plants.
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5.4

Discussion

5.4.1

Interplant variation reduces canopy light absorption and net photosynthesis

The aim of this study was to determine the importance of observed interplant variation in
architectural and photosynthetic traits on canopy light absorption and net photosynthesis
and the coefficient of variation in plant light absorption and net photosynthesis. What we
found is that introducing interplant variation in architecture and photosynthesis traits in a
FSPM did -depending on the trait- not or negatively affect canopy light absorption and net
photosynthesis compared to the reference model without interplant variation. Considering
realistic variation of all architectural and photosynthesis traits reduced daily canopy light
absorption by -1.8 to -3.3% and daily canopy net photosynthesis by -1.9 to -6.8%, with
largest differences in winter at a lower solar angle. It has to be noted that all our model
simulations were performed for a fully grown tomato crop.
By using a fully grown tomato crop in a static FSPM the traits could be individually
explored at a relative ease. This was justified as tomato has a near year-round growth
season where the majority of the production is in a canopy that is relatively static. This
study used well established photosynthesis modelling with a plant architecture (e.g. (Zhang
et al., 2021; Chapter 2) to understand the influence of certain architectures resulting from
plant variability at a long-lasting growth stage. The same architectural parameters can have
varying effects when actual growth is simulated (e.g. Chen et al., 2014), and would result
in the observation that during a growth cycle traits may have positive or negative effects
depending on the developmental stage in which the research is performed (Falster et al.,
2018). By use of a static FSPM the observation was that mainly interplant variation in
leaflet angles reduces canopy light absorption and photosynthesis, while interplant variation
in leaf area increased the coefficient of variation the most in plant light absorption and net
photosynthesis. This suggests that for the purpose of accurately determining canopy light
absorption and net photosynthesis, petiole and leaflet angle should be considered, whereas
leaf area should be considered for accurately determining the coefficient of variation in plant
light absorption and net photosynthesis. Previous static tomato FSPM reported values
of differences in canopy net photosynthesis up to 7% for simulations when leaflet angle
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was changed of the architecture of a full-grown crop (Sarlikioti et al., 2011a; Chapter 2).
Values in this study were within the same range, although in this case interplant variation in
architectural and photosynthesis parameters was introduced instead of a sensitivity analysis.
Applying interplant variation in photosynthetic traits reduced canopy net photosynthesis. The negative effects on net photosynthesis can be explained by the non-linear relationship
between alpha, Jmax and Vcmax with photosynthesis (Wilson et al., 1992; Sarlikioti et al.,
2011b; Zhu et al., 2012; Song et al., 2013; Von Caemmerer, 2013). The observation of a negative effect on average net photosynthesis when light is re-distributed toward the top of the
canopy is shown by (Vermeiren et al., 2020) and observed in this study on a winter solstice
with 77% direct light (Fig. 5D, H). A higher fraction of light absorption by the top of the
canopy is critical at the young stage to increase light absorption for canopy establishment
(Richter et al., 2010) and can have stacking effects, as observed by (Chen et al., 2014) with
increases in biomass production up to 20%.
5.4.2

Increased planting density increases coefficient of variation in plant light absorption
and net photosynthesis without affecting average net photosynthesis

Higher planting density increased the coefficient of variation in plant light absorption and
net photosynthesis for every scenario with interplant variation in architectural and photosynthesis traits without affecting overall canopy photosynthesis. This naturally has to do
with an increase in light competition within the canopy. In experiment 2 with differing row
orientations the CV in fruit productivity was on average 12.8%. In this model simulation
CV values for whole plant net photosynthesis were found up to 12.3% for the highest case,
although generally lower than 8%. It has to be noted that the model was not yet able to
capture all interplant variability. In reality there is a lot more interplant variability which
we did not consider here where productivity also depends on local (a)biotic factors which
are not considered, such as temperature, humidity, pathogens, roots, biological variation and
more. Of every architectural and photosynthesis parameter included in this study we have
shown that introducing interplant variation in leaf area results in the highest coefficient of
variation in plant light absorption and net photosynthesis.
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5.4.3

Conclusions

Introducing interplant variation in architecture and photosynthesis traits in a functionalstructural plant model did -depending on the trait- not or negatively affect canopy light
absorption and net photosynthesis compared to the reference model without interplant variation. Introducing interplant variation of architectural and photosynthesis traits in FSPM
results in more realistic simulation of variation of plants within a canopy. Furthermore,
it can improve the accuracy of simulation of canopy light interception and photosynthesis,
though these effects at canopy level are relatively small (<4% for light absorption and <7%
for net photosynthesis).
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5.5

Supplementary material

Table S1: Values for the dimensionless parameters A and B of Eq. 1 for calculating leaf area of Exp. 1
according to an empirical relationship acquired from data in Exp. 1.
Cultivar

A

B

Foundation

0.2533

1.0125

Progression

0.2389

1.0164

Extension

0.2257

1.0350

9112

0.1963

1.0624

Table S2: Composition of the nutrient solution used in the experiment. Solution EC: 2.8 and pH: 5.5.
Macronutrients

Amount

Unit

Micronutrients

Amount

Unit

NH4

1.2

mmol/l

Si

0

µmol/l

K

10.3

mmol/l

Fe

25

µmol/l

Na

0

mmol/l

Mn

10

µmol/l

Ca

5.8

mmol/l

Zn

5

µmol/l

Mg

2.59

mmol/l

B

30

µmol/l

NO3

17.2

mmol/l

Cu

0.75

µmol/l

SO4

4.76

mmol/l

Mo

0.5

µmol/l

HCO3

0

mmol/l

Cl

0

µmol/l

P

1.62

mmol/l
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Table S3: Testing assumptions made in ray number and GroIMP’s setseed (random number generator) on
canopy light absorption and net photosynthesis on two simulated days of the year (DOY).
Light absorbed

Net photosynthesis

(µmol m−2 s−1 )

(µmol m−2 s−1 )

5

1307.8 ±24.8

7.91 ±0.07

1250

5

1307.7 ±24.8

7.91 ±0.07

171

750

6

1307.7 ±24.6

7.91 ±0.07

171

1250

6

1307.5 ±24.8

7.91 ±0.07

356

750

5

601.8 ±61.7

5.70 ±0.37

356

1250

5

601.8 ±61.7

5.70 ±0.37

356

750

6

601.8 ±61.6

5.71 ±0.37

356

1250

6

601.8 ±61.6

5.71 ±0.37

DOY

milRays

setSeed

171

750

171

Table S4: Absolute values and standard deviation of light absorbed and net photosynthesis per m2 floor area
for model simulations with the reference scenario on different days of the year (171, 356), planting densities
(1.5, 2.4 and 3.3) and fractions of direct sunlight (0 and 0.77). Simulation results were averaged over planting
density for the first four rows, and averaged over the combination of day of year (DOY) and fraction direct
light for the last three rows. This was done as no clear interaction effects were observed was observed from
the individual plots differing these individually.

DOY

Plant density
(plants m

−2

)

Fraction

Light absorbed

direct light

(µmol m

−2

s

−1

)

Net photosynthesis
(µmol m−2 s−1 )

171

1.5, 2.4, 3.3

0

1132.1 ±27.5

40.85 ±0.73

171

1.5, 2.4, 3.3

0.77

1098.4 ±21.2

36.80 ±0.58

356

1.5, 2.4, 3.3

0

361.4 ±8.8

19.93 ±0.47

356

1.5, 2.4, 3.3

0.77

461.8 ±56.9

22.80 ±2.54

171, 356

1.5

0, 0.77

697.4 ±16.5

24.97 ±0.51

171, 356

2.4

0, 0.77

771.3 ±32.8

30.90 ±1.30

171, 356

3.3

0, 0.77

821.5 ±45.2

34.41 ±1.92
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Figure S1: Example of implementing interplant variation for trait X. To keep the total trait value equal
across the canopy as a whole a value is taken from the normal distribution and a mirrored value is taken for
another plant in the canopy.
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Figure S2: Simulated effects of interplant variation in architectural and photosynthesis traits on absolute
differences in leaf light absorption and net photosynthesis (in µmol s−1 ) at three planting densities (1.5, 2.4
and 3.3 plants m−2 ). Each simulation is compared to the reference where the rotation of plants relative to
their neighbors (0 to 360◦ , drawn at random) was the only source of variation. The rotation of the plants
relative to their neighbors was kept the same for every model simulation such that any differences in light
absorption and net photosynthesis are the result of including interplant variation of architectural and/or
photosynthesis traits. Data represent the average of 3 adjacent phytomer ranks (i.e. phytomer rank 2 is the
average of phytomer ranks 1 to 3; phytomer rank 6 the average of phytomer ranks 5 to 7) of all hourly time
steps in a day from 24 plants (centre 12 plants of the centre two double rows) from five repetitions, at two
fractions of direct light (0 and 0.77) and two solstices summer and winter (DOY 171 and 356), resulting in
a total of 480 observed plants.
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6

General discussion

In this thesis variability in light absorption and photosynthesis within tomato canopies was
explored with a 3D model assisted analysis. Light distribution in canopies is important
for crop photosynthesis as suggested by several modelling studies (e.g. Buck-Sorlin et al.,
2011; Cieslak et al., 2010; Sarlikioti et al., 2011b; Wiechers et al., 2011; Chen et al., 2014;
Chapters 2 and 5) and as evidenced by the increased crop photosynthesis, growth and yield of
greenhouse tomato when light is made more diffuse (Li et al., 2014). Photosynthesis follows
a curvilinear pattern with light intensity which results in a higher overall crop photosynthesis
when light is more uniformly distributed (Wilson et al., 1992; Sarlikioti et al., 2011b; Zhu
et al., 2012; Song et al., 2013; Von Caemmerer, 2013). Besides this, exposing leaves lower in
the canopy to a higher light intensity results in maintaining a higher photosynthetic capacity
for these leaves (Trouwborst et al., 2011). Therefore, distributing light more homogeneously
throughout the crop is desired.
6.1

Variability in light interception and photosynthesis in a canopy

6.1.1

Variability due to row orientation

A clear source of variability in canopy light distribution is the arrangement of plants, where
in a cultivation system row orientations can play a big role. Row orientation affects interand intra-row shading and hence daily light distribution (Trentacoste et al., 2016; Campos
et al., 2017). For hedgerow productivity and product quality, a north–south row orientation
is often favourable as reviewed by (Trentacoste et al., 2015). These authors argued that
this is the result of a more equal light distribution to the most important leaves and fruits
between both east- and west-facing parts of the rows during a day in a north–south row
orientation. A south-facing side can be light-saturated, while the north-facing side of a tree
is still limited by light, resulting in unequal fruit set (Khemira et al., 1993), fruit abortion
or fruit rot (Lombard and Westwood, 1977).
In this thesis I quantified the influence of row orientation on the inter- and within-row
variation of light absorption and photosynthesis in a hedgerow crop by combining experi-
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mentation and modelling (Chapter 2), which had not been done so far. What I hypothesized
is that plants in north- and south-facing rows in an east-west row orientation double row
system would have a much larger variation in light absorption and photosynthesis and hence
fruit production than plants in east- and west-facing rows in the north-south row orientation.
Against my own expectation, I showed that due to plant acclimation, row orientation
had a minimal influence on canopy light absorption and net photosynthesis. A larger total
leaf area by plants in north-facing rows partly compensated the lower light absorption per
unit leaf area. An increase in leaf area is observed as one of the shade avoidance symptoms
(Kalaitzoglou et al., 2019). Other typical shade avoidance responses were not found in
my experiment (Chapter 2) such as a decrease in leaf thickness (leaf area per gram of dry
weight) (Holmes and Smith, 1975; Smith and Whitelam, 1997), increased elongation of
stems (Ballaré et al., 1991; Smith and Whitelam, 1997; Cole et al., 2011), nor a change
in leaf mass. So despite a higher uniformity in light distribution when rows are oriented
north–south, the overall crop light absorption and photosynthesis was slightly higher for an
east–west orientation (both 3 % higher). Despite an overall equal canopy light absorption
and photosynthesis there were still significant differences in fruit production at the row
level between the north- and south-facing rows due to a higher partitioning to fruits in the
south-facing rows.
In a production system where product quality is of high importance variation in fruit
growth is not desired. The hypothesis that plants in north- and south-facing rows in an
east-west row orientation double row system would have a much larger variation in light
absorption and photosynthesis and hence fruit production than plants in east- and westfacing rows in the north-south row orientation is supported by my measurements (Chapter
2). Acclimation of the plants was the result of differences between facing rows in light
absorption, and fruit production was different between the rows. Still, the acclimation of the
plants was unexpected and shows an interesting opportunity. Model simulations by Connor
et al. (2009) revealed that a certain canopy porosity could be required to support proper fruit
growth in olives by having sufficient sunlight on the fruits during the month before harvest.
Pruning of the leaves in the upper part of the canopy could result in a more equal light
distribution to the most important leaves and fruits between both north- and south-facing
parts of the rows during a day in an east-west row orientation. In this way, an enhanced
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total canopy light absorption and photosynthesis could be maintained while balancing the
light distribution in the canopy between the rows.
6.1.2

Variability due to intra-canopy lighting

An increase in leaf area for the north-facing row in the row orientation experiment was a
surprise. With the introduction of LEDs and in particular intra-canopy lighting however,
changes in morphology can be expected as the light intensity and spectrum are changed in
the canopy. The spatial heterogeneity of light absorption that come with the introduction
of intra-canopy lighting had not been thoroughly explored compared to top lighting. A
reason for this is that the commonly used method to estimate light absorption based on the
Lambert-Beer law for light extinction cannot be applied when intra-canopy lighting is used
(Monsi and Saeki, 2005).
Model simulations of de Visser et al. (2014) and this thesis (Chapter 4) showed that most
of the light from intra-canopy lighting is absorbed by leaves close to the lamps, suggesting
that leaf acclimation will take place close to the lamps. Joshi et al. (2019) found a 3-4 times
higher photosynthetic capacity in leaves on the inside of the canopy when intra-canopy
lighting LEDs were introduced in a canopy with natural background radiation compared to
the control. Besides local leaf acclimation, the link between a plant’s site of light perception
and the sites where morphological acclimation takes place is a field of study with recent
advancements but is still not fully understood (Küpers et al., 2018; Iglesias et al., 2018).
With the introduction of LEDs the lower half of plants experience a different light spectrum compared to top lighting. Hence I investigated whether and to which extent local
supplementation of FR results in local or long-distance architectural and growth responses
in full-grown tomato plants (Chapter 3). I hypothesized that mature plant parts can still
induce morphological changes in young growing plant parts. What I found is that locally
supplied FR has long-distance effects on length, dry weight of the stem and on SLA, confirming the hypothesis. Some other parameters (petiole elongation, petiole angle and leaf weight)
are only affected by the local light environment. The morphological and growth responses
from far-red light applied at the bottom of the plants were weaker than those resulting from
locally perceived FR at the upper young plant part. The confirmation of the hypothesis is a
clear indicator that future studies on light spectrum should look into the integration of light
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spectrum perceived on different heights of the plant.
Besides inducing long-distance morphological acclimation, the horizontal and vertical
variability in light absorption is directly affected by intra-canopy lighting (Chapter 4). Studies where supplemental intra-canopy lighting replaced top lighting showed increased fruit
yield in cucumber (Hovi-Pekkanen et al., 2004; Hovi-Pekkanen and Tahvonen, 2008), an
increase in sweet pepper fruit number and weight (Hovi-Pekkanen et al., 2006) and an increased net photosynthesis (Pn) and photosynthetic capacity (Pmax; Pettersen et al., 2010).
Still, some studies did not find differences in whole plant biomass production between top
lighting and intra-canopy lighting (Trouwborst et al., 2010; Dueck et al., 2011; Gómez and
Mitchell 2016; Yan et al., 2018). This lack of biomass gain could be related to a loss of
total light interception due to extreme leaf curling such as observed by Trouwborst et al.
(2010) when intra-canopy lighting was applied with a large fraction of blue light. Gómez and
Mitchell (2016) mentioned an increased maintenance respiration of leaves lower in the canopy
that acclimated to a higher light intensity and an increased partitioning to non-harvestable
organs as possible reasons for lack of effect on yield. All the explanations mentioned in literature about effects or absence of effects are based on differences in incident light environment
which affect plant growth and morphology.
Incident light from lighting from above can be measured by quantum sensors pointing
upward at different heights. Incident light from intra-canopy lighting might be measured by
use of quantum sensors pointing in a side-ward direction towards the intra-canopy lighting at
different heights as for instance done in Kaiser et al. (2019). However, spatial heterogeneity
of incident and absorbed light is hard to measure in detail. The spatial variability of absorbed
light is important when physiological processes such as photosynthesis are studied (Joshi et
al., 2019). I hypothesized that using intra-canopy lighting increases overall crop uniformity in
light absorption (Chapter 4). By use of an FSPM an investigation was performed comparing
spatial heterogeneity of incident and absorbed light between intra-canopy lighting and top
lighting systems. I showed with model simulations that the leaflets in intra-canopy lighting
generally have a more uniform overall light absorption. The hypothesis is therefore supported
by my model simulations. The variation coefficient however is roughly the same in both
the horizontal and vertical direction for intra-canopy lighting as compared to top lighting.
This means that the relative variation between leaves is the same for intra-canopy and top
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lighting. A combination of intra-canopy and top lighting always has a more uniform canopy
light absorption than intra-canopy or top lighting alone. Besides this, there was an 8% higher
total light absorption with the use of intra-canopy lighting compared to top lighting.
Special attention should be given to the way how intra-canopy and top lighting studies
are compared to each other. It is difficult to make a fair comparison between intra-canopy
and top lighting in an experimental situation. Light is lost due to structural parts of the
greenhouse, management equipment such as wires and reflection through the sides of small
compartments. Besides this, top lighting modules also block sunlight whereas intra-canopy
lighting hardly blocks natural sunlight. Most of intra-canopy lighting is directly absorbed
by the surrounding. Still, light can be lost on the sides of a compartment where intracanopy lighting is pointed side-ward. In literature there has been no mention of how a fair
comparison can be made. Having the same number of lamps does not mean that incident light
is equal between treatments. The height at which incident light should be measured for top
lighting when this is to be compared to intra-canopy lighting remains difficult. An over- or
underestimation would result in an inherently unfair comparison between treatments. Model
simulations in this thesis did not explicitly model the full greenhouse structure, apart from
the reflection of walls, the floor, heating pipes and gutter. In most FSPM the greenhouse
structure is not explicitly modelled. Due to this a fair comparison could be made between
intra-canopy lighting and top lighting (Chapter 4).
In the absence of sunlight a rough idea can be given on how to make a fair comparison
between intra-canopy and top lighting. For top lighting the light intensity could be measured
just above the top of the canopy. By comparing this to calculations on how much light there
would be without any light loss to structural components of the greenhouse, an estimation
of light loss can be acquired. Lamps in the intra-canopy lighting can then be adjusted in
intensity based on this. I still don’t have a suggestion on how and at which distance intracanopy lighting should be measured with a line sensor. Still, the efficiency of intra-canopy
lighting could be largely underestimated if the incident light is estimated higher than it
would be in reality.
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6.1.3

Including interplant variation; is more realistic also better?

As has been shown in Chapters 2 and 3, the plants acclimated to their growing conditions.
This also resulted in architectural variability. It has been shown in several studies that
increased light absorption and photosynthesis can be achieved by looking for advantageous
crop architectures (Sarlikioti et al., 2011a; Da Silva et al., 2014; Perez et al., 2017). The
desired architecture depends on the stage of crop development, where traits related to leaf
area are of importance particularly in the early stage (Perez et al., 2017), as a rapid establishment of leaf area is critical at the young stage to increase light absorption (Richter et al.,
2010). When LAI is high and the canopy intercepts most incident light, other attributes
related to leaf and leaflet arrangement within the crown have a greater influence on light
capture by changing light distribution within the crown.
Inclusion of interplant variation in architectural and photosynthesis traits for modelling
light absorption and photosynthesis has yet received minimal attention, while this could be
of importance for accurately modelling variability in a canopy. I studied the importance
of observed interplant variation in architectural and photosynthetic traits on canopy light
absorption and net photosynthesis and determind the coefficient of variation in plant light
absorption and net photosynthesis (Chapter 5). Here I hypothesize that including measured
interplant variation in architectural and photosynthesis traits results in more accurate model
simulations of light absorption and photosynthesis than a model which does not include spatial variation. For this I used measured interplant variation in greenhouse grown tomato
canopies and implemented this in a FSPM. What I found with model simulations is that
introducing interplant variation in architecture and photosynthesis traits in a functionalstructural plant model did -depending on the trait- not or negatively affect canopy light
absorption and net photosynthesis compared to the reference model without interplant variation. A theory that has to do with acclimation of plants in relation to crop growth efficiency
is the tragedy of the commons, where plant communities are invaded by other species that
invest more in capturing light, at the expense of other plants and energy cost (Anten and
Vermeulen, 2016). In the end all plants end up using more energy for competition which
is not good for the community as a whole. In agriculture and horticulture we aim for a
higher productivity while using less resources. Here I showed that a uniform average crop
would have been better than having a crop with variability included. Despite being capa120
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ble of improving the accuracy of simulation of canopy light interception and photosynthesis
the effects at canopy level were relatively small (<4% for light absorption and <7% for net
photosynthesis).
Therefore the hypothesis that including measured interplant variation in architectural
and photosynthesis traits results in more accurate model simulations of light absorption and
photosynthesis than a model which does not include spatial variation was rejected as the
impact on modelling light absorption and photosynthesis was only small. For quite some
parameters there was no influence of including interplant variation on canopy light absorption
and photosynthesis, while for other parameters there was no influence on the CV of plant light
absorption and photosynthesis. This gives an indication that including interplant variation
in architectural and photosynthesis parameters is a cumbersome effort which does not have
a large impact on simulated averages of a canopy. Still, for a crop where the harvestable
product is the crop itself, such as for lettuce, predicting individual variability is of greater
importance. It should also be taken into account that the finding of limited importance of
including interplant variation is for a dense tomato canopy (a monoculture) with a relative
high leaf area index. For canopy mixtures it has been shown that interplant variation can
explain complementary light capture (Zhu et al., 2015). Besides, the findings of Chapter 5
should not be translated to early stages of plant development. Dynamic functional-structural
plant models such as Greenlab (de Reffye et al., 2021) or EcoMeristem (Larue et al., 2019)
could be used to assess the importance of variability in a dynamic growth setting. This
would answer the need to include parameter variability in different developmental stages.
6.2
6.2.1

The added value and limitations of using a 3D assisted modelling approach
Benefits to the approach assisted by 3D modelling

Functional-structural plant models (FSPMs) explore and integrate relationships between a
plant’s structure and processes that underlie its growth and development (Louarn and Song
2020). In this thesis growth and development itself was not simulated. Instead the tomato
crop was considered static as the majority of growth happens in a stage where it remains
relatively constant over time. According to Louarn and Song (2020) the use of FSPM in this
research is on the integration of plant architecture and primary production. Researchers with
similar intentions that used a static FSPM have for example quantified the effects of shoot121
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bending on cut rose production under greenhouse conditions (Zhang et al., 2021). Prieto
et al. (2019) used a similar approach in grapevine to compare the gains in photosynthesis
enabled by different training systems.
At a latitude of 52◦ N the daily light integral increases until the 24th of June and then
decreases again. Leaf area and leaf thickness acclimate to the light intensity a crop receives
(Oguchi et al., 2003). By assuming that leaf acclimation was minimal during the final two
months of the row orientation experiment, it was possible to quantify differences in productivity between north-south and east-west row orientations. Findings of the row orientation
experiment (Chapter 2) with the use of 3D modelling could not so easily have been explained
by standard light distribution measurements. It was now possible to take the climate data
of the past months, incorporate this and calculate the effects. Then a sensitivity analysis
was performed where leaf area was modified which revealed the importance of acclimation
for the uniformity. An explanation of observed differences in light absorption and photosynthesis could be given as well with model simulations, where on completely cloudy days the
north-facing rows had higher light absorption and higher net photosynthesis rate. On days
with roughly 25% direct sunlight and higher the south-facing rows absorbed more light than
north-facing rows, where photosynthesis was higher for south-facing rows with roughly 60%
direct sunlight and higher.
In Chapter 4 FSPM was a useful tool to accurately visualize and quantify the distinctive
extinction patterns throughout the canopy with intra-canopy lighting and/or top lighting.
Doing the same kind of work with physical measurements would have been very time consuming and not have resulted in the same level of detail. Here I made use of the large
amount of data that can be produced on an organ level, where leaflet light absorption was
taken as the level of detail. In addition to this, future model simulations could be performed
where the number and type of intra-canopy LEDs could be varied and placed on different
heights to determine the effect on variability in light absorption. FSPM would be of perfect
use for this, as predictions can be made to determine the best strategies to be tested in real
experimental setups.
Reducing variation among plants can also be obtained by optimizing plant spacing strategies in plant factories (Nicole et al., 2016). In the study of Nicole et al. (2016) I simulated
lettuce plants that were re-spaced further apart during growth when the ground cover reached
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a certain threshold to reduce competition between plants. In that study I used FSPM for
it’s predictive power to beforehand determine the optimal moment for re-spacing, where a
large set of combinations was tested virtually. With the acquired information interesting
follow-up experimentation can more easily be determined.
6.2.2

Limitations to the approach assisted by 3D modelling

Obvious limitations in my research on a 3D assisted modelling approach were the requirement
of data to calibrate models and the limited availability of data to validate these models. Light
measurements performed in experiments were useful in determining the overall accuracy
of simulated light absorption. Still, there were plenty of architectural and photosynthesis
parameter values and assumptions made based on limited data availability. The number of
leaflets, the distribution of leaf area between leaflets as well as the ratio between rachis length
of a leaf and its leaflets are three of such examples, where literature has shown that impacts
of simplifying leaf structure are small but unpredictable (Vermeiren et al., 2020). For the
row orientation experiment there was a number of 6 plants per facing direction measured
for architecture, which was rather limited. With this amount no parameter variability could
be included with precision. This was however also not the intent of the study, and required
accuracy comes and goes with specific research questions.
A more extensive data set for the intra-canopy lighting made it possible to study the
interplant variation in architectural traits on light absorption and photosynthesis. An obvious limitation for that study was the fact that photosynthesis was not measured in the
experiment and that parameter values were taken from literature of (Qian et al., 2012).
Measuring photosynthesis requires a lot of time and expensive machinery and it is therefore
generally financially not feasible to measure on every height to determine variability for every
phytomer if this is just a part of the scope of a study. Due to the large plant size used in
my model studies, automatic phenotyping was not readily available either. This might be
something for the future, although this will more readily be available for smaller plants (Li
et al., 2020). Phenotyping large plants on a high-throughput system is available only to a
limited extent, though progress is made in this field (Li et al., 2020).
Because FSPMs deal with a lot of entities, parameters, spatial scales and heterogeneity,
they are usually more complex and less easy to use than process-based crop models. In
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the same way as other types of complex models (Grimm and Railsback, 2005), complexity
generally results in more time-consuming model development and maintenance. The availability of dedicated modelling platforms has significantly improved model re-usability and
accessibility in the past years (Kniemeyer et al., 2007; Barczi et al., 2008; Pradal et al.,
2008; Marshall-Colon et al., 2017). Still, the number of parameters and data required for
parameterizing an FSPM remains cumbersome.
6.3

Advise for growers

Ultimately, for growers there is the potential to increase uniformity in fruit production. One
way is by having either a favorable row orientation, i.e. a north-south row orientation at a
latitude of 52◦ , or reducing the differences in light absorption between rows in the crop by
for example pruning leaves on the row side which receives more light (i.e. the south-facing
row in an east-west row orientation) (Chapter 2). Another suggestion would be to utilize
the potential of intra-canopy lighting in increasing the homogeneity of light distribution in a
canopy. This would also result in a higher total light absorption since there would be limited
reflective losses (Chapter 4). Besides increasing light capture, the spectrum of the intracanopy lighting can be chosen to induce desired plant architectural acclimation (Chapter
3). When a dense canopy is formed later in the growing season the interplant variation in
architecture has a limited influence on light absorption (Chapter 5), and hence the location
of intra-canopy lighting is then less relevant.
6.4

Possibilities for further research

I studied the effects of far-red light on long-distance signalling in the plant (Chapter 3). No
distinction was made between different types of tissue. The study of e.g. Pantazopoulou et
al. (2017) demonstrates that the location where far-red is applied matters for the response.
I have shown that mature plant parts still influence its own architecture by long-distance
responses within the plant. Future studies should focus on distinguishing which part of the
mature plant part is responsible for this and if the diminishing effects are due to ageing or
distance. Also, I applied far-red light, while other wavelengths such as blue light are also
known to have a strong influence on plant growth and development. Studies that focus on
responses related to signalling as a result of hormones can determine dose response curves,
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i.e. a range of auxin concentrations can be applied to determine the magnitude of inducing
changes in leaflet angle (Pantazopoulou et al., 2017). This would then aid in simulating the
auxin balance of a plant, which is complex but plays a vital role in growth and development
of plants.
In Chapter 4 I studied variability of the light distribution in the canopy. In this research
there is one obvious aspect that requires future studying, namely the impact of variability in
light absorption on net photosynthesis. Another aspect is that there was no focus on light
spectrum, although it was shown in (Chapter 3) to have an influence on plant architecture
even when placed down in the canopy. Even though the variability in light absorption was
modelled under different scenarios, it was not possible to make a clear protocol on how to
make a fair experimental comparison between intra-canopy and top lighting. In the absence
of sunlight a rough idea can be given on how to make a fair comparison between intra-canopy
and top lighting. For top lighting the light intensity could be measured just above the top
of the canopy. By comparing this to calculations on how much light there would be without
any light loss to structural components of the greenhouse, an estimation of light loss can
be acquired. Lamps in the intra-canopy lighting can then be adjusted in intensity based on
this. This does require further research as the efficiency of intra-canopy lighting could be
largely underestimated if the incident light is estimated higher than it would be in reality.
If we want to be able to simulate and predict the effects of intra-canopy lighting on
architectural changes, interplant variability and associated plant growth and development
in a canopy during a growing season, we need a much better understanding of how light
signals affect growth and development at the phytomer level. There are models that can
include certain architectural variability such as Greenlab (de Reffye et al., 2021; i.e. variability in axis development, branching, meristem viability) and Ecomeristem (Larue et al.,
2019; i.e. variability in tillering dynamics and mortality). These models could be useful
in the future where similar studies could be undertaken to determine the importance of
architectural changes and trait variability for plant growth. This would require a far more
elaborate analysis and interpretation of data. Zhu et al. (2015) investigated this topic in a
maize and soybean mixture, and showed that inclusion of interplant variation can result in
complementary light capture.
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Ballaré, C. L., & Pierik, R. (2017). The shade-avoidance syndrome: Multiple signals and ecological consequences. Plant, Cell & Environment, 40 (11), 2530–2543. https://doi.org/10.1111/pce.12914
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Summary
The aim of this thesis was to study the variability in light absorption and photosynthesis
within tomato canopies, where a combination of experimentation and 3D modelling was
used. The main hypothesis in this thesis was that including this variation gives a much more
realistic simulation of the crop canopy.
A first source of variability in light absorption and photosynthesis is the positioning of
plant and leaves in a 3D space. Plant positioning in rows causes inter- and intra-row shading,
which affects the light distribution and pattern throughout the whole day. For hedgerow
productivity and product quality, a north–south row orientation is often favourable. This is
thought to be the result of a more equal distribution of light to the most important leaves
and fruits between both east- and west-facing parts of the rows during a day in a north–south
row orientation. A south-facing side can be light-saturated, while the north-facing side of a
tree is still limited by light, resulting in unequal fruit set, fruit abortion or fruit rot.
A second source of variability in light absorption and photosynthesis is the introduction
of intra-canopy lighting with LEDs. Placing intra-canopy lighting has a major influence
on light distribution within the canopy, affecting the uniformity as well as light spectrum
gradient in the crop. This affects a third topic of interest in this thesis, namely the effect of
spatial differences in light spectrum on plant growth. Changes in morphology resulting from
an individual organ’s (i.e. leaf, stem or fruit) perceived light microclimate can be at the level
of the organ itself (local) and at the plant level where it also affects other plant organs (longdistance). Local versus long-distance responses to light spectrum are commonly studied in
(de-etiolated) seedlings, allowing for fast research. Extrapolating studies on local lighting
on de-etiolated seedlings, rosette plants or very young plants to tall plants (e.g. longer
than 1 m) is difficult if not impossible. Whether and to which extent local supplementation
of FR resulted in local or long-distance architectural and growth responses in full-grown
tomato plants was unclear. Yet an understanding of how this works is relevant for accurately
predicting plant growth under intra-canopy lighting conditions.
The potential of intra-canopy light-emitting diode (LED) lighting to enhance or modify
crop growth and yield has been explored in the past decade in greenhouse cultivation. The
changes in spatial heterogeneity of light absorption that come with the introduction of intra-
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canopy lighting have not been thoroughly explored. By providing supplementary light within
the crop reflective loss of the upper canopy is reduced. Furthermore, a more homogeneous
vertical light distribution and therefore a higher photosynthetic use efficiency of the absorbed
light could be achieved. Due to the curvilinear shape of the light response curve of leaf
photosynthesis the crop photosynthesis is higher when all leaves have the same intensity,
compared to a situation with the same average light intensity but with variation among
individual leaves. Despite the knowledge, measuring spatial heterogeneity of incident and
absorbed light in detail is hard. The spatial variability of absorbed light is important when
physiological processes such as photosynthesis are compared between light treatments. An
FSPM is an excellent tool for studying the spatial variability.
A last source of variation addressed in this thesis is plant to plant variation (interplant
variation). Interplant variation may play an important role in determining individual plant
and whole canopy performance, where interplant variation in architecture and photosynthesis traits have direct effects on light absorption and photosynthesis. Interplant variation has
been studied for a longer time in ecology, greenhouse horticulture and field crops, where in
greenhouse horticulture and field crops uniformity is of importance. Differences in whole
plant fruit growth have been linked to environmental factors such as light intensity, photoperiod, CO2 concentration, temperature, relative air humidity, water and nutrient supply
and canopy architecture.
As mentioned in the above paragraphs, in canopies a large variation exists between and
within plants with respect to architecture and the distribution of light (both intensity and
spectrum).
In this thesis tomato (Solanum lycopersicum) was used as a model plant for fruit-bearing
crops. Tomato is easy to use for research due to the fact that it has simple diploid genetics, a
short generation time, routine transformation technology and is easy to maintain. Research
studies on tomato brings knowledge that can be applied to other plants in the Solanaceae
family, such as eggplant and peppers. Tomato plants are generally cultivated in high-wire
double row systems when grown in high-tech greenhouses. For greenhouses the cultivars
chosen have an indeterminate growth habit allowing almost year-round cultivation in the
Netherlands. When the plants reach several meters high, they are lowered weekly along the
path.
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In Chapter 1 a broad background is given on different types of crop models used to predict
plant growth and yield, the introduction of LED light sources and challenges of measuring
light within a canopy, architectural variation that exists inside canopies and tomato plant
used in this research. At the end Chapter 1 the knowledge gaps and hypotheses that were
investigated in this thesis as well as the outline of each chapter were described.

In Chapter 2 a combination of experimentation and functional-structural plant modelling
(FSPM) was presented where row orientation effects were studied on the inter-and withinrow variation of light absorption and photosynthesis in tomato. The FSPM was used to
analyse light absorption and photosynthesis for each of the row facing directions in a doublerow trellis system (e.g. north- and south-facing rows for the east–west row orientation).
It was concluded that although south-facing rows were expected to have a higher photosynthesis than north-facing rows, plant morphology was acclimated such that differences in
light absorption and photosynthesis between north- and south-facing rows were minimal.
Rows oriented north–south were more uniform in light absorption and photosynthesis than
east–west rows, but the overall crop light absorption and photosynthesis were minimally affected (both 3 % lower compared to east–west orientation). Despite an overall equal canopy
light absorption and photosynthesis there were still significant differences in fruit production
at the row level between the north- and south-facing rows due to a higher partitioning to
fruits in the south-facing rows. As such, variability in economic product was higher in the
east-west row orientation.

In Chapter 3 local and long-distance plant responses to localized light spectrum were studied in large plants. It was investigated whether local supplementation of FR resulted in local
or long-distance architectural and growth responses in full-grown tomato plants. Tomato
plants were grown in a climate chamber and separated horizontally with white plastic. It
was found that locally supplied FR has long-distance effects on length and dry weight of
the stem and on SLA, while some other parameters (petiole elongation, petiole angle, leaf
weight) are only locally affected. When FR was supplied to the lower half of the plant SLA,
stem length, and stem dry weight of the upper half also increased, but to a lesser extent
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than when FR was supplied to the upper half.

In Chapter 4 changes in spatial heterogeneity of light absorption that come with the introduction of intra-canopy lighting were explored by use of FSPM. An FSPM was calibrated
and validated, which combined plant morphology with a ray tracing model to estimate light
absorption on a leaflet level. Canopy light distribution was then quantified and visualized
in three voxel directions by means of average absorbed photosynthetic photon flux density
(PPFD) and coefficient of variation (CV) within that voxel. Combined intra-canopy and
top lighting had in all directions a more uniform light absorption than intra-canopy or top
lighting alone. Intra-canopy lighting resulted in 8% higher total light absorption than top
lighting, while combining 50% intra-canopy lighting with 50% top lighting, increased light
absorption by 4%.

In Chapter 5 plant to plant variation (interplant variation) was studied to determine the
effect on individual plant and whole canopy performance, where interplant variation in architecture and photosynthesis traits had direct effects on light absorption and photosynthesis.
It is discussed that introducing interplant variation in architecture and photosynthesis traits
in a FSPM did -depending on the trait- not or negatively affect canopy light absorption
and net photosynthesis compared to the reference model without interplant variation. This
leads to the conclusion that a uniform average crop would have been better than having a
crop with variability included for total crop productivity. Despite being capable of improving the accuracy of simulation of canopy light interception and photosynthesis the effects at
canopy level were relatively small (<4% for light absorption and <7% for net photosynthesis).

In Chapter 6 the results of this thesis are summarized and put into a more general context
with relevancy outside of this thesis. The advantages and the shortcomings of the 3D model
assisted approach as well as further steps for research are discussed. Further steps for research
should focus on distinguishing which plant tissue is responsible for inducing long-distance
far-red light responses. Besides this, the effects were found smaller when the mature lower
plant part was lighted with far-red light. Further research should therefore also focus on
determining if the diminishing effects are due to ageing or distance. The 3D model showed
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to be a powerful tool to quantify the spatial distribution of light, yet the ability of the
model to predict effects on photosynthesis have only been used sparsely, mainly due to
lack of knowledge on local acclimation to light. Thus, the impact of spatial variability in
light absorption on net photosynthesis should be further explored in future studies. This
would give an idea on the impact of variability on crop growth resulting from intra-canopy
lighting. Another aspect with respect to intra-canopy lighting is that there was no focus on
light spectrum, although it was shown to have an influence on plant architecture even when
placed down in the canopy. If we want to be able to simulate and predict the effects of intracanopy lighting on architectural changes, interplant variability and associated plant growth
and development in a canopy during a growing season, we need a much better understanding
of how light signals affect growth and development at the phytomer level.
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