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Abstract

Phenotypic plasticity is the ability of a genotype to express multiple phenotypes in
accordance with different environments. Although variation in plasticity has been observed,
there is limited knowledge on how this variation results from natural selection. This thesis
analyses how variation in the level of plasticity influences light competition between plants
and how this variation could result from selection, driven by light competition, in various
environments. As an exemplary case of phenotypic plasticity, this thesis focusses on
phenotypic responses of the annual rosette plant Arabidopsis thaliana (Brassicaceae) in
response to the proximity of neighbour plants, as signalled through the red : far—red (R:FR)
ratio, which are responses associated with the shade avoidance syndrome (SAS).

Plant experiments were conducted to measure variation in these plastic responses
and a functional-structural plant (FSP) model was created that simulates plant structures in
3D and includes these organ-level plastic responses while simulating explicitly a
heterogeneous light environment. Simulating individual plants that explicitly compete for
light, while their phenotype changes through plasticity, gave insights in the role of the level
of phenotypic plasticity and site of signal perception on plant competitiveness. In addition,
an analysis on how natural selection in different environments acts on the level of plasticity
was performed by combining FSP simulations and evolutionary game theoretical (EGT)

principles.

Keywords: Arabidopsis, competition, functional-structural plant model, game theory, natural
selection, phenotypic plasticity, shade avoidance
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CHAPTER 1

General introduction




The functioning and performance of organisms is determined by the environment as
characterized by the climate determined by among others temperature and water
availability and by interactions with other organisms. These environmental characteristics
can differ between different locations, such as a tropical rainforest as opposed to a desert,
but also in time, like through sudden floods, droughts or insect attacks. The foundation of
ecological and evolutionary thinking is that organisms have evolved specific traits to deal
with a given environment and its fluctuations. These traits can be fixed per organism, but
can also change in response to changes in the environmental conditions, a phenomenon
known as phenotypic plasticity. The common definition of phenotypic plasticity is the
potential for a genotype to produce multiple phenotypes (i.e. traits) across a range of
environments (see Glossary; Bradshaw, 1965; Sultan, 2000; DeWitt & Scheiner, 2004).
Phenotypic plasticity is a common phenomenon for both plants and animals, and has
ecological benefits in heterogeneous environments: organisms with phenotypic plasticity
can express phenotypes that better fit to the changing environment compared to organisms
without plasticity (reviewed in van Kleunen & Fischer, 2005; Nicotra et al., 2010). Especially
for plants, phenotypic plasticity can be crucial, as plants are sessile organisms and are
therefore extremely limited in the extent to which they can move away from unfavourable
or towards favourable conditions. The extent to which plants need to be plastic depends on
the variable environment and the cost related to plasticity. Plasticity evolves in highly
variable environments and when inducing plasticity has low costs (Via et al., 1995; DeWitt et
al., 1998; Ernande & Dieckmann, 2004). Variation in the level of plasticity also exists
(reviewed in Schmitt et al., 2003; Valladares et al., 2006), suggesting that selection for
different levels of plasticity occurs. However, it remains unclear how these different levels of

plasticity are the result of selection in different environments.

The main objective in this thesis is to determine to what extent the level of plasticity
affects competition between organisms and to analyse how this level of plasticity could
result from selection in different environmental conditions. To reach this objective several
aspects are important to consider. First of all, it is required to measure and describe
variation in plasticity and determine the physiological processes underlying these plastic
responses and variation therein. Secondly, as plastic responses occur at the organ level,

scaling up is needed from organ-level plasticity to whole-plant phenotype and performance
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in various environments. Finally, it is
important to consider that the role of
plant

organ-level plasticity for

performance depends on the
environment which is created by the
presence of other plants. Considering the
presence

of multiple organisms

competing for a common resource
determines how natural selection will act
on the level of plasticity. In this thesis |
consider the above mentioned aspects by
plant

combining (physiological)

experiments, 3D functional-structural
plant (FSP) modelling and evolutionary
game theoretical (EGT) principles (see
Glossary). As a case study | focus on
plastic responses exhibited by the model
plant Arabidopsis thaliana to neighbour
proximity. In this general introduction |
will introduce phenotypic plasticity from a
physiological, ecological, evolutionary and
environmentally dynamic perspective and

introduce important concepts that are

required to reach the main objective.

Phenotypic plasticity from an

ecological perspective

Phenotypic plasticity is often related to

changes in  abiotic environmental

conditions (reviewed in Sultan, 2000;

Glossary

Environmental signal: a physical entity,
such as a chemical, wavelength or sound,
that gives information and can elicit a
response (e.g. R:FR)

Environmental cue: environmental signal
that the

environment and is therefore used to

has a meaning regarding
identify an environmental condition (e.g.
R:FR signal used as cue for neighbour
proximity)

theoretical (EGT)

principles: the application of game theory to

Evolutionary game
explain evolving populations of organisms in
biology. In general EGT principles test if a
monoculture population with a given
strategy can be invaded by an initially rare
individual with a different strategy.
Evolutionarily stable strategy (ESS): the
strategy that individuals of a monoculture
population have by which the monoculture
cannot be invaded by an initially rare
individual with any alternative strategy
Functional-structural plant (FSP) model: a
type of model that simulates plants by
(e.g. 3D

with physiological

combining plant architecture
structure of organs)
processes (e.g. photosynthesis) and an
environmental factor (e.g. R:FR ratio)
Phenotypic plasticity: the ability of an
individual to express multiple phenotypes in
accordance with different environments
(Plastic) response

description of the trait change upon the

curve: mathematical
perception of an environmental signal (see
Box 1.1)

Shade avoidance syndrome (SAS): a set of
phenotypic responses displayed by plants
that are subjected to shade conditions (e.g.
stem elongation)
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Valladares et al., 2007; Nicotra et al., 2010). In addition, plasticity is also of great importance
for invasive species, in which phenotypic plasticity could stabilize fitness in unfavourable
conditions or increase fitness in favourable conditions (reviewed in Richards et al., 2006;
Davidson et al., 2011). Phenotypic plasticity is also related to biotic interactions such as
competition for resources. For plants this is mostly competition for light, water and nutrients
with other plants. As resource availability to a plant is affected by other plants, it is
important to be aware of the presence of these neighbour plants. During the development
of a vegetation stand, several signals from both the below- and aboveground environment
can indicate the presence of other organisms (reviewed in among others Chen et al., 2012;
Pierik & de Wit, 2014): these include nutrient concentrations, root exudates, volatiles and
the spectral light composition. Plants should use these signals to induce phenotypic plasticity
in order to increase the plants ability to capture the most limiting resource (based on the
functional equilibrium reasoning of Brouwer (1963)). For example, the presence of root
exudates can induce changes in root formation or increases carbon allocation to the root
(Biedrzycki et al., 2010), so uptake of water and nutrients can be improved, optimizing
competitiveness for these resources. The change in the ratio between red (R, A = 600-700
nm) and far-red (FR, A = 700-800 nm) light is the best established signal for neighbour
proximity above ground, and is related to competition for light. When plants are in close
proximity (i.e. high population density), leaves and other green organs will mainly absorb R
light and reflect FR light therefore decreasing the R:FR ratio (Morgan & Smith, 1978; Ballaré
et al., 1987). Plants that grow under conditions with competition for light (e.g. grasslands
and crop fields) are known to induce phenotypic responses to a decrease in R:FR light, also
referred to as the shade avoidance syndrome (SAS see Glossary; Smith & Whitelam, 1997;

Franklin, 2008; Casal, 2012; Ballaré & Pierik, 2017).

Shade avoidance syndrome (SAS)

SAS responses are typical phenotypic changes to reduce shading by neighbours by placing
the leaves in a better place of the canopy to capture more light. Depending on the species,
SAS responses include increased stem, internode and petiole elongation, upward movement
of the leaves (hyponasty), reduced branching or tillering and accelerated flowering (Casal et
al., 1986; Ballaré et al., 1987; Pierik et al., 2003; de Wit et al., 2012). For example,

Arabidopsis thaliana exhibits upward leaf movement and increased petiole elongation when
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Figure 1.1 Representation of Arabidopsis thaliana plants that grew in a low (a, e.g. 100 plants m?) or high
(b, 1600 plants m’) population density for 46 days. (a) Plants in low density have flat leaf angles and relative
short petioles. (b) Plants in high density have elevated leaf angles and longer petioles.

growing in close proximity of neighbours (Figure 1.1). The benefit of inducing these SAS
related phenotypes in the high density was proven to depend on the ability to perceive the
R:FR ratio: plants that can perceive R:FR changes have long stems in high density and short
stems in low density resulting in higher performance than plants with constitutively long or
short stems in both high and low density because these latter could not sense R:FR changes
(Schmitt et al., 1995; Dudley & Schmitt, 1996; Ballaré & Scopel, 1997). Understanding the
physiological processes that are responsible for inducing SAS responses in response to the
perception of R:FR is outlined in the paragraph Phenotypic plasticity from a physiological

perspective.

Although many plant species exhibit these SAS responses, plants from open
grasslands have been shown to exhibit stronger shade-induced plastic responses than plants

from closed-canopy forests (Schmitt, 1993; Dudley & Schmitt, 1995; Donohue et al., 2000;

13




Anten et al.,, 2009). This observation of variation in the levels of plasticity in different
environments suggests that environments may select for different levels of plasticity
(reviewed in Schmitt et al., 2003). In open grasslands where species of similar growth forms
compete, low R:FR indicates early neighbour proximity, and inducing SAS responses can
therefore put the leaves in a better position of the vegetation to increase light capture. In
contrast, in closed-canopy forests low R:FR conditions may imply full shade created by tall
trees. This means that inducing SAS responses to low R:FR conditions will not increase light
capture. In this ecosystem low R:FR can induce other (plastic) responses that enable plants
to deal with shaded conditions. This reasoning implies that selection for the level of
phenotypic plasticity depends on the environment; a low R:FR signal is reliable as cue for
neighbour proximity in open grasslands but less so in closed-canopy forests. To analyse this
kind of environment-dependent selection for variation in phenotypic plasticity, it is required
to use a method that regards the variable environment (e.g. R:FR) as consequences of the
vegetation itself (i.e. the presence of neighbour plants) and can estimate how selection
depends on this environment. The paragraphs Phenotypic plasticity from an evolutionary
perspective and Phenotypic plasticity from an environmentally dynamic perspective, will
outline the methods that can approach this. In addition, it is required to treat phenotypic

plasticity as a quantitative trait, expressing the level of plasticity by variation in a trait value.

Phenotypic plasticity described by a reaction norm

A common way to express phenotypic plasticity in ecological studies is by a so-called
“reaction norm” (Via et al., 1995). In a reaction norm, a set of phenotypes (trait) produced
by a genotype are related to a range of environments; a horizontal line illustrates a genotype
without plasticity and an increasing or decreasing line illustrates a genotype that is plastic
(Figure 1.2a). Different slopes of the reaction norms indicate variation in plasticity (Figure
1.2b), by which the value of this slope can be used as quantitative trait for the level of
plasticity. Based on the slope of the curves, genotypes or species are identified as being
“more” or “less” plastic (can also be referred to as higher or lower plasticity). If this
difference in plasticity is genetic (i.e., different genotypes exhibiting different reaction
norms) then this is essentially the same as the genotype x environment (G x E) interaction
term (Pigliucci, 2005; Nicotra et al., 2010). In addition, the calculation of plasticity indices has

been applied to quantify the level of plasticity (reviewed in Valladares et al., 2006). This
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Figure 1.2 Representation of reaction norms that illustrate phenotypic plasticity. (a) plastic versus non-
plastic genotypes. (b) ‘more’ versus ‘less’ plastic genotypes. These panels often depict absolute and discrete
trait values expressed in different environments. Adapted from (Sultan, 2000; DeWitt & Scheiner, 2004; van
Kleunen & Fischer, 2005; Pigliucci, 2005; Nicotra et al., 2010).

guantification of the variation in plasticity has been used to explain specific ecological
systems such as changes in species composition. For example, studies have concluded that
the ability of species to become invasive in new habitats depends on their level of plasticity
(Davidson et al., 2011). Although these reaction norms and indices may be useful to express
different levels of phenotypic plasticity based on static ecological observations, it is less
useful in dynamic eco-physiological studies that consider phenotypic plasticity as plastic
responses based on physiological processes that are affected by changing environmental
conditions. Therefore, when considering dynamic environmental changes and plant growth
explicitly, which will be the case in this thesis, phenotypic plasticity should be expressed by a
trait change in response to the perception of an environmental signal instead of the absolute
trait value itself. The relationship between these trait changes and a range of environmental
conditions will from here on be described by a function that is referred to as a plastic

response curve (for further explanation see Box 1.1).

Phenotypic plasticity from a physiological perspective

Physiological processes are needed to translate the perception of an environmental signal

into the induction of a phenotypic response. Extensive molecular and physiological research

¢
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Box 1.1 The difference between a reaction norm and a plastic response curve

The most common way to express phenotypic plasticity is through a reaction norm that
relates the absolute phenotypic trait to variation in the environment (Schmitt, 1993;
Dudley & Schmitt, 1996; Sultan, 2001; Pigliucci et al., 2003; Weijschede et al., 2008); for
example long stems in high density and short stems in low density (Figure 1.3a). As it has
been established that the ratio of red to far-red (R:FR) light is often low in high density
and high in low density (Ballaré et al., 1990), the reaction norm can also express stem
length to a continues R:FR environment (Figure 1.3b). These reaction norms describe
static trait observations made at a specific moment in time. However, when considering
dynamic plant growth, traits should be expressed as change in time (e.g. stem growth
rate). Differences in growth rate will eventually determine the final stem length in two
environments which are determined by distinct environmental conditions or signals.
Here we present a plastic response curve that described plasticity as plastic responses
over a range of environmental signals. When the trait change can only express two
values, the plastic response can be described by a step-wise response curve (Figure
1.3c). When the trait change can expresses continues values in relation to a continues
environment, plastic responses can be expressed by a gradual response curve (Figure
1.3d).
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Figure 1.3 The difference between a reaction norm and a plastic response curve. (a-b) Phenotypic
plasticity expressed by a classic reaction norm; absolute trait value at a given moment in time related to
discrete environments (density (a)) or a continues environment R:FR (b)). (c-d) Phenotypic plasticity
expressed by a plastic response curve; trait change related to a continues range of environments,
identified by the R:FR ratio. The response curve can be a step-wise (c) or a gradual (d) response curve.
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has been performed on low R:FR-induced SAS responses (reviewed in among others Casal,
2013; Ballaré & Pierik, 2017). The R:FR ratio is perceived by phytochrome photoreceptors,
and inactivating these receptors, as has been done in phytochrome knockout mutants, has
been shown to inhibit the ability of plants to induce appropriate phenotypic changes in
response to different population densities (among others Schmitt et al., 1995; Ballaré &
Scopel, 1997). Phytochrome photoreceptors exist in an active and inactive isoform (Smith,
2000). As the active form absorbs FR light and the inactive form absorbs R light, the overall
activity of these photoreceptors depends on the R:FR environment. In normal sunlight (R:FR
ratio around 1.2), a relatively large fraction of active phytochrome is present that triggers
among others the inactivation and/or degradation of PHYTOCHROME INTERACTION
FACTORSs transcription factors, notably PIF4, PIF5 and PIF7, (PIFs; Duek & Fankhauser, 2005;
Leivar et al., 2008; Leivar & Quail, 2011). When the R:FR ratio decreases below 1, relatively
more inactive phytochrome will be present and the above-mentioned degradation of PIFs is
not triggered. If PIFs are not degraded, they can trigger expression of growth-promoting
genes (reviewed in Leivar & Monte, 2014). These include, but are not limited to, genes
encoding negative SAS regulators (Sessa et al., 2005; Hornitschek et al., 2009) and genes
encoding proteins involved in hormone signalling and biosynthesis, such as auxin (Tao et al.,
2008; Li et al., 2012; Hornitschek et al., 2012; de Wit et al., 2015). Altogether, the proteins
encoded by these genes interact with again other genes and/or proteins creating a complex
signalling pathway that eventually leads to a phenotypic change (reviewed in Casal, 2013;

Ballaré & Pierik, 2017).

Auxin has been demonstrated as key regulator in shade avoidance responses through
increased auxin biosynthesis upon low R:FR perception (Tao et al., 2008; Li et al., 2012; de
Wit et al., 2015) and decreased phenotypic responses when auxin transport was inhibited
(Keuskamp et al., 2010). In addition to auxin, also other hormones such as ethylene,
gibberellin and brassinosteroid have been shown to be involved in shade induced responses
(reviewed in Casal, 2013; de Wit et al., 2016a; Ballaré & Pierik, 2017). Knowing the factors
involved in the signalling pathway is important when studying selection for phenotypic
plasticity because any change within this pathway can result in a different phenotypic
response. This means that the use of mutants can be a useful tool to determine variation in

plasticity. This variation in plasticity can then be useful to determine the adaptive value of
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signal regulation for plant competitiveness, by letting these mutants compete among each
other (Dudley & Schmitt, 1995; Ballaré & Scopel, 1997; Pierik et al., 2003; Keuskamp et al.,
2010). In addition, knowledge on the factors in the signalling pathway can help optimize
plastic responses of specific species to achieve the best plant phenotype to optimize food

and flower production.

Phenotypic plasticity from an evolutionary perspective

Mathematical models have been used to determine how and when plants with phenotypic
plasticity are selected for compared to plants with no plasticity. It is theorized that selection
for phenotypic plasticity occurs when; i) environments are heterogeneous, ii) environmental
signals are reliable, iii) benefits of inducing plasticity are larger than the costs, and iv)
plasticity has a genetic basis (reviewed in Scheiner, 1993; Berrigan & Scheiner, 2004;
Ernande & Dieckmann, 2004). Especially quantitative genetic and optimality models have
been used to analyse the evolution of phenotypic plasticity. Where quantitative genetic
models focus on the role of genetic constraints, optimality models focus on the ecological
conditions (environments) affecting the evolution of phenotypic plasticity (reviewed in
Berrigan & Scheiner, 2004; Ernande & Dieckmann, 2004). Although both methods have their
strength and weaknesses, optimality models are especially useful to study selection for
phenotypic plasticity while considering the effect of the environment, which is the focus in

this thesis.

Optimality models have been used by evolutionary (plant) biologist to analyse trait
selection in different environments (Parker & Maynard Smith, 1990). This theory assumes
that the individual, with its associated traits, that has the highest fitness in a given
environment will be selected for. When individuals differ in traits and in fitness among
environments, different environments will select for different individuals with their specific
traits. As phenotypic plasticity can enable an individual to express different phenotypes in
different environments, optimality models could analyse if and what kind of phenotypic
plasticity will be selected for. In general, optimization theory can be divided into two

categories; simple optimization and competitive optimization (Parker & Maynard Smith,
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1990). The main differences between these two is that competitive optimization assumes
that the surrounding individuals (with their traits) affect the fitness of a focal individual,
where as in simple optimization only the trait of the focal individual determines its own
fitness. When regarding competition for light, considering competitive optimization is
required as the performance of one individual clearly depends on the traits of the others
(Weiner, 1990). A common way to apply this competition optimization is performing an
evolutionary game theoretical (EGT, see Glossary) analysis (Parker & Maynard Smith, 1990;

Falster & Westoby, 2003; McNickle & Dybzinski, 2013).

Evolutionary game theoretical principles

In general, EGT models take into account that the fitness of an individual depends on the
presence of other individuals in the population and selection occurs if the fitness of an
individual is higher than that of others. EGT models often reason from a perspective that a
population consist of genetically similar individuals (also referred to as resident population)
but that there can be an invader (also referred to as mutant) that has a different trait
because it is genetically different. A mutant, which is present in low frequency in the
population, could change the composition of the population if it has a higher fitness than
individuals from the resident population. The way natural selection will be analysed depends
on the assumptions made about how this mutant invasion affects the next generation. This
can be done by choosing a given (replicator) rule. The simplest replicator rule is that of the
winner takes all. This assumes that if the mutant individual with a different trait has a higher
fitness than an individual of the resident population, the population will change into a
monoculture population with the trait of the mutant (new resident population). The
population with a given trait that cannot be invaded by a mutant with another trait is
referred to as an evolutionary stable population and the trait itself is referred to as an
evolutionary stable strategy (ESS, see Glossary; Parker & Maynard Smith, 1990). In this case
strategy is a synonym for trait (trait value). It is important to note that the ESS will often not
optimize fitness at the population level, which is referred to as a tragedy of the commons

(reviewed in Rankin et al., 2007; Anten & Vermeulen, 2016).

EGT models have been used extensively to determine ESS-traits regarding light

competition (lwasa et al., 1984; Anten, 2002, 2005; Pronk et al., 2007; Dybzinski et al., 2011,

Ji
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2013; Farrior et al., 2013; van Loon et al., 2014). Some of these models considered trait
plasticity (Dybzinski et al., 2011, 2013; Farrior et al., 2013). However, these models focussed
mainly on the expressed traits, not on selection for the plastic response itself. To explicitly
study if different environments will select for different levels of plasticity, plasticity has to be
regarded as a quantitative trait that describes the physiological response that is responsible
for the phenotypic changes, as mentioned before. Consequently, applying EGT principles
could analyse to what extent natural selection would favour a given plastic response that is

responsible for expressing the best phenotypes in accordance with the environment.

Phenotypic plasticity from an environmentally dynamic perspective

As outlined in the previous paragraphs, phenotypic plasticity is an interesting phenomenon
that can be studied from the perspectives of ecology, physiology and evolution. Especially, to
determine to what extent variation in plasticity affects competition and in turn to what
extent the variation in plasticity results from selection in different environments, these three
perspectives need to be combined. One challenge linking these different perspectives is the
ability to scale up from organ-level responses to consequences on whole-plant and
population-level. Another challenge is that the induced changes in phenotype (due to the
plastic response) can influence the environment that elicit the plastic responses themselves,
resulting in a feedback loop. In the case of SAS responses, the R:FR ratio that induces the
plastic responses is created by the (vertical) structure of the plants within a vegetation
(Ballaré et al., 1987; Chelle et al., 2007; de Wit et al., 2012; Crepy & Casal, 2015). The
decrease in R:FR will induce plastic response that change the phenotype (i.e. structure) of
the plants. This change in turn will change the R:FR ratio in the vegetation, therefore
creating a feedback loop between phenotype and environment. In addition, the plant
phenotype determines resource capture, such as light for photosynthesis. Capturing light will
influence growth and therefore the phenotype of the plants. Thus, in a developing
vegetation stand, plants capture light to grow and perceive R:FR that both drive phenotypic
changes, which in turn change light for photosynthesis and R:FR conditions. This dynamic
feedback will go on and on, and finally determine plant performance within a given

environment. Functional-structural plant (FSP) models are able to capture these types of

20



feedback systems regarding the light environment (reviewed in Vos et al., 2010).

Functional-structural plant model

In general, FSP models simulate plant and vegetation structures in three dimensions (3D)
interacting with the above- and belowground environment (reviewed in Vos et al., 2010;
Dunbabin et al., 2013). FSP models have their origin in models of plant architecture, which
started as purely mathematical descriptions, but over the years gained more biological
functionality (Prusinkiewicz & Lindenmayer, 1990; Prusinkiewicz & Runions, 2012). In FSP
models, depending on the research focus, detailed organ structures, physiological processes
and interactions between plant architecture and environmental conditions are taken into
account. Plant architecture consist of different organs that have a specific 3D structure and
orientation in the environment and interact with an environmental factor. This interaction
with the environmental factor is based on physiological processes such as photosynthesis
and water-driven organ extension. A distinction can be made between descriptive and
mechanistic FSP models. In descriptive models, plant growth is described according to fully
empirical rules directly derived from experimental data (among others Da Silva et al., 2014;
Zhu et al., 2015). In contrast, plant growth in mechanistic FSP models is based on the
interaction with the environment and the physiological processes driving growth (Fournier &
Andrieu, 1998). Usually, even in mechanistic FSP models not all traits are simulated
mechanistically; for instance leaf appearance rates and organ orientation angles may still be
modelled empirically (Evers & Bastiaans, 2016). In both types of FSP models however,
structural traits and physiological processes at the organ level are scaled up to whole-plant

phenotype and performance.

To explicitly simulate the light environment within a canopy and calculate the level
of absorbed and perceived light per organ, FSP models can use a raytracing method (Chelle
& Andrieu, 1999; Hemmerling et al., 2008). In general, the raytracing method traces all light
rays that travel from the light source into the virtual vegetation, up to every organ. When a
light ray hits an object (e.g. a leaf), it can be absorbed, reflected or transmitted, depending
on the optical properties of the object and on the waveband the ray represents. For
example, R light will be mostly absorbed whereas FR light will be mostly reflected, leading to

the R:FR ratio within the vegetation that can decrease based on the (vertical) structures of
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Figure 1.4 Visualisation on how a functional-structural plant (FSP) model scales up from organ level to plant
and vegetation level and therefore links different plant research perspectives. Plants represent Arabidopsis
plants consisting of petioles and laminas, and green and red coloured plants illustrate different genotypes. The
FSP model simulates organ-level structures that interact with the light environment (representing photosynthetic
active radiation (PAR), red (R) and far—red (FR) light). The interaction between organ structures and the light
environment represents physiological processes that drive phenotypic growth. The heterogeneous light
environment is created by the developing phenotypic structures of the plants in the vegetation itself. Through
the 3D orientation of the plant structures within the vegetation the degree of light competition is simulated
explicitly, which determines final plant performance. Therefore, plant performance is assessed by the plant’s
own R:FR responses and that of the neighbour plants in the vegetation, and is the driving factor of selection.
Depending on the population density, plants with different plastic response curves will be selected for
(illustrated by the red genotype that is selected for in a higher density than the green genotype). Thus, the
(physiological) responses at the organ level define how plants compete for light, and the competition processes
at the vegetation level determine which responses are selected for in a given environment. Eventually the FSP
model simulates light competition between plant genotypes (with specific plastic responses) that create their
own (light) environment, and in turn, this environment determines the selection process for the plant genotypes.
This way the FSP model can link physiological, ecological and evolutionary processes and scaled up from organ to
plant and vegetation level.
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the plant organs. Light for growth is often described by a waveband that represents
photosynthetic active radiation (PAR, A = 400-700 nm). PAR absorption will then drive
photosynthesis and eventually determine biomass accumulation per individual plant. Studies
have determined the role of structural traits during light competition (Barillot et al., 2014;
Zhu et al., 2015; Evers, 2016) or simulated how R:FR light signals determine plant phenotype
(Gautier et al., 2000; Evers et al., 2007; Kahlen & Stiitzel, 2011). However, no study yet has
combined plant growth based on light capture and phenotypic changes due to R:FR

signalling at the same time.

This thesis

In this thesis, | analyse how variation in the level of phenotypic plasticity affects competition
and how this variation could result from selection in various environments. As case study |
focus on the petiole elongation and upward leaf movement (hyponasty) responses in the
annual rosette plant Arabidopsis thaliana (Brassicaceae) in response to the proximity of
neighbour plants, signalled through the R:FR ratio. Growing Arabidopsis in low versus high
population density results in two distinct phenotypes: a flat rosette with short petioles in
low density and increased leaf angels and increased petiole lengths in high density (Figure
1.1). Working with Arabidopsis allows me to use mutants that could express variation in

plastic responses and identify players regarding the underlying physiological processes.

To link physiological, ecological and evolutionary perspective and scale from plastic
responses at the organ level to whole-plant performance at the vegetation level, | use a FSP
model that regards the dynamic feedback between light environment (PAR, R and FR) and
plant phenotype. Results of competition between plants at the vegetation level will define
the selection processes, which determines the level of phenotypic plasticity that will be
selected for, illustrating how evolutionary processes affect selection for a plastic responses

that are underlined by physiological processes (Figure 1.4).

First, Chapter 2 outlines my view on why FSP models are an appropriate tool to scale
from organ-level shade avoidance responses to plants in vegetation stands and thus assess

implications of variation in these responses for plant and vegetation performance. | propose
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that understanding the ecological relevance of physiological processes and organ-level
responses can be better understood through the feedback between plant experiments and
model simulations.

In Chapters 3 and 4 | focus on how variation in plastic responses determine light
competition between plants by combining plant experiments and FSP modelling. In Chapter
3 the Arabidopsis FSP model is presented that scales from organ-level plasticity to whole
plant performance while regarding the dynamic feedback between light environment and
plant phenotype. The SAS responses included in the model were described by a plastic
response curve and based on physiological plant experiments. By model simulations, and
additional plant experiments for model validation, the effect of variation in plastic responses
on plant competitiveness for light is analysed.

Chapter 4 presents the relationship between R:FR perception and induction of the
two different phenotypic responses. Physiological experiments illustrate that different sites
of R:FR perception are required to induce petiole elongation versus hyponasty. Simulations
with the FSP model subsequently illustrate why these two plastic responses should be
induced by their respective site of perception based on competition for light in various
population densities.

In Chapter 5 | focus on how variation in plastic responses could be the result of
selection at different environments by combining FSP modelling and evolutionary game
theoretical (EGT) analysis. In this chapter, the Arabidopsis FSP model simulates light
competition between plants with different plasticity levels, represented by different shapes
of the plastic response curve. Based on the EGT principles | analyse if selection in different
vegetation densities results in one plastic response curve that could dominate different
vegetation densities.

In the general discussion (Chapter 6), | discuss the conclusions of this study by
emphasizing on the role of the FSP model in combination with the plastic response curve to
reach the main objective in this thesis. In addition, | discuss further ideas regarding analysing

selection for phenotypic plasticity which depends on environmental conditions.
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Introduction

The Shade Avoidance Syndrome (SAS) is one of the best-studied forms of plant phenotypic
plasticity. The suite of SAS responses enables plants to accurately match their phenotype to
the light conditions determined by neighbouring plants, especially the decrease in the ratio
of red (R) and far-red (FR) light intensity (R:FR) (Ballaré et al., 1990).In recent years,
significant progress has been made in understanding the physiological and molecular
regulation of SAS (among others reviewed in Casal, 2013; Gommers et al., 2013; Pierik & de
Wit, 2014). In addition, several studies showed that SAS is adaptive because inappropriate
elongation due to inaccurate estimation of neighbour proximity or deficiency in the capacity
to respond to neighbour presence, is disadvantageous for fitness (Dudley & Schmitt, 1995,
1996; Weinig, 2000; Pierik et al., 2003; Weijschede et al., 2008; Keuskamp et al., 2010).
However, it is difficult to assess the consequences of detailed physiological and molecular
regulations of SAS for whole-plant and whole-vegetation performance. In addition, the wide
variety of different cues involved in plant-plant interactions, including light quality and
guantity (Ballaré et al., 1990; Smith, 2000), mechanical interaction (i.e. touch and wind
shielding; de Wit et al., 2012; Anten et al., 2005) and various volatiles (Pierik et al., 2003;
Kegge et al., 2013) pose questions about their relative importance for plant performance.
Here, we argue that the consequences of physiological regulations and the complexity of
natural systems can be addressed by using virtual plant simulation modelling in combination
with experimental studies. So called functional-structural plant (FSP) models have been
applied in a broad range of research questions in the field of plant sciences (reviewed in Vos
et al.,, 2010; Guo et al., 2011; Delong et al., 2011; Prusinkiewicz & Runions, 2012) and
simulate plant development over time in three dimensions (principles are outlined in Box
2.1). These models can include responses to environmental conditions such as light (Figure
2.1) and can be used to study how the interplay between physiology, architecture and
environment scale from plant organ to whole-plant performance. FSP models can generate
and test hypotheses about the influence of different environmental components on plant
growth and development by including one component at a time. By comparing model
predictions with naturally developed vegetation stands, the contribution of the different

components of environmental factors for plant performance can be assessed.

26



In this letter we outline how FSP models can improve experimental designs, and that
data collected from these experiments in turn can improve the mechanistic description of
regulation of shade avoidance in the model. Ultimately, this feedback process results in a
modelling tool that can scale up from plant organ responses to whole-plant performance
and address ecologically relevant questions such as the adaptive significance of variation in

SAS.

Box 2.1 Creating a functional-structural plant (FSP) model

An FSP model simulates development of plants and vegetation in three dimensions. In
FSP models, plant architecture is defined by physiological processes that are affected by
environmental conditions. Plant architecture is typically described at the (sub-)organ
level (leaf, petiole, etc.). These components are organized in phytomers, the repeating
basic building block of plant architecture. The connection, orientation and spatial
location of the organs within a phytomer and between the phytomers results in a three-
dimensional architecture of the plant.

To create a dynamic model of plant development, data on organ size, position
and orientation at different time points during development are required
(Mundermann et al., 2005, Vos et al., 2010). Plant growth and development can be
simulated descriptively (based on input data) or mechanistically (based on processes
such as light absorption, photosynthesis and biomass growth) (e.g. Evers et al., 2010).
To include photosynthesis, appropriate models such as a photosynthesis-light response
functions can be implemented at the leaf level, or even parameters such as dark
respiration, light-saturation, nitrogen content, water content, CO, and O, concentration
and efficiency of the electron transport pathway can be implemented (Vos et al., 2010).
To simulate light, a light source is virtually included, which can be a single or diffuse
light source with light rays of different wavelengths. Eventually, to be able to create
organ plasticity such as SAS responses, quantified dose-response curves of petiole
length to R:FR ratios have to be determined and implemented at the organ level. To
simulate light absorbance and reflection at the organ level, leaf optical properties
(absorbance, reflectance and transmittance for red, far-red and photosynthetically
active radiation (PAR)) are required as input. Finally, FSP modelling can be extended to
include e.g. calculation of the leaf energy balance (e.g. Chelle, 2005) or the distribution
pathogens (Everhart et al., 2011) factors that are known to interact with SAS.
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Signal-response feedback

Scaling from individual shade responses to the structure and performance of plants under
natural conditions is complicated partly because it involves a complex feedback between cue
and response.The architecture of a plant determines the light conditions in a canopy. These
light conditions, e.g. R:FR, will in turn affect plant physiological processes that regulate plant
architecture, which in turn modifies the light conditions and associated cues. The degree to
which this interplay between perception of cues and associated responses are spatially
integrated in plants is important for this process, but it is still poorly understood. For
example, the extent to which signal detection and responses are spatially and temporally
segregated remains debated (Casal & Smith, 1988a,b; Ballaré et al., 1990; Kozuka et al.,
2010). It is also unknown how plants integrate neighbour-derived signals with signals that
are associated with other stressors such as defence against pathogens and herbivores
(Izaguirre et al., 2006; de Wit et al., 2013). FSP models can quantify the strength and
distribution of different light signals in plant canopies and consider different scenarios for
spatial patterns of perception of these signals during the development of the vegetation (de
Wit et al., 2012). This can help design experimental setups and treatment levels (e.g. R:FR) to
reliably represent those under natural vegetation conditions, thereby improving the
ecological relevance of laboratory and growth chamber experiments. Incorporating the
understanding provided by results of better-designed experiments in FSP models can
capture the feedback between plant architecture and environment, therefore in turn
improving simulations of plant architecture in developing stands (Gautier et al., 2000; Evers
et al., 2007). In addition, sensitivity analysis of FSP models can be used to test if the degree
of signal detection and signal integration influence whole-plant performance in different
environmental settings, linking mechanistic knowledge to ecological relevance. In summary,
iterative cycles of experimentation and modelling have the potential to facilitate the analysis
of the dynamics of complex vegetation development and combine mechanistic knowledge at
different levels of organization, allowing a more holistic understanding of plant-plant

interactions.
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Figure 2.1 Simulated Arabidopsis plants after 35 days of growth using an FSP model (see Box 2.1 for a
brief explanation on creating FSP models). Leaf Area Index is 2.8 in all cases. Shown are stands of 3 x 3
plants (a-b) and, for visual purposes, the middle plant isolated from a stand (c-d), resulted from different
scenarios in which different SAS responses, increase petiole angle and increased petiole elongation, are
simulated. (a) illustrates no response to neighbour plants. (b) illustrates only increased petiole angle in
response to neighbour plants. (c) illustrates an isolated plant from a stand in which plants only increased
their petiole angle in response to neighbour plants. (d) illustrates both increased petiole angle and
increased petiole elongation in response to neighbour plants. Plant architecture was based on data from de
Wit et al., 2012, Mundermann et al., 2005 and experiments conducted by FJB (19 mL pots, 9 hours light at
200 pmol m? s' PAR and R:FR of 1.8, 15 hours dark, 20 °C and 70% RH). In this model leaf area
development was independent of absorbed light and leaf angles were simulated in accordance with
experimentally observed changes over time. No feedback relations on various physiological parameters,
such as photosynthesis characteristics, leaf anatomy, nutrients and more are incorporated in this highly
simplified model example. Petiole length was calculated from empirical petiole growth data of isolated
plants and multiplied by a factor derived from a dose-response curve relating increased elongation to
perceived R:FR ratio. Light is simulated using the ray-tracing method (Chelle & Andrieu, 1999), in which the
fate of each light ray from a number of light sources representing diffuse light (Evers et al., 2007) is
determined. Colour brightness of the leaves corresponds to the PAR absorbed by the leaves, ranging from 0
to 150 pmol m?s™.

Different SAS components

SAS, being a syndrome, contains multiple coordinated structural and functional responses to
changes in the light environment, e.g. upward leaf movement and increased petiole
elongation in Arabidopsis thaliana (Pierik & de Wit, 2014). It has been shown that plants that
are impaired in SAS responses have a fitness disadvantage when competing for light with
plants that show wild type shade avoidance responses (Schmitt et al., 1995; Pierik et al.,
2003; Keuskamp et al., 2010). However, the relative contributions and roles of different

components of SAS in determining competitive power remain poorly understood. Genotypes
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used in these studies are typically impaired in multiple SAS components simultaneously.
Using FSP models, plants can be simulated that differ in specific SAS components, which can
help to identify the impact of the specific responses on competition in vegetation stands
(Figure 2.1 and 2.2), as well as their combinations. As a highly simplified example, Figure 2.2a
illustrates how increased petiole angle slightly reduces total absorbed photosynthetic active
radiation (PAR) by the whole rosette, whereas increased petiole elongation in response to
decreasing R:FR ratio does not have a substantial effect. The slightly reduces PAR absorption
at higher leaf angle is probably the result of inefficient capture of light photons due to
vertical leaf position (e.g. reviewed in van Zanten et al., 2010), rather than perpendicular to
the directions of the light. In this simulation all plants in the vegetation stand respond
similarly to the environmental signals they perceived. When assuming that there is variation
between plants and surrounding plants have different trait values, an increased petiole angle
will crucially determine individual plant PAR absorption (Figure 2.2b). Having a slightly
increased petiole angle compared to the surrounding plants has a considerable benefit in
terms of light absorption. This probably results from this plant overtopping its neighbour
plants, thereby preventing it from being shaded and this benefit is apparently stronger than
the slightly reduced photon capture of elevated leaves. Here, we show that FSP model
simulations can help to better understand the effects of (variation in) different SAS
components on whole-plant performance, and in response to the environment. This will

provide information useful for the design of later ecophysiological experiments.

Adaptive significance of natural variation in SAS

Ecological theoretical studies indicate that there is strong natural selection for finely tuned
SAS responses that enable plants to optimally adjust to the complex temporal and spatial
dynamics of their surrounding vegetation (see reviews by Falster & Westoby 2003; Anten &
During 2011). However, the question as to what would be an optimal combination and
intensity of SAS responses under different environmental conditions has been seldom
assessed quantitatively, and thus little is known about how natural selection may have acted
on variation in SAS responses. We propose that the combination of FSP modelling and

evolutionary game theory (EGT) can help address this problem. EGT is a mathematical tool to
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Figure 2.2 The impact of variation in shade avoidance properties on light interception: illustrating the
mechanics of a simplified model. Total cumulative absorbed photosynthetic active radiation (PAR) by the
plant after 35 days (total plant leaf area 11.8 sz) was calculated. Different scenarios were simulated in
which all plants in the stand had the same physiological characteristics (a) or in which the middle plant was
different from the surrounding plants (b). In (a) ‘No’ indicates no response to neighbour plants resulting in a
flat stand (corresponding to Figure 2.1a).’Petiole elongation’ indicates only increased petiole elongation in
response to perceived R:FR ratios. ‘Petiole angle’ indicates only increased petiole angle in response to
neighbour plants (see Fig. 1b,c). ‘Combination’ indicates both increased petiole elongation and petiole angle
in response to neighbour plants and perceived R:FR ratios (see Figure 2.1d). In (b) ‘Same’ petiole angle
indicates that the focal plant had the same petiole angle as its neighbours. ‘Higher’ and ‘Lower’ indicates
that the petiole angle of the focal plant was slightly more or less inclined than its neighbours, respectively.
The simulated vegetation stands consisted of a stand of 3 x 3 plants (interplant distance was 2 cm), the
middle plant (focal plant) was used for analysis, and the average of six simulations was reported (error bars
show SE). The model was run at hourly time steps, included day and night periods (9 hours light, 15 hours
dark), and simulated light at an intensity of 200 umol m™ s PAR and an R:FR ratio of 1.8. Further model
details are described in the caption of Figure 2.1

analyse natural selection on traits in situations where organisms interact with each other
(lwasa et al., 1984; Parker & Maynard Smith, 1990; Falster & Westoby, 2003; Anten &
During, 2011). EGT considers that the payoff of a given strategy for a plant depends on the
characteristics of its neighbours, and can derive so-called evolutionary stable strategies (ESS)
whereby a potential invader with a different trait value cannot invade the population. Going
back to the example depicted in Figure 2.2b where plants with slightly inclined leaves where
favoured in light competition. Such plants could thus invade creating a new population with
more inclined and as shown in Figure 2.2a less light capture. Using FSP modelling this
procedure can repeated until an ESS is reached at which no unilateral change in leaf angle
can give a plant competitive example. Thus a combination of FSP and EGT can be used to
simulate how natural selection acts on variation in SAS and how this in turn affects

vegetation functioning. Summarizing, FSP modelling, experimental research and EGT could

Y FC
31 &/1 r
\.__\



be combined to assess how physiological and molecular mechanisms of shade avoidance
might affect plant performance and be targets for natural selection to drive the

development of stable vegetation stands.

Conclusion

SAS is one of the best-studied examples of phenotypic plasticity and impressive progress has
been made in understanding its physiological regulation. In addition, several studies showed
that SAS is beneficial in competitive environments. We propose that the link between
physiological regulation of shade avoidance at the organ level and whole-plant performance
in vegetation settings can be better understood by iterative cycles of FSP modelling and
experimentations. Eventually, such models can be used to analyse the effect of natural
variation in SAS on the performance of different plant phenotypes in natural vegetation

stands.
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Abstract

Although phenotypic plasticity has been argued to be beneficial for plant performance, there
is limited knowledge on how variation in plastic responses has consequences for plant
performance in competition for light. We used a novel combination of detailed plant
experiments and functional-structural plant modelling that captures the complex dynamic
feedback between the changing plant phenotype and the within-canopy light environment
in time and 3D space. As plastic trait we regarded plastic responses to an environmental
signal. As a case study for plant plasticity, we focussed on leaf angle increase and petiole
elongation rates to changes in light quality, which are two shade avoidance responses in
Arabidopsis. We measured and then implemented these responses into a 3D functional
structural model, by which plant phenotype was an emergent property of the model
simulations. Our results showed that substantial differences in competitiveness may arise
between genotypes with only marginally different hyponasty or petiole elongation response
levels, due to the amplification of plant growth differences by small changes in plant
phenotype. These results indicate that selection pressure is likely to have played a role in
fine-tuning the sensitive shade avoidance responses found in plants. As our modelling
approach simulates the dynamic interaction between phenotype and environmental
conditions and regards variation in plastic responses allows to step towards analysing

natural selection for plasticity.
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Introduction

Plants compete for resources with their neighbours, which influences species composition
and vegetation dynamics in both natural (Kiaer et al., 2013; Kunstler et al., 2016) and
managed plant communities (Olsen et al., 2005; Yu et al., 2015). Plants experience both
above and belowground competition, and the relative importance of the degree of
competition for plant performance depends on the availability of resources, e.g nutrient
level or light availability (Kiaer et al., 2013). The degree of competition for resources and
therefore of plant functioning and performance is influenced by differences in plant
phenotype, created by its component traits and the values of those traits (Kunstler et al.,
2016). These trait values can be genotype specific but may also be modulated by
environmental factors through phenotypic plasticity. Phenotypic plasticity has commonly
been defined as the ability of a genotype to express multiple phenotypes in various
environments (see e.g. Bradshaw 1965; Sultan 2000; DeWitt & Scheiner 2004). Here we
emphasize that expression of different phenotypes in different environments is mediated by
dynamic organ-level responses to signals evoked by the environment. From an evolutionary
perspective one can argue that plants have evolved to optimize plastic responses to
maximize resource acquisition in different environments (Sultan, 2000). Plastic responses to
changes in vegetation density and the associated light conditions constitute a well-known
form of phenotypic plasticity in plants, called the shade avoidance syndrome (SAS; reviewed
in Franklin, 2008; Casal, 2012; Gommers et al., 2013; Ballaré & Pierik, 2017). An increase in
stem or petiole extension rate, a reduction in branch production, an increase in leaf
inclination (hyponasty) and an advanced flowering time are typical SAS responses that plants
exhibit when encountering increased competition for light, though the combination of

responses differ between species.

Relations between species, component traits and their values, and their relationship
with competitiveness have been studied intensively and used to understand ecosystem
processes (Dybzinski et al., 2011; Farrior et al., 2013; Bardgett et al., 2014; Kunstler et al.,
2016). For instance, game theoretical studies suggest that because plants compete for
resources, plants can evolve traits that are related to relative more investment in resource

harvesting (e.g. leaves, stems and roots) instead of reproduction. This means that under
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competition, natural selection can result in plant traits that will not optimize performance of
the whole-plant population, also referred to as tragedy of the commons (reviewed in Falster
& Westoby, 2003; Rankin et al., 2007; McNickle & Dybzinski, 2013). The existence of a
tragedy of the commons may have great consequences for vegetation performance and
functioning (Anten & Vermeulen, 2016). However, studies that evaluate the role of resource-
harvesting traits for competition often not take phenotypic plasticity into account. Analysing
how plastic responses affect competition is challenging because plastic responses affect trait
values that influence the dynamic interaction between plant phenotype and environmental
conditions and signals. Environmental signals elicit plastic responses that induce small trait
changes which in turn change the light climate and thus modify the environmental signals.
Furthermore small changes early in plant development eventually can be amplified into
substantial consequences for competitiveness. Although phenotypic plasticity can be
beneficial for plant performance, illustrated by adequate stem or petiole length matching to
different environments (Schmitt et al., 1995; Dudley & Schmitt, 1996; Pierik et al., 2003;
Weijschedé et al., 2008), it is unknown to what extent variation in the plastic response itself

has consequences for plant performance in competitive settings.

Our main objective is to determine to what extent differences in trait plasticity
between neighbouring plants affect the outcome of competition for light, considering the
dynamic feedback between plant phenotype and environment. We use SAS responses in
Arabidopsis (Arabidopsis thaliana) as a case study for phenotypic plasticity. Arabidopsis
rosettes show two major SAS responses: increased leaf angle (hyponasty) and petiole
elongation (reviewed in Pierik & de Wit, 2014). When Arabidopsis plants are grown in dense
population stands, leaf angles will first increase due to physical touching among growing
leaves (de Wit et al., 2012). This resulting vertical stand structure will change the ratio of red
to far-red (R:FR) light scattered by the elevated leaves. This decrease of R:FR light is the most
important signal for the subsequent induction of leaf hyponasty and petiole elongation
(Pierik & de Wit, 2014). To quantify the effect of differences in shade avoidance responses
on plant performance in competitive settings, we used a novel combination of detailed plant
experiments and functional-structural plant (FSP) modelling (outlined in Figure 3.1). FSP
models can capture the complex dynamic feedback between the changing plant phenotype

and the surrounding light environment by simulating plant phenotypic development and
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biomass growth over time in three dimensions at the organ level (Vos et al., 2010; Evers,
2016). In this model, the ability of plants to exhibit plastic responses is regarded by using
response curves; dose-response relationships or step-wise relationships that relate organ
trait change to a range of R:FR conditions (Gautier et al., 2000; Evers et al., 2007; Evers &
Vos, 2013). By simulating the R:FR distribution as a function of the dynamic 3D plant
phenotypes that are created by the interaction of resource acquisition and growth at the
organ level, the plastic responses at the organ level are quantitatively linked to whole-plant

performance during competition (Chapter 2; Bongers et al., 2014).

Material and Methods

Plant experiments

Three independent experiments were conducted to obtain organ level growth data, petiole
elongation response curves, and plant phenotype and performance of Arabidopsis
genotypes, for model design and validation (outlined in Figure 3.1). To obtain organ level
growth data, wild-type Col-0 plants were used, for the other two experiments also the
genotypes rot3-1 (Kim et al., 1998) and hfr1-5 (Sessa et al., 2005) were used because of their
distinct levels of petiole elongation (illustrated in Figure 3.2). Arabidopsis seeds were sown
on potting soil (mix Z2254, Primasta B.V., the Netherlands), stratified for 4 days at 4°C in the
dark after which they germinated and grew in a growth chamber with 9-hour photoperiod of
200 pmol m™? s PAR and R:FR ratio of 2.3, 20 °C and 70% relative humidity. Ten days after
germination, seedlings were transplanted to individual 19 ml pots (@ 2.5 cm) and plants

grew in the same growth chamber with bottom up watering for soil water saturation.

Experiments for model design

To obtain organ-level growth data, Arabidopsis wild-type Col-0 was grown solitarily (referred
to as ‘low density’ in the results) or in high density stands of 7 x 7 plants with inter plant
distance (IPD) of 2.5 cm, until bolting. Between day 21 and day 46, plants were harvested
every 2-4 days, and per harvest two high density stands and 10 individually grown plants
were selected. Per stand the outer two rows of plants were excluded from the harvest to
diminish possible border-effect. Before every harvest, leaf angle of leaf rank number 8 and

10 were measured with a protractor. Per harvested plant, laminas and petioles were
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scanned (at 600 dpi), while the order of rank was preserved. For all leaves with a rank higher
than 6 and with a distinct petiole, all laminas were pooled separately from the petioles and
dried in the stove for a minimum of 48 hours for respectively specific lamina and petiole dry
weight. The remaining aboveground plant material was pooled and dried in the stove to
finally get total aboveground biomass. Root material was not harvested. Leaf scans were
analysed with open-source software Imagel to collect petiole length and width and lamina
area, length, width and shape. Petiole length and lamina area were used to determine
parameter values for the organ growth function (see below Organ-level substrate
allocation). Data of all harvested plants per developmental stage and density were used to
calculate trait value averages. In Supporting Information Table S3.1 an overview is listed of

all parameter values used in the model and extracted from this experiment.

To obtain specific petiole elongation response curves for three Arabidopsis
genotypes, 10-day-old seedlings were transplanted in 70 ml pots (@ 5 cm) and grown until
28-day-old plants were subjected to one of eight R:FR ratio (2.3, 1.6, 1.2, 1.0, 0.7, 0.5, 0.2
and 0.1) for 24 hours. There were 12 replicated plants per R:FR level. These eight different
R:FR ratios were created by supplementing the normal light (R:FR 2.3) with FR LEDs (730 nm;
Philips Green Power, The Netherlands). Per plant, two petioles (start length 4 - 6 mm) were
measured at the start and end of the experiment with a digital calliper (3 decimals). Per
petiole the relative elongation was calculated and the mean of the two petioles per plant
was used for further analysis. The relative elongation values of all genotypes at every R:FR

value were described with the following function:
P=b*R:FR™ (3.1)

where P is the relative petiole elongation (mm mm™ 24h™), a determines the slope of the
function and b is the elongation rate at a R:FR of 1. Per genotype separately, the specific

parameter values for this function were fitted.

Experiments for model validation
Three different Arabidopsis genotypes were grown solitarily (low density) or in high density
stands of 8 x 8 plants (IPD of 2.5 cm) composed of plants of the same genotype

(monoculture) or plants of two genotypes grown in a checker board pattern (mixtures)
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Figure 3.1 Overview of the experimental design, in which three independent experiments (bordered in
green) are combined with functional-structural plant (FSP) modelling (bordered in red) to address three
questions (bordered in black). Data of organ growth and detailed plastic responses of Arabidopsis were used
to develop an FSP model that included two plastic responses of the shade avoidance syndrome (SAS);
hyponasty and petiole elongation. The FSP model simulated plant growth in time and space, capturing the
dynamic feedback of changes in plant phenotype and the surrounding light environment. The model design
was tested by comparing data plant phenotypic and performance data from a plant experiment and model
simulation (Scenario 1; bordered in grey). To answer three question, the model simulated plants with different
SAS response values in low and high density (Scenario 2) or in monocultures and mixtures at high density
(Scenarios 3-5). In addition, an independent plant experiment was conducted to obtain plant phenotype and
performance data for three plant types with distinct petiole elongation response curves to validate model
output. Detailed information about the experimental setup, and model description and scenarios is outlined in
Material and Methods.

(Keuskamp et al., 2010). In total five replicated plots per genotype and stand and five
individual plants per genotype were grown and harvested 46 days after germination. For all
solitary plants and three plants per genotype per plot, the laminas and petioles were
scanned (at 600 dpi), while the order of rank was preserved, and petiole lengths were
analysed with Imagel. For the remaining plants, only total lamina area per plant was
scanned. All laminas were pooled separately from the petioles and dried in the stove for a
minimum of 48 hours for respectively total lamina and petiole dry weight. Per plot the outer

two rows of plants were excluded from the harvest to diminish a possible border effect. The
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mean value of the middle 16 or 8 individuals per genotype per plot respectively was
calculated and used as independent value for further analysis. Paired student’s T-test was
used to test significant difference between genotypes within the mixture, and unpaired

student’s T-test was used to test significant difference between monocultures.

Model description

A functional-structural plant (FSP) model (Vos et al., 2010; Evers, 2016) of Arabidopsis
rosette growth and development was constructed using the simulation platform GrolMP
v1.5 (Hemmerling et al., 2008). In our FSP model, the rosettes were represented as a
collection of leaves that were composed of petioles and laminas. The leaves individually
grew in time in three dimensions based on light interception, photosynthesis and plant-wide
carbon allocation principles. Therefore, simulated plant growth depended on the level of
competition for light individual plants experienced with neighbouring plants: plant size and
biomass were thus an emergent property of the model. To construct this plant model,
parameter values for organ structure, physiological processes and environment signals have
been obtained from dedicated experiments (described above, outlined in Figure 3.1) and
from literature (see Supporting Information Table S3.1 for all parameters values). The

complete model is available upon request from the corresponding author.

Plant and organ structure

All leaves that make up the rosette were constructed of an individually represented petiole
and lamina. An additional root compartment functioned only as an invisible sink for
assimilates, simulated by allocating a fixed ratio of total available substrates to the roots
(i.e., nutrient and water uptake was not included in the model). Leaf initiation rate was
described empirically using a plastochron value and a phyllotactic pattern. The leaves were
provided with values for reflectance, transmittance and absorbance of PAR, R and FR light,
which were used by the radiation model to simulate the light environment and calculate the
absorption of PAR and perception or R:FR by the leaves. The petiole was represented by a
flat rectangle with a fixed length : width (L:W) ratio until a maximal petiole width was
reached and the petiole length increased without increase in width. The lamina was
described by an oval shape with a ratio between the maximum width and the length, and

curved edges representing realistic Arabidopsis leaf shape. The L:W ratio values did not
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change in time or in response to the environment. L:W ratio for the lamina was specified per
rank number, to match observed variation. Each leaf was provided with an inclination angle
sensitive to the R:FR ratio of the intercepted light, further specified in Shade avoidance

responses below.

Plant photosynthesis and substrates

Plant growth was based on substrates provided by photosynthesis by every leaf organ
independently, through PAR absorbed by the organ itself. Organ photosynthesis rate was
calculated with a rectangular hyperbolic light response curve (Goudriaan & van Laar, 1994)
assuming a fixed photosynthetic capacity identical for all organ ranks and age. The
photosynthesis rate per unit organ area per second was converted into daily CO, assimilated
per organ per day to match the model time step of one day (Evers & Bastiaans, 2016). A daily
time step is justifiable for climate chambers since the amount angular distribution of
incoming radiation on the plants is constant during the day. The sum of assimilates produced
by all organs resulted in whole-plant CO, assimilation per day and these were converted into
growth substrates per day by using CO, molar mass and carbon biomass fraction values
(Evers et al., 2010). Finally, deducting maintenance cost and adding any reserves from the
previous time step (see Organ-level substrate allocation) resulted in the total amount of

substrates for growth available each day (Evers & Bastiaans, 2016).

Organ-level substrate allocation

The partitioning of substrates to growing organs was based on the relative sink strength
principle (Heuvelink, 1996), assuming a central pool of substrates and consequently non-
hierarchical assimilate allocation to sinks. The relative sink strength of an organ was
expressed as a fraction of total plant sink strength, and determined the demand for
substrates for each organ in relation to its age. When the total available substrates exceeded
total plant sink strength, the remaining available substrates were saved as reserves and used
in the next time-step (see above Plant photosynthesis and substrates). Organ sink strength
was defined as its potential growth rate, and based on the beta growth function (Yin et al.,
2003), a bell-shaped function of organ age which is the first derivative of a sigmoid function
with three parameters representing the potential size, the growth duration, and the organ

age at which the growth rate is maximal. These parameters were estimated independently
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for lamina and petiole, based on experimentally obtained organ-level growth data of
Arabidopsis grown in low and high density (see Experiments for model design). Potential size
was set to the maximal observed organ size, for lamina in area (cm?) and petiole in length
(cm). Parameter values for growth duration and age at maximum growth rate were
deducted from fitting the beta function to the obtained organ sizes that were normalized for
organ age and maximal size. Only leaf rank numbers 7 up to 25 were used for analysis
because for these leaves we had complete growth curves. During model simulations, the
potential growth rate in size was converted into potential growth substrates by using values
for specific leaf area (SLA) and specific petiole length (SPL), for respectively lamina and
petiole. These SLA and SPL values were also used to convert the simulated accumulated
organ biomass into organ dimensions. SLA was constant with size and age, and SPL

decreased with petiole length.

Shade avoidance responses

Two shade avoidance responses of Arabidopsis were included in the model: hyponasty (by
touching and by R:FR) and petiole elongation (by R:FR). Hyponasty by leaf touching was
induced upon mechanical interaction at the tips of two growing leaves before the R:FR in a
canopy decreases significantly (de Wit et al., 2012). Touch-induced hyponasty was simulated
to occur when the distance between lamina tips of neighbouring leaves was smaller than 2
mm. Hyponasty induced by R:FR perception was simulated to happen when the perception
of R:FR by the lamina was below a threshold value of 0.5. Every model time-step (24 hours)
when these leaf touch or low R:FR thresholds were crossed the leaf’s angle increased by a
fixed number, for which either a default value of 16 degrees (based on measurements on
Col-0) was used or another value depending on the model scenario (see below Model
scenarios). The leaf angle over time was therefore a function of the number of time steps in
which touch or low R:FR perception occurred, with a maximum leaf angle of 80 degrees.

Leaves with rank number up to six could not become hyponastic.

The second SAS response incorporated in the model was relative petiole elongation
related to the R:FR perceived. As default setting the petiole response curve based on
Arabidopsis type Col-0 was used and was responding to R:FR ratio’s perceived at leaf lamina

level (Kozuka et al., 2010), for other settings see Model scenarios below. The fitted function
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Figure 3.2 Petiole elongation response curves from three Arabidopsis genotypes. (a) Measured relative
petiole elongation at different R:FR ratios for Col-0 (black - dotted), hfr1-5 (red-solid) and rot3-1 (blue-
dotted) with genotype specific fitted curves (P = b * R:FR™). Experimental data represents mean * SD (n=12).
(b) Petiole elongation response curves for the corresponding Arabidopsis genotypes as used in the model,
obtained by normalizing the fitted petiole elongation response curves for an R:FR of 2.3.

for the relative petiole elongation obtained from the petiole elongation experiment was
normalized for growth at control R:FR light (R:FR 2.3). This way the relative petiole
elongation rate could be simulated in addition to petiole growth by carbon allocation.
Petiole elongation and related extra investment of substrates was modelled in two steps.
First the petiole could elongate by multiplying the petiole length with the relative petiole
elongation curve (representing cell expansion without extra biomass demand (Sasidharan et
al., 2010; Huber et al., 2014)). Second, the longer elongated petiole increased its sink
strength with the amount of substrates that were missing to fit the SPL value corresponding
to length (representing increased biomass allocation to the petiole (Poorter et al., 2012; de
Wit et al.,, 2015)). Petioles could only show the elongation response during the actual
growth-phase of the beta growth function, i.e. when the petiole growth duration had
passed, R:FR-induced elongation of that petiole did not occur anymore. Petiole length over
time was therefore a result of daily calculated carbon allocation and petiole elongation

based on R:FR perception.

Model scenarios
In all scenarios, plants were simulated solitarily (representing low density) or in dense

monocultures or mixtures (consisting of 8 x 8 plants and IPD of 2.5 cm) for 46 days, and
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different plant types were created by adjusting relevant SAS response values. In Scenario 1,
three plant types were simulated solitarily and in monocultures to test the extent to which
the model could simulate Arabidopsis phenotype and growth: two plant types had either no
hyponastic responses (‘noHypo’) or no petiole elongation response (‘noPE’). The third plant
type had default SAS response values based on Arabidopsis wild-type (referred to as ‘Col-0’).
Dynamic changes of leaf angle, petiole length and total aboveground biomass of these plant
types were compared with data from experimentally grown Col-0 Arabidopsis grown in low
or high density stands (see Experiments for model design). In Scenario 2, to validate if
variation in the petiole elongation response curve could result in petiole length differences
at low and high density, we simulated two plant types with different values for their petiole
elongation curves (0.073 for ‘hfr1-5’ and 0.028 for ‘rot3-1’ plant type, based on the hfr1-5
and rot3-1 Arabidopsis genotypes) in low and high density stands. Of these simulated plant
types the petiole lengths per rank after 46 days of growth were compared with measured
petiole lengths after 46 days of two Arabidopsis genotypes (see Experiments for model

validation).

To quantify the impact of variation in plastic response curves on plant performance
in competitive settings, and to determine if stronger response curves would result in tragedy
of the commons, three additional scenarios were simulated. In these scenarios, mixtures of
two plant types, placed in a checkerboard design, and their monocultures, were simulated
for 46 days and the organ specific growth, light absorption and total aboveground biomass
during the development of the stands were recorded as model output. In Scenario 3, two
plant types were only different in their petiole elongation response curve; ‘Col-0" having a
slope of 0.054 and ‘hfr1-5’ of 0.073 (respectively matching the measured Col-0 and hfr1-5
Arabidopsis genotypes). Simulated total aboveground biomass was compared with total
aboveground biomass measured from the validation experiment. In Scenario 4 and 5, two
plant types had different hyponastic responses but similar petiole elongation response
curves. In Scenario 4 the plants increased their angle with 10 (plant type '10deg’) or 15
('15deg’) degrees per time step, whereas in Scenario 5, plant types increased their angle
with 30 and 35 degrees per time step (respectively ‘30deg’ and '35deg’ plant type). These
hyponasty values are chosen based on observed variation in hyponastic values of different

Arabidopsis genotypes (see also (de Wit et al., 2012). All model simulations were replicated
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10 times to capture the variation in plant growth created by the stochastic nature of the
light model and the random plant rotation angle. The mean value of the middle 16
(monocultures) or 8 (mixtures) individuals per genotype per plot was calculated and used as

independent replica for further analysis.

Results

Variation in the petiole elongation response curve

The three Arabidopsis genotypes showed a gradually increasing relative petiole elongation
with decreasing R:FR (Figure 3.2a). Col-0 and hfr1-5 showed only a marginally different
elongation response, where rot3-1 clearly had a lower relative petiole elongation rate at the
same R:FR conditions compared to the other two. However, all the fitted curves had distinct
slope values for their response curves: 0.054 for Col-0, 0.073 for hfr1-5 and 0.028 for rot3-1.
The normalization procedure resulted in three response curves with distinct slopes that all

increased with decreasing R:FR ratio (Figure 3.2b).
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Figure 3.3 Comparison of experimentally obtained phenotypic and plant performance data with data
from different simulated plant types to test the model design. (a) Leaf angle during the development of a
high-density stand obtained from experimental data (square) or simulated for a plant type that does not
show hyponastic responses (‘noHypo’ — black line) and a plant type that does show hyponastic responses
(“Col-0’ — red line). Mean of leaf rank number 8 and 10 are illustrated. (b) Petiole length increase during
plant development growing in low (open/dotted) and high (solid) density, from experimental data (symbols)
and simulated by a plant type that does not show petiole elongation (‘noPE’ — black line) and a plant type
that does show petiole elongation (‘Col-0’ — red line). Petiole rank number 12 is used and is representative
for other leaf ranks. (c) Total aboveground biomass during plant development growing in low (open/dotted)
and high (solid) density stands, from experimental data (symbols) and simulated by the default plant type
‘Col-0’ (lines) that included both hyponastic and petiole elongation responses. Experimental data represent
mean * SD with n=10 for low and n=18 for high density). Simulated data represents mean (n=10).
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Figure 3.4 Petiole lengths of all leaf ranks per plant after 46 days of growth of two Arabidopsis genotypes.
(a) Petiole lengths of hfr1-5 and (b) rot3-1 plant from experimental data (symbols) or simulated by the
model (lines) in two different environments; high (solid red) and low (dotted blue) population density
stands. Experimental data represent mean * SD with n=10 for low and n=18 for high density). Simulated
data represents mean (n=10).

Test model design (Scenario 1)

The dynamic change of leaf angle and petiole length of experimentally grown plants in low
and high density stands were best simulated by the plant type that included both SAS
responses (referred to as ‘Col-0’) (Figure 3.3). When the hyponastic responses were set to
zero (‘noHypo’), plants did not become hyponastic in high density compared to the ‘Col-0’
type, although these simulated ‘Col-0’ plants increased their leaves slightly later during stand
development. Plants that had no petiole elongation response (‘noPE’) could not grow longer
petioles in high density compared to low density, illustrating that the petiole elongation
response curve included in ‘Col-0" plant type is needed to simulate long petiole lengths in
high density population stands. Overall, when including the SAS response values based on
wild-type Col-0 (‘Col-0’), the model predicted in good agreement the accumulated
aboveground biomass during stand development in low and high density stands (Figure

3.3c¢).

Validate the role of petiole elongation response curve (Scenario 2)

Validation of the petiole elongation response curve (Scenario 2) revealed that the magnitude
of the experimentally observed petiole length difference between hfr1-5 plants grown in low
or high density stands was predicted by the model that used the ‘hfr1-5’ response curve,
although petiole lengths of leaves with high ranks were underestimated (Figure 3.4a). In
addition, the model predicted no petiole length difference when using the ‘rot3-1’ response

curve, which is in agreement with the experimentally observed petiole lengths of rot3-1
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plants grown in low or high density stands (Figure 3.4b). In absolute terms the model
overestimated petiole lengths due to the higher constitutive growth of the simulated

Arabidopsis plants compared to the natural rot3-1 plants.

Test the impact of variation in plastic response curves on plant performance (Scenarios 3-5)
‘Col-0’ and ‘hfr1-5’ plant types had different simulated aboveground biomass after grown 46
days together in a mixture but not when simulated separately in monocultures (Scenario 3;
Figure 3.5a). This difference of plant performance in monocultures compared to mixtures
was also observed in the experimental data with respectively Col-0 and hfr1-5 Arabidopsis
genotypes (Figure 3.5b). In this scenario, the ‘hfr1-5’ type had slightly longer petioles than
‘Col-0’ both in the monocultures and mixture, but the laminas of ‘hfr1-5’ absorbed more PAR
than ‘Col-0’ only in the mixture (Figure 3.6a,b). The higher PAR absorption at the individual
lamina level resulted in higher simulated whole-plant PAR absorption for ‘hfr1-5" compared
to ‘Col-0’ in the mixture, whereas in the monocultures there was no difference between the
two plant types for lamina or whole-plant PAR absorption (Figure 3.6c¢). Thus, in direct mixed

competition the plant type with the slightly stronger petiole elongation response had higher
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Figure 3.5 Total aboveground biomass of an individual Arabidopsis plant growing in a monoculture or
mixture for 46 days. Plant biomass simulated by the model (a, Scenario 3) or obtained from experimental
data (b). Simulated plant types ‘Col-0’ (dotted) and ‘hfr1-5’ (solid) were based on respectively the Col-0 and
hfr1-5 genotypes of Arabidopsis with different slopes for their response curves of respectively 0.054 and
0.073. Simulated data represents mean + SD (n=10). Experimental data represent mean * SD (n=5) and ns; not
significant and *; P<0.05.
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Figure 3.6 Simulated leaf and plant
characteristics during the development of
Arabidopsis monocultures (black) or
mixtures (red) existing by two genotypes
with distinct petiole elongation response
curves (Scenario 3). ‘hfr1-5’ type (solid
line) had a stronger petiole elongation
response curve than ‘Col-0’ type (dotted
line), shown in Figure 3.2b. (a) Petiole
length, (b) lamina absorbed PAR and (c)
whole plant absorbed PAR during
Arabidopsis stand development. Leaf rank
number 12 is used to visualise petiole
length and lamina PAR absorption and is
representative for other leaf ranks.

performance because it created slightly longer
petioles that could put laminas in a better lit part of

the canopy.

In the monocultures and the mixture of
Scenario 4, in which the strength of the hyponastic
response was tested, both plant types showed
increased leaf angles at the same developmental
stage during stand development, but the ‘15deg’
plant type increased its leaf angle faster (Figure
3.7a). In the mixture, this faster increase resulted in
higher lamina PAR absorption that also resulted in
higher whole-plant PAR absorption, compared to
the weaker '10deg’ plant type (Figure 3.7b,c). In
the monocultures, the slightly higher leaf angle of
the stronger '15deg’ type did not result in higher
lamina or whole plant PAR absorption compared to
the '10deg’ type. In Scenario 5, the difference in
hyponastic response between the two plant types
also resulted in a performance difference in the
mixture and a similar performance for
monocultures (Supporting Information Figure S3.1).
However, in contrast to Scenario 4, the plant type
with the weaker hyponastic plasticity (‘30deg’)

outcompeted the plant type with the stronger

response (‘35deg’).

Discussion

In this study we showed that small differences in

hyponasty or petiole elongation responses to
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changes in R:FR conditions strongly affect plant

phenotype and competitiveness. Model
simulations illustrated that subtle variation in SAS
response curves influenced competitiveness for
light because a small change in a structural trait
(petiole length or leaf angle) affected the
interaction between plant phenotype and light
environment, which directly had consequences for
PAR absorption and subsequently growth (Figures
3.6 and 3.7). These model simulations were
validated with a plant competition experiment that
resulted in biomass accumulation in monocultures
and mixture stands for two Arabidopsis genotypes
with similar petiole elongation response curves as
used in the model simulations that was consistent

with model simulations.

Model assumptions

For the simplicity of the model, only touch and R:FR
ratio were the environmental cues that induced the
studied SAS responses. It is, however, known that
additional canopy-related light cues, especially the
decrease of blue and PAR light intensity, are
involved in shade avoidance (e.g. reviewed in Casal,
2012; Pierik & de Wit, 2014) and can strengthen
low R:FR responses (de Wit et al., 2016b). In all
scenarios, parameters related to leaf optical
properties and photosynthesis were set to be
independent of light conditions or leaf
developmental stage, which is unlike earlier work
in which a decrease of the maximal potential of

photosynthesis with increased canopy depth is
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Figure 3.7 Simulated leaf and plant
characteristics during the development of
Arabidopsis monocultures (black) or
mixtures (red) existing by two genotypes
with  distinct hyponastic responses
(Scenario 4). The ‘15deg’ plant type (solid
line) had a stronger hyponastic response
than the ’'10deg’ plant type (dotted line),
respectively 15 and 10 degrees. (a) Leaf
angle, (b) lamina absorbed PAR and (c)
whole plant absorbed PAR during
Arabidopsis stand development. Leaf rank
number 12 is used to visualise petiole
length and lamina PAR absorption and is
representative for other leaf ranks.



assumed (Anten et al., 1995). We assumed that such acclimations of photosynthetic
parameters would be negligible in relative young and quick developed Arabidopsis leaves
compared to the role of phenotypic change due to the studied SAS responses. In addition,
we assumed that chloroplasts in the petioles contributed to resource harvesting (PAR
absorption and photosynthesis). Other light competition models (Anten, 2005; Dybzinski et
al., 2011), however, make a clear distinction between height growth through investments in
stems and branches that were considered to not contribute directly to CO; fixation and light
harvesting organs (leaves) that do fix carbon. We checked the photosynthetic contribution of
petioles, and our model simulations showed that also without petiole photosynthesis plants
with a slightly different plastic response curve have different performances in mixture but
equal performances in monocultures (Supporting Information Figure S3.2). Modelling the
induction of both SAS responses was based on R:FR perception at the lamina (Kozuka et al.,
2010). However, details on site of perception versus site of response may differ between
species, organs and responses (Casal & Smith, 1988a,b; Maddonni et al., 2002). The kind of
organ level plant modelling presented in this paper makes it possible to explore what would
be the environmental context of R:FR distributions and functional implications of localized

signalling.

Cost related to plasticity

The balance between costs and benefits of plant responses to environmental cues is an
important determinant of plant competitiveness. In our simulation model we regarded the
direct consequences of phenotypic changes for light capture and substrate allocation as
costs for expressing plastic responses: Substrates invested in petiole length were
consequently not available for lamina growth and inclined leaf angles can potentially absorb
less light. Because increased leaf angles can lead to decreased light capture, strong
hyponastic responses can have negative consequences for plant performance (illustrated in
Figure 3.7 and Figure S3.1). We assumed the relationship between specific petiole length
(SPL; petiole length per mass) to be a negative function of petioles length. This implies that
biomass costs of petioles increased disproportionately with length, which has progressively
negative effect on carbon availability for lamina growth. Other indirect costs, such as
vulnerability of strongly hyponastic leaves and long petioles to mechanical damage (e.g. by

trampling) or hydraulic limitations, were not taken into account in our model simulations.
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However, these indirect costs may exert a particular selection pressure for dampened SAS
responses. Overall, it is worth noting that the model predicted the observed differences in
biomass production between genotypes with different petiole elongation responses well
(Figure 3.5), suggesting that costs and benefits of the petiole elongation response were
reasonably well captured in the current model regarding Arabidopsis responses. In follow-up
studies, specific costs of phenotypic plasticity, for example active down regulation of lamina
area upon low R:FR perception (de Wit et al., 2015) or the costs of having a sensory
machinery to sense environmental conditions (also referred to as maintenance cost of
plasticity (Ernande & Dieckmann, 2004)), or some other degree of indirect cost, could be
implemented to further analyse the sensitivity of adaptive significance of plasticity for

resource competition.

Tragedy of the commons

Tragedy of the commons in light competition assumes that plants investing relatively more
in light harvesting compared to its neighbour plants are the most successful competitors, but
because of the costs associated with this investment, such plants will perform less when
growing as monocultures (Rankin et al., 2007). Thus, the tragedy lies in the observation that
on the level of monocultures (the commons) plants collectively make investments that
cannot pay off since all neighbours act the same way. This conflict between individual based
selection and population performance has been proposed to have mayor consequences for
vegetation functioning and knowledge of this phenomenon may provide input for crop
management and breeding systems (Anten & Vermeulen, 2016). Contrary to mostly
theoretical studies that evaluate tragedy of the commons, our results do not provide
evidence for a tragedy of the commons in light competition (see Figure 3.5). In our study the
plant type with the stronger petiole response and thus a higher petiole investment,
outcompeted the individual with the weaker response in the mixtures but had equal
performance in monoculture. This suggests that selection on plastic responses that favour
competition does not necessarily result in lower population-level performance. The extent
to which these results can be extrapolated to other plant types such as forest trees or crops
that often have different growth forms and associated SAS responses than Arabidopsis, still
needs to be explored. For instance, costs associated with petiole elongation could be

different from those of stem elongation; e.g. failure of the stem that supports the entire
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shoot would be more detrimental than failure of a petiole that supports one lamina.
However if the pattern that small genetic difference in SAS responses affect competitive
ability without necessarily impacting monoculture performance extends to crops it could
provide useful breeding targets. An example in this respect would be competitiveness of

crops against weeds.

Promising avenues

In this study we described plasticity as trait responses to a range of changing environmental
conditions during the lifetime of the individual plant. For example, a long petiole after
competition in a high population density stand (Figure 3.4) was the result of petiole growth
rates that increased upon the perception of decreasing R:FR ratios during stand
development, compared to a short petiole in low population density stands in which R:FR
barely decreased during stand development. Differences in plastic responses were described
by different shapes of the response curves (Figure 3.2), and these differences in response
curve allowed to quantify how variation in plastic responses would affect plant
competitiveness. Describing plasticity as trait responses in time is fundamentally different
from describing plasticity as absolute differences in trait values in various densities and test
the adaptive significance of those absolute trait values (Schmitt et al., 1995; Dudley &
Schmitt, 1996; Weijschede et al., 2008). In addition, describing the level of plasticity with a
single parameter and regarding variation in this single parameter as variation in the level of
plasticity is required to analyse how natural selection could have acted the level plasticity in
plants. Analysing how natural selection could have acted on trait values has often been
approached by using game theoretical models (reviewed by Parker & Maynard Smith, 1990;
Falster & Westoby, 2003; McNickle & Dybzinski, 2013). However, analysing selection for
plasticity is challenging because a model system is required that considers i) the possibility of
a single genotype to express multiple phenotypes, ii) the dynamic interaction between
phenotypic changes and changes in environmental conditions and iii) variation in plasticity
should be incorporated by a single parameter. The model system presented here complies
with these three requires. In that manner it builds on previous game theoretical studies
(Dybzinski et al., 2013; Farrior et al., 2013; Vermeulen, 2014) that considered plasticity but

focussed on absolute trait values expressed in different environments rather than dynamic
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trait responses as was done here. We thus argue that our approach provides a useful

complementary approach to analyse natural selection for plasticity (Bongers et al., 2014).

Conclusion

In this paper we illustrated that substantial difference in competitiveness may arise between
phenotypes with only marginally different SAS response levels, due to the amplification of
plant growth differences by small changes in plant phenotype. Therefore we conclude that a
strong selection pressure is likely to have played a role in fine-tuning the sensitive SAS
responses found in plants and that competitive strong fine-tuned responses do not

necessarily have to result in tragedy of the commons.
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Supporting Information

Table S3.1 Overview of all used parameters in the FSP model of Arabidopsis, with parameter description,

unit, value and source of parameter value.

PARAMETER ‘ DESCRIPTION UNIT VALUE LITERATURE
Substrates and growth
Amax maximal photosynthesis | umol CO,m?s™| 18 Pons 2012
rate
epsi light efficiency 0.08 Evers et al. 2010
Rg dark respiration - 1.2 Evers et al. 2010
MCO2 molar mass of CO2 g mol* 44 Evers et al. 2010
fco2 carbon mass fraction - 0.8 Evers et al. 2010
Rm maintenance respiration | - 0.015 Evers et al. 2010
Rg growth respiration - 0.195 Chew et al. 2014
endosperm seed substrates mg 0.02 Bongers, unpublished
RS root:shoot ratio - 0.2 Bongers, unpublished
Light
Rref reflectance R - 0.075 de Wit et al. 2012
FRref reflectance FR - 0.492 de Wit et al. 2012
PARref reflectance PAR - 0.103 de Wit et al. 2012
Rtrans transmittance R - 0.042 de Wit et al. 2012
FRtrans transmittance FR - 0.377 de Wit et al. 2012
PARtrans transmittance PAR - 0.073 de Wit et al. 2012
Rabs absorbance R - 0.883 de Wit et al. 2012
FRabs absorbance FR - 0.131 de Wit et al. 2012
PARabs absorbance PAR - 0.824 de Wit et al. 2012
Plant structure
plastochron time between successive | day rank 1-12; 0, 0, 6, O, | this paper
leaves 3,1,421,2, 2,2
else: 1
phyllotactic angle between successive | degrees rank 1-4: 0, 180, 90, | Mundermann et al.
leaves 180 2005
else: 137.5
LWL length:width ratio lamina | ratio rank 1-4: 1.0; rank 5- | this paper
6:1.4; else: 1.8
LWP length:width ratio petiole | ratio 7.9 this paper
PWmax maximal petiole with cm 0.2 this paper
SLA specific lamina area cm’ mg':L rank 1-2: 0.80; else: | this paper
0.68
WmaxL maximal potential lamina cm’ rank 1-2: 1.5; else: 3 this paper
area
WmaxP maximal potential petiole | cm 2 this paper
length
Tel growth duration lamina age 22 this paper
TeP growth duration petiole age 17 this paper
TmL lamina age at which | age 4 this paper

growth rate is maximal
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TmP petiole age at which | age rank 1-4: 4; else: 10 this paper
growth rate is maximal

senescence Leaf age for leaf | age this paper
senescence

SPLmax maximal specific petiole | cm mg‘1 rank 1-4: 10; else: 4 this paper
length

SPLmin minimal specific petiole | cm mg‘1 this paper
length

SPLk slope of the relation | - this paper
between specific petiole
length and petiole length
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Figure S3.1 Simulated leaf specific and
whole plant characteristics of an individual
plant during the development of
Arabidopsis monocultures (black) or
mixtures (red) existing by two genotypes
with distinct hyponastic responses. The
‘35deg’ plant type (solid line) had a
stronger hyponastic response than the
‘30deg’ type (dotted line), respectively 35
and 30 degrees per hyponastic event. (a)
Leaf angle, (b) lamina absorbed PAR and (c)
whole plant absorbed PAR during the
development of the Arabidopsis stands. For
leaf specific characteristics leaf rank
number 12 is visualised and is
representable for other leaf ranks. (d) Total
aboveground biomass after 46 days of
simulated growth for the ‘30deg’ and
‘35deg’ plant types in monoculture and
mixture. Data represents mean = SD (n=10).

Figure S3.2 Simulated total aboveground
biomass of an individual Arabidopsis plant
growing in monoculture or mixture for 46
days. Similar model simulations are
simulated as in Scenario 3 and 4, but in this
two scenarios the petioles were not able to
photosynthesize and thus did not
contribute to total amount of substrates for
growth. (a) Simulated ‘Col-0’ and ‘hfri-5’
plant types had similar hyponastic
responses but different petiole elongation
responses, see Figure 3.2. (b) Simulated
‘10deg’ and ‘15deg’ plant types had similar
petiole elongation responses but different
hyponastic responses, respectively 10 and
15 degrees per hyponastic event. Data
represents mean = SD (n=10).
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Abstract

Vegetation stands have a heterogeneous light quality distribution, including the red : far-red
light ratio (R:FR) that informs plants about proximity of neighbours. Adequate responses to
changes in R:FR are important for competitive success. How the detection and response to
R:FR are spatially linked and how this spatial coordination between the two affects plant
performance remains unresolved. We show in Arabidopsis thaliana and Brassica nigra that
local low R:FR perception at the petiole induces petiole elongation and that low R:FR-
perception at the lamina tip induces upward leaf movement (hyponasty). With organ-level
physiology we show that auxin is involved in hyponasty, which results from a special
separation of side of R:FR detection and response. By using computational 3D modelling we
show that using R:FR perception at the petiole and lamina tip can both be beneficial during
competition for light when used to induce petiole elongation and hyponasty, respectively.
Lamina tip perception for hyponasty has an adaptive advantage over petiole perception in
the petiole, since it optimizes timing of upward leaf movement in responses to neighbour
proximity. Insight regarding organ-specific induced phenotypic responses could help the
each for crop ideotypes, specifically in greenhouse horticulture where additional lighting can

be applied.
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Introduction

In plant canopies the light intensity differs by up to two orders of magnitude between the
top and bottom of vegetation stands, because leaves shade one another (e.g. Monsi et al.,
2005). Due to clustering of leaves, light intensities also vary horizontally. As light is essential
for growth this creates selection pressure for plants to position their leaves for optimal light
capture, preferably before their neighbours do so. Leaves do not absorb all wavelengths of
the incoming light equally, and so quality of light also differs both vertically and horizontally
in canopies (Monsi et al., 2005; Boonman et al., 2006, 2009; Crepy & Casal, 2015) and even
across the surface of single leaves (Chelle et al., 2007). Leaves preferentially absorb red (R,
A=600-700 nm) and blue (B, A=400-500 nm) light for photosynthesis, whereas they reflect
and transmit most of the far-red (FR, A=700-800 nm) light. This leads to a relative
enrichment of FR light (a low R:FR ratio) in the local vicinity of leaves. Low R:FR therefore

provides a signal of neighbour proximity (Holmes & Smith, 1977; Ballaré et al., 1987).

Low R:FR is sensed by phytochrome photoreceptors, mainly phytochrome B (phyB),
complemented at later stages by cryptochrome-mediated detection of blue light depletion
(Casal, 2013; Pierik & de Wit, 2014; Fraser et al., 2016). Upon neighbour detection plants
promote upward leaf movement (hyponasty) and elongation of stems and petioles. These
traits contribute towards the shade avoidance syndrome (SAS) and bring the leaves higher
towards the more illuminated parts of the canopy (reviewed in Franklin, 2008; Casal, 2013;
Pierik & de Wit, 2014). Plants are modular organisms and SAS responses are thought to be
restricted to the specific modules that sense shade cues (de Kroon et al., 2005; Ballaré &
Pierik, 2017). However, given the heterogeneity in the light climate, the magnitude and
timing of a response are strongly determined by the integration of cue detection and
response. Whether cue detection and SAS responses are locally linked (they occur in the
same plant part) or separated (detection being in a different part of the plant) and how it is
regulated, has not been intensively studied. Recent studies in very young seedlings indicate
that cotyledons sense R:FR to control elongation of the hypocotyl (Kozuka et al., 2010;
Procko et al., 2014), however little is known about these spatial aspects in relatively mature
plants that are large enough to experience light quality heterogeneity over the plant body. In

addition, it was shown recently in Brassica rapa that auxin biosynthesis occurs in the
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cotyledons, and transport to the hypocotyl subsequently induces cell elongation in low R:FR
(Procko et al., 2014). Also in Arabidopsis, low R:FR-induced hypocotyl elongation relies on
auxin transport (Pierik et al., 2009) through among others the PIN3 auxin efflux-associated
protein (Keuskamp et al., 2010). In analogy to the cotyledon-hypocotyl division of auxin
dynamics (Procko et al., 2014), it was recently proposed by de Wit et al., (2015) that a similar
division may exist within a single leaf. Among other these studies propose the involvement

of auxin transport in low R:FR induced responses.

We hypothesize that a spatial separation of R:FR detection may allow plants to deal
with the spatially heterogeneous light climate in dense stands where R:FR responses are
functional. Therefore we investigated leaf movement and elongation responses to local low
R:FR conditions. To determine the adaptive significance of tissue specific perception and
response, a functional-structural plant (FSP) model was used (principles reviewed in Vos et
al., 2010). These FSP models scale from organ to whole-plant level and can explicitly
simulate competition for light (Evers & Bastiaans, 2016). As light absorption, perception and
responses occur at the organ-level and drives whole-plant growth, organ-level light
responses can be quantified for whole-plant phenotype and performance in various canopy
structures (Gautier et al., 2000; Evers et al., 2007; Kahlen & Stiitzel, 2011; Bongers et al.,
2014).

Material and Methods

Plant growth and measurements

Arabidopsis wild-type Col-0 seeds were sown on Primasta’ soil and stratified for 3 days
(dark, 4°C), before transfered to short day (9 h light / 15 h dark) growth rooms (130-135
umol m? st PAR, R:FR 2.3, 20 °C, 70 % RH). After 11 days, seedlings were transplanted to
individual 70 ml pots. Twenty eight days old plants were used for experiments; the fifth-
youngest leaf was measured for petiole angle and length treatments and measurements.
Pictures were taken before (t = 0 h) and after treatment (t = 24 h) and angles were measured
digitally using image-J software. Petiole lengths were recorded with a digital calliper. All

experiments started at 10:00 in the morning (Zeitgeber time = 2 h).
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Light treatments

In addition to control white (W) light from Philips HPI lamps (R:FR = 2.3), far-red
supplementation treatments were used: whole-plant FR enrichment (W+FRynole) by adding
supplemented FR LEDs (Philips Green Power FR 730 nm) to the W background (resulting in
R:FR = 0.05), and localized FR enrichment by adding FR spots (@ 3.5 mm) to selective parts of
the leaf depending on experiment (Supporting Information Figure S4.1a), using custom FR
LEDs (724-732 nm) on flexible arms, achieving locally a R:FR of 0.05. PAR was unaffected for
all treatments, around 125-135 pmol m? s, SpectroSense2-Skye instrument were used for
the R:FR measurements and OceanOptics JAZ instrument for PAR and full spectrum

measurements. Light spectra are available in Supporting Information Figure S4.1b-d.

Pharmacological treatments

A droplet of 5 pl of 30uM Indole 3-acetic acid (IAA, Duchefa Biochemie, Haarlem, The
Netherlands) per leaf was used to induce auxin signaling, while 5 pul of 50 puM
naphthylphthalamic acid (NPA, Duchefa Biochemie, Haarlem, The Netherlands) was used to
block polar auxin transport at the lamina tip or 4pul at the lamina-petiole junction. The IAA
and mock solutions contained 0,1 % tween and 0,03 % DMSO and the NPA solution
contained 0,1% tween and 0,05% DMSO. When NPA was applied to the lamina-petiole
junction, the solution was supplemented with 0.05% agar to ensure that the NPA treatment
was accurately applied to the junction. The solutions were applied to their specific location
(adaxial side of the lamina tip or lamina-petiole junction) right before commencing the light

treatments.

Functional-structural plant model

A functional-structural plant (FSP) model of Arabidopsis rosettes recently developed
(Chapter 3) was used to simulate artificial Arabidopsis plant types, using the simulation
platform GrolMP and its radiation model (https://sourceforge.net/projects/groimp/). The
model is available upon request. Arabidopsis rosettes are represented by a collection of
leaves (represented by a petiole and a lamina) whose appearance rate and shape were
based on empirical data. We defined the lamina tip to represent 7% of total lamina area at
the most distal part of the lamina (see Figure 4.6a and Figure 4.7b). In our simulations, the

light source emitted PAR, R and FR light, with a R:FR ratio of 2.3. In each model time step,
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these light rays were reflected, transmitted and absorbed by the petioles and laminas
according to their wavelength-specific spectral properties. The leaves individually grew in
time in three dimensions based on leaf-level PAR absorption, photosynthesis and between-
organ carbon allocation principles (explained in more detail in Evers & Bastiaans, 2016).
Simulated plant growth depended on the level of competition for light that individual plants
experienced with neighbouring plants. Plant size and biomass were therefore an emergent
property of the model. Hyponasty was calculated each time step by a unit-step response
curve: when R:FR perception at the specific petiole or lamina tip (see Model scenarios) was

below a threshold of 0.5, the leaf angle increased with a fixed amount of 20 degrees,
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Figure 4.1. Local low R:FR treatment can induce different SAS responses which varies in magnitude
depending on the illuminated leaf part. (a) Representative photographs of Col-0 plants treated with white
light (W), white-light with supplemented FR light to the lamina tip (W+FRy;,) and white light with supplemented
FR to the whole plant (W+FR,.e)- (b) Differential petiole angle for plants exposed to 24 h white-light control
conditions (W) and to supplemented FR light to the lamina tip (tip), lamina middle (middle), the entire petiole
(petiole), lamina tip plus petiole (tip+petiole) and the whole plant (whole). (c) Differential petiole angle after 24
h exposure to W, W+FRhoe and W+FR 0 With supplemented R light at the lamina (W+FRholetRiamina)- (d)
Petiole elongation response to 24h exposure of similar light treatments. Data represents mean + SE (n=7-10).
Different letters represent statistically significant difference (one-way ANOVA with Tukey’s Post-hoc test,
p<0.05).
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otherwise leaf angle was maintained. The angle of the leaf over time was therefore a
function of the number of time steps in which this low R:FR perception occurred, with a
maximum leaf angle of 80 degrees. Petiole elongation was also calculated each time step by
using the response curve described in Chapter 3 (Figure 3.2); relative petiole elongation was
induced by R:FR perception at the petiole or lamina tip (see Model scenarios). Organs could

only induce hyponasty and petiole elongation during the actual growth phase.

Small adjustments were made in the model used for this study compared to the
model described in Chapter 3. (i) Only leaf laminas and not petioles were considered capable
of photosynthesis, because most light competition models make clear distinction between
investment in height with organs that do not fix carbon and investment in light-harvesting
organs that do. Currently there is no conclusive data about petiole photosynthesis for
Arabidopsis. (ii) Touch-induced hyponasty was not included to emphasise the role of R:FR
induced hyponasty during light competition. (iii) Lamina carbon demand was slightly
increased to reduce the creation of reserves that were not involved in virtual plant

structures.

Model scenarios

All Arabidopsis stand types were constructed by placing 4 x 4 plants with different inter-
plant distances (1, 2, 5 and 10 cm) resulting in four population densities; 10 000, 2500, 400,
100 plants m™ In stands with low density (100 plants m™) neighbouring plants did not
interact with each other, and no additional rows were simulated. Stands with a density of
400 and 2500 plants m™ were simulated with two extra plant rows and stands with extreme
high density (10 000 plants m'z) with four extra plant rows to correct for possible border
effects. Plant orientations at their positions in the field were random, just like would be the
case in experimental plots. In the first simulation scenario, two stands were simulated at a
density of 100 and 2500 plants m™, representing low and high density, with plants that did
not use the incident R:FR for signalling and therefore did not induce hyponasty or petiole
elongation. This scenario was used to quantify R:FR on tips and petioles at different leaf
ranks in non-responsive plants. The second and third scenarios were done to assess the
importance of separation of site of R:FR perception and site of response for plant

competitiveness. In these scenarios, mixed stands were simulated at four densities. In these
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Figure 4.2. Low R:FR treatment does not induce hyponasty or petiole elongation in systemic leaves. (a) The
differential petiole angle and (b) petiole elongation of the target leaf in W, W+FRy;,, and W+FR 0 condition. (c)
The differential petiole angle and (d) petiole elongation of the systemic leaf under the same light conditions. Data
represents mean + SE (n=10). Different letters indicate statistically significant differences (one-way ANOVA with
Tukey’s Post-hoc test, p < 0.05).

mixtures, two different plant types were placed in a 50-50% checkerboard design; the
‘Petiole’ plant type used the petiole and the ‘Tip’ plant type used the lamina tip as R:FR-
detection organ to induce hyponasty (Scenario 2) or petiole elongation (Scenario 3). In
Scenario 2, petiole elongation was equal for both plant types and based on petiole R:FR
perception, and in Scenario 3 hyponasty was equal for both types based on lamina tip R:FR
perception. Model output was based on the mean of 10 replicated stands, in which first the

mean per plant type per stand was calculated.

Results

Site of R:FR perception determines hyponasty versus petiole elongation

To study which part of the leaf senses low R:FR for the induction of petiole responses, we
illuminated specific regions of Arabidopsis thaliana leaves with FR irradiation spotlight of 3.5
mm (Supporting Information Figure S4.1a) and measured the effect on petiole angle and
elongation. Supplemental FR light was given to the lamina tip (W+FRyp), lamina middle
(W+FRmiddie), petiole (W+FRpetiole), Or petiole and lamina tip simultaneously (W+FR petiole+tip)-
As an additional control we included plants that were entirely in supplemental FR
(W+FRyhote). We observed that supplemental FR light could induce hyponasty from both the
tip and middle of the lamina, whereas treatment of the petiole itself did not elicit any

hyponasty at all (Figure 4.1a,b). Importantly, the hyponastic response to FR-enrichment was
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much stronger when given to the lamina tip than when given to the middle of the lamina.
Only the supplemental FR-treated leaf would respond; no systemic response was observed
(Figure 4.2). When plants were placed under W+FRynoe treatment and one lamina was
treated with an R light bundle, hyponasty was reduced specifically in the treated leaf (Figure
4.1c), further corroborating that the response occurs within one leaf and not in systemic
leaves. Although W+FRpetiole induced no hyponasty at all, it induced maximal petiole
elongation, whereas W+FRy, did not elicit any petiole elongation (Figure 4.1d). W+FRpetiole
induced similar petiole elongation as W+FRhole and W+FRetiolestip (Figure 4.1d) , indicating

that local R:FR perception at the petiole of interest is sufficient to account for all elongation

observed.

In Brassica nigra we found similar responses related to the specific site of low R:FR

perception; petiole hyponasty was induced in W+FRtip, and petiole elongation was mainly
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Figure 4.3 Tissue-specific low R:FR perception in Brassica nigra induces hyponastic and elongation responses.
Brassica nigra seedlings were grown in 16 h light - 8 h dark cycle with 110-150 umol m™s' PAR, R:FR 2.3, 20
°C and 70 % RH. The two first leaves of fourteen days old Brassica seedlings were measured for petiole angle
and petiole elongation over 24 hours of exposure to different light treatments (cotyledons were removed two
days before the treatment). Plants were grown in white light (W) or one leaf (referred to as target leaf) was
treated with supplemental FR light applied to the lamina tip (tip), lamina base, petiole, lamina tip plus petiole
(tip+petiole) or whole-plant (whole). Petiole angle change of the target leaf (a) and systemic leaf (b), and petiole
elongation of the target leaf (c) and systemic leaf (d). Data represents mean + SE (n = 10). Different letters
represent statistically significant difference (one-way ANOVA with Tukey’s Post-hoc test, p < 0.05). (e)
Representative photographs of the Brassica nigra plants in white light (W), white light with supplemental FR for
the whole-plant (W+FR o), and in white-light with supplemental FR light at the lamina tip (W+FRy;) or at the

petiole (W+FRgetioie) Of the left leaf. Black arrows indicate the treated area with supplemental FR for lamina tip
and petiole.
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induced by W+FRpetiole and only marginally by W+FRtip (Figure 4.3), and no systemic
induced responses were observed. Summarizing, sensing of low R:FR light via the lamina tip
can induce hyponasty but not petiole elongation, while sensing low R:FR light at the petiole

induces elongation but not hyponasty.

Auxin regulates responses to low R:FR

Previous studies illustrated that hyponasty is the result of cell elongation at the abaxial site
of the petiole base (Cox et al., 2004; Polko et al., 2012) which indicates that with lamina tip
FR-induced hyponasty information has to travel from the lamina tip to the petiole base.
Since auxin is the most common hormone known for involvement in signal transport and
SAS responses (reviewed in Casal, 2013; Pierik & de Wit, 2014), we tested the role of auxin
for lamina tip induced hyponasty. Local application of the auxin transport inhibitor NPA (N-1-
Naphtylphthalamic acid) to the lamina tip fully abolished hyponasty when lamina tip and
whole plant were treated with supplemental FR (Figure 4.4a). In addition, exogenous
application of IAA (Indole 3-acetic acid) at the lamina tip induced hyponasty under W light as
well as under low R:FR conditions (Figure 4.4b). However, this IAA-induced hyponasty in W
light was abolished when applying the auxin transport inhibiter NPA to the lamina-petiole

junction (Figure 4.4c).
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Figure 4.4 Auxin involvement in low R:FR-induced hyponasty. (a) Differential petiole angle in response to white light
(W), supplemental FR light to the lamina tip (W+FRy,) and supplemental FR to the whole plant (W+FRyn0e) With
exogenous application of 50 uM NPA or mock to the lamina tip. (b) Differential petiole angle in response to similar
light conditions with exogenous application of 30 uM IAA to the lamina tip. (c) Differential petiole angle in response
to control white light without application of anything (mock), application of 30 uM IAA to the lamina tip (IAA,) or
application of 30 uM IAA to the lamina tip and 50 uM NPA at the lamina-petiole junction (IAA;, + NPA,). Data
represents mean + SE (n=10). Different letters indicate statistically significant differences (one-way ANOVA (C) or
two-way ANOVE (A, B) with Tukey’s Post-hoc test, p < 0.05).
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Heterogeneity in R:FR distribution over leaves depends on plant density

A fully developed and validated FSP model of Arabidopsis rosettes (Chapter 3) was used to
determine if various tissues (sections) of the leaf experienced different incident R:FR during
plant growth (Scenario 1). The model showed that at a low density of 100 plants m?, where
neighbour plants do not interact, petioles get exposed to a decrease of R:FR because of self-
shading by newly developed leaves, whereas the lamina tip did not experience a clear
change in R:FR (Figure 4.5a). However, when neighbours were present at high density (2500
plants m™), a strong decrease of R:FR at the lamina tip occurred over time, due to leaf
overlap by neighbouring plants (Figure 4.5b). Not only the petiole and lamina tip perceived
different R:FR ratios during plant development in two different densities; over the whole
length of the lamina there was great variation in incident R:FR gradient (Figure 4.6). In high
density, the most distal part of the lamina (the tip) experienced the first decrease in R:FR,
which was followed by a decrease in R:FR on the rest of the lamina during further canopy
development. In low density this pattern was reversed; the lamina only received a low R:FR
late in canopy development, but then the section most close to the petiole experienced the

first R:FR decrease due to self-shading.

Functional implications of tissue specific R:FR perception

To evaluate the competitive relevance of R:FR sensing at the petiole or lamina tip, we
performed two simulation scenarios of plant competition in 50-50% checkerboard designs of
mixtures of plant s sensing R:FR at the lamina tip (referred to as ‘Tip’) and plants sensing
R:FR at the petiole (referred to as ‘Petiole’), at different plant densities. In Scenario 2 the
two plant types used the R:FR at either the petiole or lamina tip to induce hyponasty (see
illustration for plant types after 46 days of growth at low density in Figure 4.7a,b), and in

Scenario 3 the plant types used these organ-level perceptions to induce petiole elongation.

At lower density, neighbour plants are encountered later than at high density and
consequently hyponasty was induced later at low density than at high density when R:FR
was sensed at the tip (Figure 4.7c and Supporting Information Figure S4.2a). However, when
sensing R:FR at the petiole, plants induced hyponasty even at the lowest density where
there was no interaction with neighbours (Figure 4.7a,c) and were delayed (compared to the

‘Tip’ plants) in their response to nearby neighbours at extreme high density (10 000 plants
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Figure 4.5 Simulated tissue-specific incident R:FR of plants growing in low and high population density
(Scenario 1). Incident R:FR at petiole (grey) and tip (orange) of leaf rank 8 up to 12, during plant development
growing at low density (100 plans m?, a) or at high density (2500 plants m?; b). In these simulations, plants did
not use the R:FR as signal to induce hyponasty or petiole elongation. Data represent mean (n=10).

m?). As a consequence, virtual ‘Petiole’ plants with petiole R:FR sensing for hyponasty
performed less than ‘Tip’ plants with lamina tip sensing in direct competition (Figure 4.7d).
Although decrease of R:FR at the petiole was similar in low and high density (Figure 4.5),
virtual ‘Petiole’ plants created longer petioles than ‘Tip’ plants that respectively used their
petiole and lamina tip to induce petiole elongation (Figure 4.7e and Supporting Information
Figure S4.2b). These small differences during canopy development resulted in an overall
higher performance for the ‘Petiole’ compared to the direct ‘Tip’ competitor (Figure 4.7f).
These data indicate that using R:FR perception at the petiole and lamina tip are both
beneficial during competition for light when used for the appropriate phenotypic response,

i.e. petiole elongation and hyponasty, respectively.

Discussion

An early plant response to FR light reflected by neighbours is upward leaf movement, called
hyponasty, followed by petiole elongation (reviewed in Pierik & de Wit, 2014). Although light
quality distribution in dense stands is heterogeneous even at the level of individual plants,

nearly all contemporary shade avoidance studies (but see e.g. Kozuka et al., 2010; lzaguirre
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Figure 4.6 Incident R:FR at various sections of the leaf at different moments during the development of a
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m?, red) population density.

et al., 2013 for exceptions) focus on uniform whole-plant R:FR treatments. Here we studied

how localized low R:FR exposures can elicit pronounced different shade avoidance responses

that are adaptive during plant-plant competition for light.

Functionality of localized R:FR detection for different responses

We found that petiole elongation is induced only when low R:FR exposure occurs on the

petiole itself, whereas hyponasty is induced if low R:FR is sensed in the lamina tip of the

same leaf (Figure 4.1, 4.2 and 4.3). This low R:FR-induced hyponasty is an example of

separation of site of perception and site of response, as hyponasty is a result of cell

elongation at the abaxial site of the petiole base (Cox et al., 2004; Polko et al., 2012). As IAA
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at the tip induced hyponasty and auxin transport blockers inhibited hyponasty (Figure 4.4),
we confirmed the role of auxin in SAS and as signal transporter. However, whether
differences between auxin concentrations or auxin sensitivity underlie the difference

between abaxial cell elongation and whole petiole elongation is still to be elucidated.

FSP modelling of Arabidopsis rosettes showed that sensing R:FR at the lamina tip
indeed is the most effective way to induce hyponasty in response to the proximity of
neighbour plants (Figure 4.7). The lamina tip is the first tissue to approach a neighbour plant
and is thus the first to be exposed to neighbour-induced reductions in R:FR in stands of
rosette-forming plants such as Arabidopsis (Figure 4.5 and 4.6). The R:FR at the level of the
petiole was low even in the absence of neighbours, due to self-shading by overlaying
younger leaves, and using this to induce hyponasty would be maladaptive. However, using
the R:FR perception at the petiole to induce petiole elongation would be adaptive since it
increased the petiole length more than lamina tip perception did, which is beneficial to
capture more light in a dense canopy (illustrated in Chapter 3). Insight regarding tissue-
specific induced phenotypic responses could help the search for crop ideotypes (i.e. plant
model that results in the highest possible yield within a given environment), specifically in
greenhouse horticulture where additional lighting can be applied to change plant

phenotypes with the aim of increasing crop yields (e.g. for tomato, de Visser et al., 2014) .

Model assumptions

Compared to the previously published model version (Chapter 3), minor adjustments have
been made. The most important adjustment is excluding the touch induced-hyponasty,
which was indicated as crucial phenotypic response to decrease R:FR ratios in a flat
Arabidopsis canopy (de Wit et al., 2012). Including this touch-induced hyponasty, however,
did not change the conclusion that using R:FR perception at the lamina tip would be
adaptive compared to using the R:FR ratio at the petiole for inducing hyponasty (Supporting
Information Figure S4.3). Although both plant types timed their upward leaf movement
similarly during canopy development, the greater leaf inclination angle of the "Petiole’ plants
compared to the 'Tip’ plants had negative consequences for light capture (because of the

general decrease in light capture with inclined leaves as also illustrated in Chapter 3).
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Figure 4.7 Simulated plant leaf angle, petiole length and plant performance of plants growing in different
population densities (Scenario 2 and 3). Two plant types were grown in four different 50-50% mixture canopies
at 100, 400, 2500 or 10 000 plants m’. ‘Petiole’ plant types (blue) used the petiole and ‘Tip’ plant types (yellow)
used lamina tip as R:FR-detecting organ to induce hyponasty (Scenario 2) or petiole elongation (Scenario 3). (a, b)
Representation of a ‘Petiole’ (a) and ‘Tip’ (b) plant after 46 days of growth at a low population density of 100
plants m. Petiole and lamina tip RFR-detection tissue coloured in black for ‘Petiole’ and ‘Tip’ plants respectively.
(c) Mean plant leaf angle during stands development and (d) accumulated biomass after 46 days for plant types
using petiole or lamina tip as R:FR-detecting organ for inducing hyponasty, in four mixture stands with different
densities. In this scenario both plant types used R:FR at the petiole to induce petiole elongation. (e) Total petiole
length during canopy development and (f) accumulated biomass after 46 days for plants using the petiole
(‘Petiole’) or the lamina tip (‘Tip’) as R:FR-detecting organ for inducing petiole elongation. In this scenario both
plant types used the lamina tip to induce hyponasty. Data represent mean + SD (n=10). Statistically significant
difference indicated by * for p< 0.05, ** for p<0.01 and for p<0.001, Student’s T-test.
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Brassica plants do not need touch to induce vertical structures within a canopy (i.e.
decrease R:FR ratios), and these plants also showed hyponasty upon specific lamina tip low
R:FR perception (Figure 4.3). Simulations performed with a Brassica nigra FSP model (J. de
Vries, unpublished), showed that using the R:FR light perceived at the lamina tip compared
to whole lamina or lamina base would be adaptive in direct competition. This suggests that
lamina tip R:FR perception to induce hyponasty is not only beneficial for flat rosette species
such as Arabidopsis, but can be adaptive in more vertical canopy structures as it increases

the signal reliability for neighbour proximity.

Conclusions

Low R:FR-induced hyponasty and petiole elongation are clearly a local response: the leaf that
senses low R:FR will respond, other leaves do not. However, depending on the type of
response and site of cue detection, we have shown that within a single leaf low R:FR-
detection and response can be spatially segregated, for which auxin transport is needed. In
addition, we showed that the relation between site of cue detection and inducing a specific
response determines plant competitiveness. Plants can thus deal with the spatial
heterogeneity in their environment at various levels and respond in a highly localized

manner.
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Figure S4.3 Simulated plant leaf angle and plant performance of plants growing in different population densities
when also using touch-induced hyponasty as SAS response. Two plant types were grown in four different 50-50%
mixture canopies at 100, 400, 2500 or 10 000 plants m”. Both plant types could induce hyponasty based on lamina
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the R:FR at the lamina tip to induce hyponasty. In this simulation both plant types used R:FR at the petiole to induce
petiole elongation. (a) Mean plant leaf angle during vegetation development and (b) accumulated biomass after 46
days for plant types using petiole (‘Petiole’, blue) or lamina tip (‘Tip’, yellow) as R:FR-detecting organ for inducing
hyponasty, in four mixture stands with different densities. Both plant types use R:FR at the petiole to induce petiole
elongation. Data represent mean + SD (n=10). Statistically significant difference indicated by * for p< 0.05, ** for
p<0.01 and *** for p<0.001, Student’s T-test.
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Abstract

Understanding how natural selection could have acted on the level of phenotypic plasticity
in plants is a central question in ecology. Phenotypic plasticity is a vital strategy for a plant to
deal with changing environments by inducing favourable phenotypes in different
environments. However, phenotypic plasticity is often not represented in current
evolutionary and ecologically dynamic population models that are used to understand why
and how genotypic composition of plant communities changes in response to environmental
change. Here we present a model system that allows for the analysis of selection for
variation in phenotypic plasticity, based on evolutionary game theoretical principles. We
studied phenotypic plasticity of Arabidopsis thaliana in response to the proximity of
neighbour plants as signalled through the decrease in red : far-red (R:FR) ratio using a 3D
computational plant model. This model simulates individual plant growth in competition for
light, including petiole elongation and lamina growth reduction in response to R:FR signals
that are created by the developing canopy itself. Implementing plasticity as a response curve
allowed us to describe plasticity based on a single parameter, but still allowing the plants to
express different phenotypes in changing environments. We conclude that different plastic
response curves are selected for at different population densities. We discuss that the shape
of the plastic response curves depends on cue reliability and the negative consequences of
plasticity; low cue reliability and high plasticity costs select for low R:FR sensitive response

curves.
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Introduction

In the course of evolution, plants have evolved specific traits (or trait values), which are
often environment-specific. When the environmental conditions (i.e. growth conditions)
change, this changes the selection on traits and trait values and subsequently the selection
of genotypes. This logic forms the basis of a large part of evolutionary and ecological
research and has shaped the concept of niche differentiation and its role in driving genotypic
diversity and ecosystem functioning (Loreau & Hector, 2001; Turnbull et al., 2013;
Zuppinger-Dingley et al., 2014). However, plants can exhibit multiple phenotypes (i.e. traits)
depending on the environment, a phenomenon known as phenotypic plasticity (Bradshaw,
1965; Sultan, 2000; DeWitt & Scheiner, 2004). Phenotypic plasticity helps a plant to survive
in different environments because it allows a plant to change its phenotype matching
environmental changes during its life time. Currently evolutionary and ecological dynamic
population models are widely used to explain genetic variation and species composition in
different environments, and these models are often based on evolutionary game theoretical
(EGT) principles (Falster & Westoby, 2003; Anten & During, 2011; McNickle & Dybzinski,
2013; Dybzinski et al., 2015). However, these models do usually not consider phenotypic
plasticity and therefore will predict selection for different genotypes in different
environments when these environments select for different traits (but see Dybzinski et al.,
2013). However, if plasticity would be considered, selection for different traits would not
necessarily lead to selection for different genotypes, because a single plastic genotype can

express multiple phenotypes.

In general it has been argued that selection will favour those plastic genotypes that
induce phenotypic changes such that they have the highest fitness in the whole relevant
range of environments (DeWitt et al., 1998; van Kleunen & Fischer, 2005). The phenotypic
change related to an environmental signal can be described by a plastic response curve (see
Box 1.1, Chapter 1). The shape of this curve can differ between genotypes, which is referred
to as different levels of plasticity. Selection for phenotypic plasticity can result in at least two
possible outcomes: i) A single genotype has one response curve that leads to the best
phenotypic change to all environmental conditions such that it has the highest fitness across

the whole environmental range. ii) The best phenotypic changes to all changes in the
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environment cannot be described by a single response curve, because different
environments select for different response curves. The extent to which one or multiple
response curves and therefore genotypes are selected for has important implications for
plant community diversity, as it determines which genotypes can be selected for (Werner &
Peacor, 2003; Turcotte & Levine, 2016) and which genotype can become invasive and
dominant in a wide range of environments (Richards et al., 2006; Davidson et al., 2011). It
can be argued that a single genotype with a specific plastic response curve is more likely to
evolve when environmental cues are reliable, that is, when a specific environmental signal
always entails the same message regarding the (future) environment. In this case the plants
can induce phenotypic changes tailored to all environments, resulting in the highest
performance in different environments. If the cue is unreliable, in the sense that its message
differs between environments, plants will not always induce phenotypic changes that best fit
the environment based on a single response curve. Therefore we hypothesise that if a cue
has different messages in different environments, these environments will select for

multiple response curves.

To analyse selection on variation in phenotypic plasticity, we focus on plastic
responses to neighbour plants. One of the best-known forms of phenotypic plasticity in
plants is that plants growing at high density (close proximity to neighbour plants) typically
exhibit greater elongation rates of leaf supporting structures (i.e. stem, internodes and/or
petioles), less branching or tillering and in species such as Arabidopsis thaliana greater leaf
inclination angle (hyponasty) than plants growing at low density (Ballaré et al., 1987, 1994;
Dudley & Schmitt, 1996; Ballaré & Scopel, 1997; Pierik et al., 2004; de Wit et al., 2012). This
set of responses is called the shade avoidance syndrome (SAS; reviewed in Franklin, 2008;
Casal, 2013; Ballaré & Pierik, 2017). SAS is associated with competition for light and results in
the placement of leaves in highly lit parts of the canopy before neighbour plants do. One of
the primary signals that induces SAS responses is a reduction of the red to far-red ratio of
light (R:FR), as plants selectively absorb more red and reflect more far-red light (Ballaré et
al., 1987). The reduction in R:FR light perceived by an individual is therefore identified as cue
for neighbour proximity (Ballaré et al., 1990); low R:FR ratio when neighbours are close (high
density) and high R:FR ratios when neighbours are further away (low density). However, R:FR

light conditions are also affected by the vertical component of the canopy structure (Chelle
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et al., 2007; de Wit et al., 2012; Crepy & Casal, 2015) and by self-shading. This can make the

R:FR signal not fully reliable as cue for neighbour proximity.

In addition to R:FR, capture of photosynthetically active radiation for carbon
assimilation also depends on presence, size and orientation of leaves and other structures of
neighbour plants within the canopy. To analyse selection for plastic responses to neighbour
proximity, this interaction between plant phenotype and the light environment needs to be
accounted for. However, this is not straightforward because it involves the complex
feedback that exists between signal and response: changes in R:FR induce responses at
organ-level such as petiole elongation, which in turn causes changes in plant architectural
phenotype, affecting light capture for growth. The changed phenotype in turn changes the
light environment and associated R:FR conditions, inducing new sets of responses and so on.
This complex feedback can be captured in so-called functional-structural plant (FSP) models
(reviewed in Vos et al., 2010) that can simulate the interaction between plant growth, its 3D
structure and the light distribution within the canopy (Cournede et al., 2008; Evers et al.,
2010). Organ-level plasticity in response to local R:FR signals and variation therein can be
realistically scaled up to whole-plant performance at vegetation level while taking into
account phenotype-environment feedbacks that are created by the vegetation itself

(Chapter 3; Bongers et al., 2014; Evers & Bastiaans, 2016).

In this paper we performed an EGT analysis in which variation in plasticity was taken
into consideration explicitly. We did this by using FSP modelling in combination with data on
variation in organ-level plasticity to R:FR. We use this approach to analyse to what extent a
genotype with a specific plastic response curve could dominate different environments by
inducing optimal phenotypes in multiple environments. We focused on petiole elongation
and lamina growth reduction of Arabidopsis thaliana as these are important aspects of
shade avoidance (Djakovic-Petrovic et al., 2007; de Wit et al., 2012, 2015). To be able to
simulate the consequences of the plastic responses for whole-plant performance, we used
an FSP model recently developed (Chapter 3). This FSP model simulates Arabidopsis rosette
growth based on light absorption for growth and induces phenotypic changes via a plastic
response curve that relates relative organ growth to the perception of R:FR. The ability of

the model to simulate effects of variation in this plastic response curves for growth,
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phenotype and light competition was tested in Chapter 3. Thus, the FSP model allows us to
analyse how selection depends on the consequences of inducing organ-level plasticity in
various environments based on the R:FR reliability as cue for neighbour proximity and the

cost associated with inducing various phenotypes.

Material and Methods

Model description

A functional-structural plant (FSP) model of Arabidopsis rosette growth and development
was constructed using the simulation platform GrolMP v1.5 (previously described in Chapter
3). In this model, Arabidopsis rosettes were represented by a collection of leaves composed
of petioles and laminas, in a specific arrangement and emerging at a specific time interval. A
root compartment was present but only served as a carbon sink. The simulated light source
emitted photosynthetic active radiation (PAR), red (R) and far-red (FR) light and in each
model time-step these light rays were reflected, transmitted and absorbed by the petioles
and laminas according to their wavelength-specific spectral properties. The laminas
individually absorbed PAR light, that was converted into growth substrates via
photosynthesis, assuming a hyperbolic light response curve (Goudriaan & van Laar, 1994).
The leaves individually grew in time in three dimensions based on the allocated substrates
and locally perceived R:FR ratios (more details below in Organ-level growth and plasticity).
Organ-level perception of R:FR ratio induced leaf angle increase, petiole elongation and
downregulation of lamina growth. Leaf angle increase occurred when the distance between
neighbouring leaves was smaller than 2 mm or when R:FR perception at the lamina was
below a threshold of 0.5 (described in detail in Chapter 3). Petiole elongation and lamina
growth downregulation were described by a response curve that illustrates the relationship
between relative organ growth and R:FR perception. Total accumulated biomass was an
emergent property of the model as whole-plant growth and phenotype depended on the
level of competition for light that individual plants experienced with neighbouring plants

during their growth.

The simulated light source emitted PAR at an intensity of 220 umol m? st and an

R:FR ratio of 2.3, representing typical growth chamber conditions. Border effects were
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avoided using the plot replication functionality of GrolMP. Plant growth started based on
carbon reserves in the seed, and plant growth was ended 46 days after emergence. Plant
orientation within the canopy created variation in light environment and therefore plant
growth and performance. For all model details and parameter settings see Chapter 3. In the
simulation model used for this study, small changes were made regarding the interaction
with the light environment. (i) Only leaf laminas and not petioles were considered capable of
photosynthesis. The latter were regarded to have a support function only, like in other light
competition models (see Anten & Bastiaans, 2016). (ii) The plastic petiole elongation
response was based on the R:FR ratio perceived at the petiole itself, instead of the
connected lamina (based on new insights obtained in Chapter 4). (iii) Active downregulation
of lamina growth was included as response to R:FR perception, and this was based on R:FR
perception at the lamina itself. This was to explore how negative consequences of inducing

plastic responses would affect selection.

Organ-level growth and plasticity

Organ growth was primarily simulated by the partitioning of carbon based on the relative
sink strength principle (Heuvelink, 1996), assuming a central pool of substrates and
consequently non-hierarchical carbon allocation to the growing organs. The relative sink
strength of an organ was expressed as a fraction of total plant sink strength, and determined
the demand for substrates for each organ in relation to its age. Organ sink strength was
defined as its in size in cm? for laminas and cm for petioles per unit time (daily time-steps).
The potential growth rate was estimated based on the beta growth function (Yin et al.,
2003), a bell-shaped function of organ age which is the first derivative of a sigmoid function
with three parameters representing the potential size, the growth duration, and the organ
age at which the growth rate is maximal. These parameters were estimated independently
for lamina and petiole (see Chapter 3). Every time-step the potential growth rate in size was
converted into potential growth in carbon substrates using specific leaf area (SLA; cm? mg™)
and specific petiole length (SPL; cm mg'l). SLA was constant with size and age, but SPL
decreased with petiole length, based on observation from experiments (Bongers,

unpublished).

Petiole elongation and lamina growth downregulation further influences partitioning
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of carbon to the organs. Petiole elongation and downregulation of lamina growth were
described by a plastic response curve expressing relative organ growth to R:FR perception; a
function based on experimentally obtained petiole elongation data (equation 5.1; data

described in Chapter 3):

Parameter a (dimensionless) determines the curvature of the response curve and is
referred to as the ‘plasticity coefficient’. The higher the value of a the more sensitive the
plant is to R:FR decrease. R is the relative organ growth factor which is used to induce
petiole and lamina plasticity. Petiole elongation was simulated by multiplying the petiole
length with R, taking the RFR perceived by the petiole itself as input. This was calculated
every model time-step after simulating petiole growth based on carbon allocation through
the relative sink strength principle mentioned previously. Consequently, the longer petiole
increased its demand (sink strength) for carbon substrates for the next time-step because of
the relationship between SPL and petiole length. R was also used to express lamina growth
downregulation upon R:FR perception, modelled by decreasing the carbon demand (sink
strength) of the lamina (equation 5.2):

D= (%) (5.2)

where D is the actual lamina carbon demand (mg d!) influences by R:FR perception,
D, the potential lamina carbon demand (mg d) calculated by the beta growth function, R
the response curve based on R:FR perceived by the lamina (calculated with Eqg. 5.1), and n a
dimensionless coefficient representing the quantification of the consequences of inducing
plasticity; i.e., a high value of n indicates that increased petiole elongation are related to a
rather strong reduction in lamina growth (see Model scenarios). The increased carbon
demand for a given petiole and the decreased carbon demand for a given lamina has direct
consequences for the absolute carbon allocation to all growing organs; decreased carbon
allocation to a lamina can be related to increased carbon allocation to a petiole. Plastic
responses could only occur during the actual growth phase of the given organ (based on the

beta growth function of Yin et al., 2003). In general, we assumed that plastic petiole
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Figure 5.1 Overview of the performed canopy simulations and identified plants used for analysis. The EGT
approach assumes that a mutant (genotype with a different strategy) could invade a monoculture population
(referred to as resident plants) when the performance of the mutant competing with resident plants is higher
than the performance of a resident plant competing with other resident plants. To capture this, we simulated
two canopies; one canopy representing a canopy with only resident plants (a) and a canopy representing a
single mutant competing with resident plants (b). The different strategy of the mutant compared to the
resident was determined by a 0.1 higher plasticity coefficient than the resident plants. For analysis we
compared the performance of the middle plants (encircled) of both simulated canopies and these middle
plants were referred to as resident or mutant respectively (constructing a resident-mutant pair). Depending
on the simulated population density, the number of plants used in the simulations and the distances between
these plants that represent the canopy were different, see Table 5.1.

elongation has a positive effect on plant performance as longer petioles could put laminas in
a better position of the canopy to increase light capture (illustrated in Chapter 3). Lamina
growth reduction was assumed to have negative consequences for plant performance as
reduced lamina area captures less light. However, these positive and negative effects

depend on population density.

Estimating evolutionary stable strategy

In general, evolutionary game theoretical (EGT) principles test if a monoculture population
(also referred to as ‘resident’ population) can be invaded by an individual plant that has a
different strategy (referred to as ‘mutant’). We captured this approach by simulating two
canopies (Figure 5.1): one canopy representing only resident plants and a canopy
representing a mutant competing with resident plants. To estimate the ability of a mutant to
invade a resident population, we compared the performance of the mutant plant growing in
the centre of a population of resident plants to a resident plant growing in the centre of a

population of resident plants (Figure 5.1). Different strategies are characterized by different
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values for the plasticity coefficient (parameter a in equation 5.1), representing the variation
in the response curves shown in Figure 5.2. Resident populations with different strategies
(i.e. plasticity coefficient) were simulated and the plasticity coefficient a of the mutant was
always 0.1 higher than those of the resident plants. We chose not to simulate larger (or
smaller) differences in plasticity between mutant and resident to minimize computation
time, and because we did not search for an absolute ESS value, but for the sensitivity of the
ESS for environment and costs related to plasticity (see Model scenarios). Per resident
population with a given plasticity coefficient a, we conducted 20 replicate simulations of
resident against resident and 20 simulations of the mutant against residents, creating 20
resident-mutant pairs. This was done for a range of values of the plasticity coefficient (i.e., 0
— 0.6 in 0.1 steps) and for five population densities. From all resident-mutant pairs, we
estimated the relative performance of the mutant by calculating the difference between
performance of the mutant and performance of the resident relative to the performance of

the resident (equation 5.3):

Pm—-Pr

RPM = ( ) + 100 (5.3)

RPM is the relative performance of the mutant (%), and Pm (mg) and Pr (mg) are the
performances values of the mutant and resident plants respectively. We used the total
accumulated biomass stored in root, laminas and petioles as a measure of plant
performance. The rationale is that seasonal seed production (for an annual plant like

Arabidopsis this equates to life time reproduction) scales with biomass (Weiner, 1988).
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Generally under light competition this correlation is quite strong (e.g. Ballaré & Scopel, 1997;

Anten et al., 2005; Keuskamp et al., 2010).

To analyse the ability of the mutant to invade a resident population, we used a binary
approach based on the 20 resident-mutant pairs: 1 for success (mutant had a higher
performance than resident, Pm > Pr) or O for failure (mutant had a lower performance than
resident, Pm < Pr). We estimated the probability of a mutant to invade a resident population
as a function of the plasticity coefficient of the resident population through a logistic
regression (generalised linear model with a logit link and binomial error distribution). The
plasticity coefficient of the resident population at which the probability of invasion by a
mutant would drop below 0.5 was defined the evolutionary stable strategy (ESS; the
associated value of the coefficient a is referred to as a*). This is based on the assumption
that if the probability of a mutant to have a higher performance than the resident is lower
than 0.5, the mutant, over multiple generations, will not outcompete the resident
population because the resident will more often have a higher performance than the

mutant.

Simulations

First of all, to illustrate the functionality of the 3D growth model, we simulated
monocultures of plants that do not show a plastic petiole or lamina response (a = 0) at five
densities. Next, we explored if the estimated ESS plasticity coefficient a* would be different
at different densities (Scenario 1). In addition, we tested if negative consequences of
inducing plasticity would alter the estimated ESSs at different densities (Scenarios 2 and 3).

Here, we emphasise that we assumed that the benefit of plasticity was created by petiole

Table 5.1 Each scenario was simulated at five population densities, described by the number of plants per
square meter. These canopies were constructed by changing the inter-plant distance and the number of
plants per canopy to minimize computation time.

Density Population Inter-plant Number of
density distance plantsin a
(plants m‘z) (cm) canopy
Extremely High 6400 1.25 9x9
High 1600 2.5 7x7
Medium 711 3.75 7x7
Low 400 5 5x5
Extremely Low 100 10 3x3
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elongation while the disadvantage of plasticity was created by the reduced lamina growth
(see Organ-level growth and plasticity). Per scenario, five different population densities
were simulated by adjusting the distance between plants and altering the number of plants
per canopy stand to minimize computation time while ensuring a realistic representation of
mutant and resident plant competition (Table 5.1). We altered the negative consequence
(disadvantage) of inducing plasticity by adjusting parameter n in equation 5.2 and thereby
setting the degree of downregulation of lamina growth upon the perception of R:FR. In
Scenario 1, we simulated the downregulation of the potential growth rate of the lamina by
setting the value of n in equation 5.2 to 2. In Scenario 2 we reduced the negative
consequence of plasticity by setting n to 0O, indicating no active downregulation of lamina
growth. In Scenario 3 we assumed a stronger negative consequence of plasticity by setting n

to 4.

Results

Non-plastic plant growth in monocultures

We first simulated the growth of plants that did not exhibit plasticity in petiole elongation or
lamina growth reduction (plasticity coefficient a = 0). Depending on population density,
plants increased their leaf angles at different moments during canopy development. The

upward movement of leaves induced by neighbour detection decreased the average R:FR
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Figure 5.3 Simulated plant characteristics during canopy development of plants types without plasticity growing
in monocultures at five population densities. (a) Mean R:FR ratio perceived by the whole plant, (b) total
accumulated biomass and (c) percentage of biomass invested in the petiole of an individual plant growing in five
densities. Plants grew in monocultures, like resident plants, and did not show plasticity in response to R:FR
(plasticity coefficient a = 0). Average perceived R:FR ratio was calculated by dividing the total amount of perceived
red light with the total amount of perceived far-red light. Data represent mean + SD (n=20).
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ratio perceived by the plant (Figure 5.3a). In addition
to the decreasing R:FR ratio, light availability also
decreased during canopy development when
neighbour plants were present. Therefore, growth
based on total accumulated biomass was lower at high
than at low densities (Figure 5.3b). Biomass allocation
to different organs varied over time and varied with
density because the allocation of carbon to growing
organs depended on the number of growing organs,
their potential growth rate and the light availability in
the canopy at any time. Under strong light
competition (e.g. at high densities of 1600 and 6400
plants m) the percentage of biomass allocated to the
petiole increased near the end of plant development
(Figure 5.3c). However, at weak light competition (low
densities), the percentage of biomass allocated to the
petiole decreased because petioles required low
amounts of carbon compared to the total pool of
available carbon and therefore relative more carbon

was stored in the root compartment.

The role of plastic responses in carbon allocation
patterns and total plant biomass

Plasticity influenced organ biomass allocation and
therefore total plant biomass (Scenario 1, Figure 5.4).
When plants were growing in a monoculture and thus
all plants had the same plasticity coefficient (a see
equation 5.1), plants with higher plasticity coefficients
had lower total plant biomass (Figure 5.4a). The
plasticity coefficient also affected the biomass

allocation to petiole and lamina, independent of

density (Figure 5.4b,c). Because plants with a high
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Figure 5.4 Simulated allocated biomass
of plant types with different plasticity
coefficients growing in monocultures
at five population densities (Scenario
1). (a) Total plant biomass, and
percentage biomass invested in (b)
petiole or (c) lamina of an individual
plant at the end of the season,
depending on plasticity coefficient and
density. Per population density and
plasticity coefficient, the canopy
consisted of plants with the same
plasticity coefficient (also referred to as
resident plant). Data represent mean *
SD (n=20).



Table 5.2 Mean relative performance values of the mutant (difference between performance of mutant
and resident relative to the performance of resident, expressed in percentage; equation 5.3) for each
plasticity coefficient a (see equation 5.11) of the resident population, at five population densities (plants
m‘z), based on simulations done in Scenario 1. A mutant had an a value that was 0.1 higher than that of the
resident population (e.g. in the column 0.1 the a value of residents was 0.1 and that of the mutant 0.2).
Positive values indicate that the mutant had a higher performance than the resident population, while
negative values (red numbers) indicate that the resident population had a higher performance than the
mutant.

Plasticity coefficient of resident population
Density 0 0.1 0.2 0.3 0.4 0.5 0.6
6400 157.83 | 138.73 58.30 22.06 6.98 8.27 -2.53
1600 95.02 30.81 7.10 3.02 -4.09 -4.11 | -10.94
711 14.87 5.90 0.68 -3.86 -3.36 -5.12 | -12.05
400 7.01 1.01 -3.40 -4.54 -6.87 -2.06 -7.20
100 3.90 0.62 -4.67 -0.68 -3.81 -4.76 -3.12

plasticity coefficient induced plasticity at a relative high R:FR (see Figure 5.2) these plants
allocated relatively more biomass to the petioles and less biomass to the laminas compared
to plants with a low plasticity coefficient. The absolute amount of biomass allocated to the
petiole or lamina was different per density, because of the dynamic allocation pattern of

growing plants at various degrees of light competition (as described above).

Stable populations with different plasticity values

We tested the extent to which the evolutionary stable strategy (ESS; best plastic response
curve) depended on population density. When the resident population was not plastic
(plasticity coefficient a = 0) or responded at relative low R:FR values (a = 0.1), we observed
that a mutant with a plasticity coefficient 0.1 higher than the resident outcompeted the
resident population (relative performance mutant is positive) at every density tested (Table
5.2). The relative performance of the mutant increased with density, from < 5% in low
density to > 130% in high density. This suggests that there is selection for the shape of a
plastic response curve (i.e. plasticity coefficient), regardless of population density, but that
the selection pressure is stronger at high than at low density. In addition, with increasing
plasticity coefficient of the resident population, the relative performance of the mutant
decreased. The plasticity coefficient at which the relative performance is negative is

different per density, which suggests that the plasticity coefficient ESS depends on density.
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Figure 5.5 Probability of mutant invasion
related to plasticity coefficient of the resident
population, for five population densities.
Horizontal dotted line represent the probability
of 0.5. The point where the probability of
invasion is 0.5 was considered the evolutionary
stable strategy (ESS; a*). (a) Default model
setting regarding negative consequences of
plasticity (Scenario 1). (b) Minimal negative
consequences of plasticity (Scenario 2). (c) High
negative consequences of plasticity (Scenario
3). Probabilities were estimated with a logistic
regression (GLM, logit link and binomial error
distribution) with data from resident-mutant
pairs for resident plants with plasticity
coefficients of 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6
(Scenario 1 & 3) or additional 0.7, 0.8, 0.9 and
1.0 (Scenario 2). Per resident population with a
given plasticity coefficient, n=20. See
Supplemental Information Table S5.1 for the
estimated ESS values per scenario and
population density.



The relationship between the estimated probability for mutant invasion and the plasticity
coefficient of the resident population shifted to the right with increasing density, but the
slopes of those relationships were not significantly affected by density (Figure 5.5a). Our
analysis thus shows that the ESS value a* increased with population density; higher densities
selecting for more sensitive responses to decreasing R:FR ratios (Supporting Information
Figure S5.1 and Table S1). Our data therefore did not reveal selection for a single genotype
with a plastic response curve allowing it to exhibit phenotypes that outcompete any other
plant with an alternative plasticity at all population densities, as that would have been

reflected in the same a* value at all densities.

Next, we analysed the extent to which the above-mentioned ESS (plastic response
curve with coefficient a*) depended on the negative consequences of plasticity. In two
additional scenarios we either decreased (Scenario 2) or increased (Scenario 3) the negative
consequences of plasticity by decreasing or increasing the carbon demand for lamina growth
upon the perception of R:FR through the plastic response curve. This affected the a* values
per density (Figure 5.5 and Supporting Information Figure S5.1 and Table S5.1). With minimal
negative consequences (Scenario 2, Figure 5.5b) there was selection towards genotypes with
a more sensitive response curve (higher plasticity coefficient), and this effect was stronger at
low than at high densities such that the a* values tended to converge. With increased
negative consequences of responding to R:FR decrease (Scenario 3, Figure 5.5c) there was
selection for genotypes with a lower plasticity coefficient, this effect was again stronger at
lower densities. In fact, the a* values at the two lowest densities of 100 and 400 plants m™
were below 0; indicating that inducing phenotypic change in response to decreasing R:FR at

any time was selected against.

Discussion

In this study, we analysed to which extent a genotype with a specific plastic response curve
could dominate different environments by inducing the best phenotype in multiple
environments. This was done by expressing phenotypic change at the organ level to an

environmental signal (in this case red to far-red light ratios, R:FR) and considering the
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parameter value that defines the shape of the response curve (in this case the plasticity
coefficient a) as a quantitative trait. Using a functional-structural plant (FSP) model allowed
us to scale from this organ-level plasticity and variation therein, to whole-plant phenotype
and performance at population level, and then to determine the evolutionarily stable
response (populations of plants with a plasticity coefficient value that cannot be invaded by
plants with a different value) as function of population density. We showed that selection
varies with population density, resulting in different evolutionary stable strategies (ESS, i.e.
different plastic response curves). This suggests that there is not one single genotype
regarding shade avoidance responses; i.e. there is no single genotype with a specific plastic
response curve that can grow in different population densities and not be invaded by other
genotypes with alternative plastic response curves. In other words, this could mean that as
population density typically varies in time and space and if each density selects for a
different response, then there is likely to be genetic variation in plasticity. We also showed
that when phenotypic changes becomes more costly, selection acted against sensitive
responses or even against plasticity at all, depending on the density. Conversely, with
plasticity becoming less costly, sensitive responses were selected for and the ESS values for
the plastic response curves at different densities slightly converged, suggesting that
selection for a single genotype is more likely to occur if negative consequences of plasticity

are low.

Unreliable cues select for lower R:FR sensitivity

It was hypothesised that if an environmental cue is unreliable regarding different
environments, selection would probably select for different response curves in different
environments. Our results showed that selection for the best response curve indeed
changed with population density (Figure 5.5, Supplemental Information Figure S5.1). We
suggest that this is partly due to the fact that the reliability of R:FR as cue for neighbour
proximity changes with density. In high density stands, R:FR decrease occurs mainly due to
neighbour-shading, whereas in low density stands, R:FR reductions are more strongly
determined by self-shading. Therefore, the reliability of R:FR as cue for neighbour proximity
decreases with lower densities. If the cue is less reliable, the chance of inducing an unfit
phenotype increases and then selection will result in the best response curve that minimizes

these inductions of unfit phenotypes by adjusting the sensitivity for the R:FR signal. This is
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similar to error management theory that predicts that over evolutionary time, plants will
avoid making the most costly wrong phenotype by adjusting cue sensitivity (reviewed in
(Johnson et al., 2013; Orrock et al., 2015). Thus, we propose that selection for less sensitive
response curves in lower densities is due to the fact that plants in low densities minimized

the chance of inducing a wrong phenotype by decreasing their sensitivity to R:FR.

Low plasticity-related costs select for higher R:FR sensitivity

Changing the negative consequences of plasticity influenced the shapes of the ESS response
curves. With higher negative consequences less sensitive response curves were selected for
in all densities (Figure 5.5. and Supplemental Information Table S5.1). At the two low
densities (100 and 400 plants m™) selection even acted against R:FR sensitivity, resulting in
non-plastic genotypes (ESS a* below 0). This is again in agreement with predictions of error
management theory: if inducing a response will result in high cost, plants that induce less
often a response will be selected for, which is illustrated by plants with low sensitive
response curve. When the negative consequences were minimal, we predicted larger a*
values (compare Figure 5.5b to 5.5a). However, this increase was larger at low than at high
density, such that predicted a* values for different densities tended to converge. More
similar plastic response curves could in theory mean smaller genetic variation for plasticity
and therefore greater likelihood for a single genotype to evolve over a range of population

densities.

Modelling choices

We only simulated plant canopies consisting of plants with similar growth forms in which
individuals could always outgrow their competitors. Other studies (e.g. Dudley & Schmitt,
1995; Weinig, 2000; Donohue et al., 2000) compared low R:FR induced plasticity of ecotypes
of the annual dicot Impatiens capensis from open-grasslands versus closed-canopy forests,
and found that the ecotypes from the open-grasslands showed greater responsiveness to
R:FR decrease than species from closed-canopy forest. In closed-forest canopies, selection
should act against inducing plasticity (i.e. increased stem or petiole length) because inducing
plasticity could not increase light capture and is therefore maladaptive. Including different
growth forms would increase the environment-dependent selection for response curves,

due to increased fluctuations of cue reliability.
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Within a vegetation there are more light signals that can indicate shading by
neighbour plants. For example the combination of low R:FR and low blue light indicates
stronger neighbour-shading, which can be created by increased dense vegetation of plants
with similar growth forms or by tall trees as in the closed-canopy forests. In theory this could
suggest that species from closed-canopy forests should induce lower SAS responses in the
combination of low R:FR and low blue compared to only low R:FR. Where in dense-
grasslands, the combination of low R:FR and low blue light increasing the cue reliability of
the R:FR signal as neighbour proximity and thus should increase the SAS responses
compared to only low R:FR (as shown in de Wit et al., 2016b). The reliability of a cue can,
thus, be affected by combining different signals together. In addition, the R:FR signal itself
can also be more reliable as cue if perception of this signal indicates different environments.
For example, perception of low R:FR at the lamina tip is more reliable as cue for neighbour-
proximity to induce upward leaf movement than R:FR perception at the petiole (see Chapter
4). Taking into consideration that cue reliability can also depend on site of perception or
other signals, would make the analysis on selection for one genotype with a specific
response curve more complex. However, if this would mean that different environments are
better distinguishable, this could eventually lead to one genotype that would dominate

various environments.

We assumed that negative consequences of plasticity were equal over different
environments and therefore had equal effect on the final cost of inducing a plastic response.
However, for example, the vulnerability to mechanical damage or hydraulic limitations for
longer petioles can depend on density; in high density canopies, surrounding leaves can give
mechanical support or protection against wind, by which plants have lower risk of
mechanical failure even if investment in support is low. In low densities, this protection is
small (or absent) and therefore long petioles require more investment for the same about
off support, which eventually affects final plant performance. If these negative
consequences of having longer petioles are indeed larger at low than high density, we would

expect an even larger density difference in stable response curves than what we found here.

93

=



Outlook

Although we simulated a variable light environment, performing the ESS analysis on the
densities independently could not take into account the fact that winners in low densities
will probably have a great contribution to the genotype performance of the next generations
because plants at low density generally receive more light, grow bigger and can thus
produce more seeds than winners in high densities. In addition, neighbour-proximity is more
heterogeneous in natural vegetation stands than simulated in our equal-spaced canopies,
which make the light environment even more variable in time and space. Performing an
analysis in which the density between successive generations is variable or the distance
between neighbour plants within a whole population is heterogeneous (creating locally
different densities), could be a next step towards identifying if one single genotype could

dominate in a natural vegetation that is variable for population density.

Conclusion

Selection for the best plastic response curve depends on the reliability of the cue and
negative consequences of inducing plasticity. Using detailed mechanistic 3D plant modelling
within an evolutionary game theoretical study is a new step towards analysing how
phenotypic plasticity, and the sensitivity for an environmental signal, can affect the
composition of plant genotypes within a range of variable environments. Promising next
steps could be inclusion of plastic responses to multiple signals instead of one, consideration
of potential environmental dependence of negative consequences of inducing phenotypic

plasticity and regarding population density to be more variable in time or space.
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Supporting Information

Table S5.1 Estimated ESS values (a*) for the plasticity coefficient of plant populations at various densities
and scenarios related to altered negative consequences of inducing plasticity. Negative numbers for the ESS
plasticity coefficient indicate that the ESS genotype should not show phenotypic plasticity in response to R:FR.
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Figure S5.1 Visualization of various ESS
response curves. (a) ESS response curves at
the five different population densities from
Scenario 1, see Table S5.1 for corresponding
plasticity coefficient a* values. (b) ESS
response curves at a density of 1600 plants m’
? for the three different scenario’s in which
the negative consequences of inducing
plasticity was altered. Response curves are
created with equation 5.1.






CHAPTER 6

General discussion



Virtual shade sheds light on plant plasticity

Phenotypic plasticity is the ability of a genotype to express multiple phenotypes across a
range of environments (Bradshaw, 1965; Sultan, 2000; DeWitt & Scheiner, 2004) and it has
been established that phenotypic plasticity has ecological benefits in heterogeneous
environments. However, there is limited knowledge on how variation in plasticity has
consequences for plant competitiveness or how this variation results from natural selection
in various environments. In this thesis, | studied how variation in phenotypic plasticity could
affect light competition between plants, and in turn, how this variation in phenotypic
plasticity could result from selection in different environments. As an exemplary case of
phenotypic plasticity, | focused on the petiole elongation and upward leaf movement
(hyponasty) responses in the annual rosette plant Arabidopsis thaliana in response to
neighbour proximity. These responses are part of the shade avoidance syndrome (SAS),
which is an intensively studied form of phenotypic plasticity in plants, and the ratio between
red and far-red light (R:FR) is the most important environmental signal that induces these
SAS responses. To scale from these plastic responses at the organ-level to whole-plant
performance at the vegetation level, | used a functional-structural plant (FSP) model. These
FSP models are great tools because they simulate individual plant growth in time and space
while explicitly considering the 3D structures of organs that interact with the light
environment. This FSP model was used to conduct virtual experiments that simulated
various environments in which different plant genotypes competed for light. Thereby |
identified that variation in plastic responses affects light competition and also that variation

in plastic responses could be the result of selection in different environments.

In this thesis, physiological, ecological and evolutionary processes were linked by
combining detailed plant experiments, FSP modelling and evolutionary game theoretical
(EGT) principles. In the plant experiments | identified variation in plastic responses, and with
the FSP model | quantified how this variation affects plant performance, thereby concluding
that even small variation in plasticity can profoundly affect competition for light (Chapter 3
and 4). By simulating light competition between plants in various population densities,
considering EGT principles, | concluded that variation in plasticity can be the result of natural

selection in various environments (Chapter 5). In this general discussion, | will discuss the
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general conclusions by emphasizing on the dynamic FSP model and the plastic response
curve that describes trait responses relative to the R:FR environment. Subsequently, | will
discuss additional ideas regarding selection for phenotypic plasticity and the role of the

environment and end with a concluding remark.

The role of the functional-structural plant (FSP) model

Simulating light competition with an FSP model was crucial to study how the level of
phenotypic plasticity and variation therein affects light competition between plants. The FSP
model explicitly constructed plant phenotypes from individual organs that all interacted with
the light environment. This method allowed to scale from organ-level plastic responses to
whole-plant performance in different vegetation stands, while regarding the dynamics in the
light environment, created by the vegetation itself because only the explicit plant
phenotypes (i.e. 3D structures of all organs) interacted with the light. When a plant was
growing without direct neighbours (i.e. in a low density of 100 plant m'z), all shading
(reduction in photosynthetic active radiation (PAR)) and reduction in R:FR that the plant
experienced was caused by its own leaves (i.e., self-shading). Conversely, when neighbour
plants were present, i.e. in high density of 1600 plant m™, reductions in PAR and R:FR were
mainly determined by the neighbour plants. The light source of the model delivered a
constant level of PAR (220 pmol m™ s) and R:FR ratio of 2.3, which was similar to the light
conditions in growth chambers in which the plant experiments were conducted. The organs
of the plants changed the light environment (i.e. reduction in R:FR and PAR) due to their
specific light optical properties determining organ light absorption, reflection and
transmission. That the organ structures absorb light means that the model calculates the
partitioning of light over the competing individuals explicitly. This means that this model did
not have to make assumptions about how light is partitioned over the individuals that
compete for light and have different phenotypes (i.e., trait values). Most other light
competition models, do make an assumption about the partitioning of light over individuals
related to trait values (Anten, 2005; Pronk et al., 2007; Farrior et al., 2013; van Loon et al.,
2014). This method of simulating competition for light does however make other

assumptions: e.g. the optical properties of the organs affect the absolute levels of light
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Figure 6.1. lllustration of plastic response curves for hyponasty and petiole elongation. (a) Upward leaf
movement was described by a step-wise response curve, exhibiting only two values; 0 degrees angle
increase in R:FR higher than 0.5 and 15 degrees angle increase per day in R:FR lower than 0.5. (b) Petiole
elongation was described by a gradual response curve, exhibiting various values of petiole elongation

. —-a
related to a range of R:FR values described by the function R = (%) , in which a determines the shape

of the curve and is referred to as the plasticity coefficient. Here | explain how these response curve induce
plastic responses. If a leaf experienced a R:FR value of 0.4 at a given day, the leaf angle would increase with
15 degrees, which entails that if the leaf had already an angle of 15 degrees, the next time-step the leaf
angle will be 30 degrees. For the petiole elongation response a R:FR value of 0.4 indicates a relative petiole
growth value of 1.1, which entails that as the petiole is 2 cm long at a given day, the next day this petiole
will be 2.2 cm.

absorption and thus shading. However, these assumptions may only affect selection for the
absolute levels of plasticity, not the relative effect of selection for different levels in different
environments. Simulating competition for light based on growth reduction due to PAR
shading in combination with phenotypic changes due to environmental signals is also new
compared to previous published FSP models. So far FSP models simulated variation in plant
phenotypes based on R:FR responses while organ and plant growth was modelled using
empirical rules (Gautier et al., 2000; Evers et al., 2007; Kahlen & Stiitzel, 2011). Or
conversely, FSP models simulated variation in plant phenotypes based on carbon allocation
through light capture but did not include additional R:FR signalling (Cournede et al., 2008;
Evers et al., 2010; Evers & Bastiaans, 2016). Eventually this novel model system analysed
selection for different levels of phenotypic plasticity because plasticity was described by a

plastic response curve.

The role of the plastic response curve

In the previous paragraph, | outlined that the FSP model simulated changes in PAR, R:FR and

plant phenotype simultaneously in time and space. The model used daily time-steps, which
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Figure 6.2 Measured petiole elongation response curves for 7 Arabidopsis genotypes. Plants from wild
type Arabidopsis (Col-0) and six mutants were subjected to seven values of R:FR and petiole elongation
was measured within 24 hours. Data symbols represents mean * SD (n=12). Dotted lines represent the
fitted curves, based on the function P = b * R:FR ™ in which a determines the shape and b illustrates the
petiole elongation rate at R:FR of 1.0. See Chapter 3 for more details about the experimental setup and the
fitted curves. See literature for more information about the Arabidopsis mutants; hfr1-5 (Sessa et al.,
2005), rot3-1 (Kim et al., 1998), etr1-4 (Chang et al., 1993), p4p5p7 represents pif4-101pif5-1pif7-1 (de Wit
et al., 2015), pif7-1 (Leivar et al., 2008) and phyB (Reed et al., 1993).

means that every day the light environment was simulated, and every day plant growth was
calculated based on light absorption and the plastic responses based on R:FR perception.
Because of these dynamic changes in plant phenotype, plasticity was described by a plastic
response that expressed trait change in response to R:FR perception within the daily times
step of the model. This means that petiole elongation is expressed as relative petiole growth
in mm mm™* day’1 and leaf movement is expressed as angle increase in degrees day’1 (see
Figure 6.1). Because R:FR can have continues values, the plastic responses were expressed
relative to a continues range of R:FR values, which resulted in a step-wise response for
hyponasty and a gradual response curve for petiole elongation (Figure 6.1). These response
curves have one specific parameter (referred to as the plasticity coefficient) that determined
the shape of the response curve, and variation in plasticity was defined by variation in this
plasticity coefficient. Variation in the shape of the response curve for petiole elongation was
based on plant experiments conducted with Arabidopsis mutants (i.e. genotypes that lost

the function of a specific gene) (Figure 6.2). Note that this type of response curve is different
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from reaction norms (Via et al., 1995) often used in ecological studies that describe
phenotypic plasticity as static trait differences in relation to a range of environments
(Schmitt, 1993; Donohue et al., 2001; Pigliucci & Schmitt, 2004; Weinig et al., 2006;
Dechaine et al., 2007). The combination of quantifying this plastic response curve and
explicitly simulating the dynamic light environments based on the presence of other plants
(discussed above), enabled me to let a given genotype with one single plasticity value
express different phenotypes in different environments, as illustrated in Figure 6.3. The
description of phenotypic plasticity as a plastic response curve with a single parameter value
was important because this way | could focus on selection for the shape of the plastic
response curve that is responsible for the absolute phenotypic values expressed in different
environments. Although there are other models that regard the ability of plants to express
phenotypic plasticity (Dybzinski et al., 2011, 2013; Farrior et al., 2013), these models focus
on the absolute trait values expressed, not on the response that is responsible for that

specific trait value, which is the focus in this thesis.

Selection for variation in plasticity

Combining the measured plastic response curves and the FSP model allowed me to scale
from plasticity at the organ-level to whole-plant performance at the vegetation level by
which | could study how variation in phenotypic plasticity affected light competition
between plants. This in turn allowed me to analyse how variation in phenotypic plasticity
could result from selection in different environments. To determine how variation in
plasticity affected light competition, 50-50% checkerboard mixture competition experiments
were simulated. In these 50-50% mixtures two genotypes, with different response curves
(Chapter 3) or with different spatial localisation of R:FR perception (Chapter 4), competed
for light for 46 days. These simulated competition experiments illustrated that a different
shape of the response curve affects plant performance in direct competition because the
genotypes had slightly different changes in plant phenotype during vegetation development.
A plant competition experiment validated this model simulation by using the same
Arabidopsis genotypes that were used for the quantification of the petiole elongation

response curves. Additionally, the simulated 50-50% mixtures illustrated that also variation
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in the R:FR perception-site for inducing petiole elongation or hyponasty has great effect on

plant competition for light. This suggests that over generations selection would favour a

specific response curve or a specific site of R:FR perception because these plants

outcompete plants with another response curve or R:FR perception-site.

To determine if variation in plasticity is the result of selection in different

environments, competition experiments based on evolutionary game theoretical (EGT)

principles (Chapter 5) were applied, instead of 50-50% mixtures. This method is accepted as

a way to analyse how populations can change due to natural selection (Parker & Maynard

Smith, 1990; Falster & Westoby, 2003; Anten, 2005; McNickle & Dybzinski, 2013). These EGT
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Figure 6.3 Simulated plant phenotypic characteristics after competing for light for 46 days in
three different densities. Data is from plants that had a plasticity coefficient a of 0.1, and competed for
46 days in a monoculture vegetation in which all plants had the same plasticity coefficient. Petiole
length (left y-axis) and leaf angle (right y-axis) of all leafs (identified by leaf rank number) are presented.
Different panels represent population density of (a) 100, (b) 400, and (c) 1600 plants m™. Data presents
means + SD (n=10) and simulated as described in Chapter 5. Per panel also a visualization of a
simulated plant after growing 46 days in a monoculture with the corresponding population density.
Images of plants are on scale with each other. Intensity of the green colour illustrates the amount of
PAR that is absorbed: the darker the colour the lower the amount of PAR absorbed.
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analyses searched for the response curve that would be evolutionary stable: the
evolutionary stable strategy (ESS) (Parker & Maynard Smith, 1990). In theory an ESS is the
strategy (i.e. shape of the response curve) that if expressed by all individuals in the whole
population could not be invaded by an individual with another strategy (i.e. different
response curve). For five population densities | identified five ESSs; per density a different
shape of the response curve was selected for. This confirmed the hypothesis that different
environments can select for different levels of phenotypic plasticity. The specific shape of
the response curve selected for depended on the reliability of the environmental cue, which
changed with population density. In low density, a reduction in R:FR signal is almost
completely determined by self-shading, whereas in high density the R:FR reduction is mainly
caused by neighbour-shading. Additional EGT analyses showed that the shape of the
response curve selected for, also greatly depends on the negative consequences of inducing
plasticity. Negative consequences of plasticity were simulated by decreasing lamina growth
upon the perception of low R:FR. For all the analyses performed, | conclude that variation in
plasticity determines selection, and in turn, selection in different environments determines
the variation. That selection for the best response in a given environment depends on cue
reliability and negative consequences can both be related to the assumption that selection
would favour responses that elicit the smallest error (as formulated by error management
theory (Johnson et al., 2013; Orrock et al., 2015)). Thus, if cue reliability is low and negative
consequences are high, selection would favour responses that are not often induced. In
plasticity literature however, evolution of plasticity is mainly analysed by determining the

costs and limits of plasticity.

Costs of plasticity

Costs of plasticity are defined as the lower performance (i.e. lower fitness) of a plastic
individual compared to a non-plastic individual while expressing the same phenotype
(DeWitt et al., 1998; Auld et al., 2010). On the other hand, limits of plasticity are defined as
the development constraint of a plastic individual to express the same phenotype as the
non-plastic individual. If costs and limits of plasticity are high, selection would select for non-

plastic individuals. However, the definition of costs of plasticity can also be related to
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different levels of plasticity: if costs of plasticity are high, selection would select for less
plastic individuals. There are several categories identified within the costs of plasticity;
maintenance, production, information acquisition, development instability and genetic costs
(DeWitt et al., 1998; Auld et al., 2010). The negative consequences of plasticity mentioned
above could be defined as production or developmental-instability costs. Production costs
are the costs that plastic individuals have to pay to incur their phenotype compared to non-
plastic individuals inducing the same phenotype, and developmental-instability costs are
related to the consequences of inducing the imperfect phenotype due to developmental
processes. In addition, maintenance cost is defined as cost for maintaining sensory or
regulatory systems, and is one of the most intuitive and therefore most studied aspects of
plasticity cost. Note that the definitions of costs and limits can be alternative views on the
same constraints (reviewed in Auld et al, 2010). Although many studies have been
conducted to identify costs, experimental quantification has been difficult (Dorn et al., 2000;
Weijschedé et al., 2006; Weinig et al., 2006; Dechaine et al., 2007; Huber et al., 2011). The
absence of costs can be explained because natural selection should already have selected for
a minimal level of costs, or because plasticity is a by-product of selection for other traits.
Although experimental studies have searched for costs, to my knowledge only theoretical
models have analysed the effect of costs (especially maintenance and production costs) on
the level of plasticity (Ernande & Dieckmann, 2004; Chevin & Lande, 2015). However,
because these studies described purely theoretical analyses, the shape of the plastic
responses and the plasticity costs have no real biological connotation. By using our FSP
model that represents plant growth in a more realistic manner, | focussed on the biological
meaning of the shape of the plastic responses that can be selected for based on costs
related to plasticity. In future modelling studies, maintenance and production cost of SAS
plasticity could be simulated by, for example, increasing the maintenance respiration based
on the level of plasticity (maintenance cost) and increasing growth respiration related to the
level of plasticity expressed (production cost). In addition, determining through plant
experiments if there are indeed costs for having sensory machinery or for inducing a
phenotypic change in response to signal perception would be interesting, but conceptually

and experimentally challenging.
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Different approaches to analyse evolutionary selection

Analysing what kind of trait will be selected for in a given environment can be approached in
different ways. As discussed previously, | used EGT principles to analyse if different
population densities would select for different levels of plasticity. However, two strong
assumptions had to be made to do so. First of all, | assumed that if a rare genotype would
have a higher performance than the dominant genotype, the whole population would adopt
the trait of the rare genotype in the next generation. In game theoretical terms this is the
replicator rule whereby the winner takes all. | argue that this is quite a strong assumption
because a population can consist of multiple genotypes and the composition of the plant
population will probably change slowly over evolutionary time based on the relative
performance of all these genotypes, not within one generation. Secondly, plant population
density was not variable within the vegetation or over generations. At each density, plants
were placed in a grid by which the distance between all the plants within the vegetation was
equal. Although regular plant placement is common in agricultural systems, it will not occur
in natural vegetation stands. Based on this analysis in Chapter 5, | concluded that natural
selection will not result in one single genotype with a specific response curve that would be
stable against invasion (i.e. dominate the whole population). However, one could argue that
if you consider that density is variable in time and/or space, that one single genotype could
evolve if, on average and over multiple environments, it has a higher fitness than other
genotypes. Based on this idea, | performed two extra simulations (see Box 6.1) and asked the

guestion: is selection for one single response curve possible if density is variable?

| chose the five ESSs that were selected for at the five different densities in Chapter 5
and simulated competition for light while local density was variable within a bigger field (Box
6.1) because the plants were placed randomly in the vegetation (similar to the distribution
of weed plants in Evers & Bastiaans, 2016). In addition, | simulated that genotype abundance
would change over generations, letting genotype abundance depend on its performance in
the previous generation (see Box 6.1 for more information). The new simulations show that
when considering variable local densities within a bigger field, the composition of the whole
population could evolve such that one or two genotypes could dominate the population

(Figure 6.4). In a relatively low field density (sim400 — Figure 6.4a), one genotype
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outcompeted (dominate) the other genotypes, where as in relatively higher field density
(sim1600 — Figure 6.4b) two genotypes co-existed. This new simulation experiment
illustrates that a genotype with one single response curve could be selected for if the
vegetation density is more variable within the population. Conclusions about selection for a
single genotype with a single response curve that could dominate a range of environments
thus depends on the vegetation variability and the assumed evolutionary analysis
performed. As the two simulations with different field densities resulted in different
outcomes, it would be interesting to see what would happen with this evolutionary selection
process if density would be variable over generations, because the density of the next
generation depends on the absolute seed production (as in Pronk et al., 2007). These
additional simulations illustrate nicely that FSP models have great potential to be used in
more studies that aim at analysing to what extent competition for resources determines
selection for traits. For example, Renten & Poot, (2014) illustrated that the combination of a
FSP model and an evolutionary optimization algorithm could determine how rooting
strategies (e.g. root structure) should evolve when resources are distributed heterogeneous
in time and space. They showed that the evolution of several root traits predicted by the
model simulations was in the same direction as has been observed in plant species adapted
to the environments similar to the simulated environments. This confirms the power of
combining FSP models and evolutionary theory to provide insight into the relationship

between plant traits (also plastic responses) and the environmental conditions.

Physiological processes underlying plasticity

With physiological plant experiments | identified that the level of petiole elongation
increases with a decreasing R:FR ratio (Chapter 3 and Figure 6.2), and that petiole elongation
and hyponasty are induced specifically by R:FR perception at the petiole or lamina tip,
respectively (Chapter 4). The fact that Arabidopsis mutants express variation in the petiole
elongation response curves (Figure 6.2) illustrates the involvement of the genes (and related
proteins) in the physiological process underlying the plastic responses. In another
experiment with pharmacological treatments, | identified that auxin is involved in inducing

hyponasty based on lamina tip R:FR perception (Figure 4.4). Additional experiments with
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Box 6.1 Is selection for one single response curve possible if density is variable?

The five genotypes selected at the five different densities in Scenario 1 in Chapter 5
(see Supplemental Information Figure S5.1 and Table S5.1) were used for two
additional simulations. At the start of each simulation, 16 plants per genotype (i.e. 16 x
5 = 80 plants in total) were randomly placed in a field of 2025 cm? or 484 cm’
representing a field population density of 400 (sim400) and 1600 (sim1600) plants m?,
respectively. Placing plants random in a field created local variable densities, because
the distances between neighbour plants was variable. This total of 80 plants per field
competed 46 days for light, after which the total accumulated biomass per plant was
recorded. After these 46 days, the relative performance per genotype at field level was
calculated by dividing the sum of biomass per genotype by the total sum of biomass in
the field. In the next generation, a new number of plants per genotype were placed in
the field (still total 80 plants) depending on this relative performance per genotype. For
example, if the relative performance of genotype 1 was 0.4 then the next generation 32
(0.4 x 80 = 32) plants from genotype 1 were placed in the field. This process of placing
random new plants per genotype in the field continued over 200 generations. If a
genotype had such a low relative performance that it could not place a plant in the field
is was outcompeted and could not return to the field. The two simulations (sim400 and
sim1600) were both simulated 11 times.
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Figure 6.4 Average genotype abundance over 200 generations in a field with population density of 400
(a) and 1600 (b) plants m. The five genotypes represent the genotypes that were selected for in the five
densities in Scenario 1, Chapter 5; GT1 was selected for in 6400, GT2 in 1600, GT3 in 711, GT4 in 400 and
GT5 in 100 plants m™. These five genotypes had corresponding different plastic response curves that are
represented by their plasticity confident a with value 0.53, 0.39, 0.30, 0.16, 0.10, respectively. The
number of plants per genotype in every generation was based on the relative performance of the
genotype at field level of the previous generation. Data represents mean (n = 11). (a) At 400 plants m~,
GT4 dominated the field after 200 generations. (b) At 1600 plants m, GT3 and GT4 co-existed after 200
generations.
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mutants also showed that among others PHYTOCHROME INTERACTING FACTORs (PIFs) are
involved in hyponasty induced by R:FR perception at the lamina tip (Pantazopoulou et al.,
under review). Unfortunately | was limited in measuring more mutants for the petiole
elongation response curve. | wanted to use mutants that are altered in hormone production
or sensitivity to identify if hormones have different roles in creating the specific shape of the
response curve. In other words, are hormones differently related to responses in relative
high or low R:FR conditions? Measuring more mutants, or even natural accessions, could
than identify if the shape of the response curve could be more variable, meaning that the
response curve could be described by different functions with more parameters. However,
different functions and more parameters would have made the analysis on how natural

selection could have acted on variation in plastic responses more complex.

Identifying that auxin and other factors are involved in SAS related responses is not
novel per se (reviewed by Casal, 2012; Ballaré & Pierik, 2017), neither is identifying the role
of these factors in competition for light in a representative vegetation (Schmitt et al., 1995;
Pierik et al., 2003; Keuskamp et al., 2010). However, here | analysed selection for the shape
of the response curve which would induce the best phenotypes across various dynamic
environments. As physiological processes underlie these shapes of the response curves, |
indirectly simulated selection for an optimized physiological regulation in response to the
environment that is responsible for exhibiting the best phenotypes across a range of
environmental conditions. If the aim is to select for different levels of plasticity in crop-
breeding programs, knowledge of the genes that are involved is essential, because natural
selection acts via the heritability of the genome. In addition, specified knowledge on the site
of signal perception for induction of various phenotypic responses can also be crucial for
crop-breeding programs. Specifically in greenhouse horticulture that use additional lighting
techniques (e.g. de Visser et al., 2014), significantly changing plant phenotypes such that

light capture and organ shapes can be optimized to eventually increase crop yields.

Co-regulation of petiole elongation and hyponasty

Petiole elongation and hyponasty have overlapping physiological mechanisms (e.g.

involvement of auxin, reviewed in Casal, 2012; Ballaré & Pierik, 2017), which would suggest
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co-regulation. In addition, petiole elongation and hyponasty are both the result of cell
elongation processes at the petiole base (Cox et al., 2004; Polko et al., 2012, Pantazopoulou
et al., under review), further suggesting co-regulation. However, the factors that are
involved in both responses can still have different roles in the specific SAS responses. For
example, the pif7-1 mutant expresses reduced petiole elongation but a total abolished
hyponastic response upon low R:FR perception (compare data from de Wit et al., (2015) and
Pantazopoulou et al., under review). This entails that the PIF7 protein is involved in both

responses, but has a relative bigger role in hyponasty than in petiole elongation.

From an ecological-evolutionary perspective | would argue that co-regulation of
petiole elongation and hyponasty is the result of selection for the best plastic responses in
competition for light. For Arabidopsis plants, petiole elongation should only be beneficial in
competition for light if it can put the leaves in a higher lit zone of the canopy. In other words,
petiole elongation should only occur if the elevated angle is larger than a given threshold.
For a Rumex species that escapes flooded conditions, the relatedness of petiole elongation
and hyponasty has been illustrated; petiole elongation only occurs when the leaf angle
exceeds a certain minimal angle (Cox et al., 2003). For Arabidopsis plants it has, however,
been shown that petiole elongation upon low R:FR perception still occurs although the leaf is
(deliberately kept) horizontal (de Wit et al., 2012). Nonetheless, because low R:FR conditions
in an Arabidopsis stand could only occur through elevated leaf angles (de Wit et al., 2012), |
think that selection for petiole elongation in response to R:FR has automatically been
selected for while leaf angles are elevated. Simulating plant competition with an FSP model
and apply some form of evolutionary algorithm (as is done in Renton & Poot, 2014) can
analyse the best combination of signal sensitivity and responses strength for both hyponasty

and petiole elongation responses in competitive settings.

Considering more environmental signals and conditions

In this thesis, | focussed on the combination of R:FR signalling for plasticity and light
absorption for plant growth (i.e. biomass accumulation). However, in nature there are more
environmental factors, signals or climatic conditions that affect plant growth. Considering all

these aspects is of course not feasible within one study. Nonetheless, while studying
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phenotypic plasticity in response to neighbour proximity there are several other
environmental signals to be considered. For example, aboveground, volatiles such as
ethylene, or reduced irradiance of blue light also indicate neighbour plants (reviewed in
Pierik & de Wit, 2014) and even induce phenotypic changes that are reminiscent of low R:FR-
induced responses (Pierik et al., 2003; Millenaar et al., 2009; Keller et al., 2011; de Wit et al.,
2016b). Belowground, neighbour proximity can be indicated by e.g. root exudates or
nutrient depletion zones (reviewed in Chen et al., 2012; Pierik et al., 2013). The combination
of different signals could increase the cue reliability of neighbour proximity, and thus
influence selection for phenotypic responses regarding only R:FR as signal. The combination
of low blue light with low R:FR, for example, increases the phenotypic responses (de Wit et
al.,, 2016b). If | would have considered that low blue light occurs during vegetation
development and that low blue with low R:FR induce a stronger petiole elongation than
solely low R:FR, selection would probably result in the best R:FR response curve that is
weaker, and in fact closer to the observed responses (see Figure 6.2 and Supplemental
Information Figure S5.1), than was found in the analysis. Considering more cues for
neighbour proximity and related phenotypic responses into an FSP model would improve the
reality of the model representation of a natural vegetation. However, at the same time it
would increase the complexity of the model, the parameter requirement and impede proper

interpretation of simulated data.

In addition to the above-mentioned environmental signals that may influence
selection processes, there are also other environmental factors that drive plant growth and
can thus influence selection. Water and nutrients are important for plant growth next to
light, and plants should allocate carbon towards the organ that acquires the most limiting
resource (Brouwer, 1963). This implies that plants that compete mostly for light will invest
more in aboveground structures like stems or leaves and plants that compete mostly for
water or nutrients will invest more in root structures (Dybzinski et al., 2011; Poorter et al.,
2012; Kiaer et al., 2013). However, note that above and belowground competition will often,
if not always, occur simultaneously, suggesting that plants always have to balance resource
investment to shoot and root. In my study, | neglected belowground competition by i)
growing plants in individual pots and thus separating the roots in the competition plant

experiments and keeping the water and nutrient availability constant and ii) simulating root
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growth solely based on biomass accumulation by light capture and thus not considering
water or nutrients for growth. Simulating roots without function and thus assuming that
water and nutrients do not affect growth was acceptable in the analysis performed here
because R:FR signalling did not affect the relationship between shoot and root growth.
However, if carbon allocation to the root would be affected by R:FR signalling, and thus
more carbon could be invested in shoot instead of root in low R:FR conditions, the best
plastic response curve selected for would have been different. The same holds if water and
nutrients would be limited because of low availability or root competition. Including both
above and belowground interactions would be a valuable next step in FSP modelling,
because both aspects are developed in great detail (see Dunbabin et al., 2013 for a review
on root FSP models, and see among others Sarlikioti et al., 2011; Kahlen & Chen, 2015; Evers
& Bastiaans, 2016 for other aboveground FSP models). However, to understand how
competition for both resources is affected by signals and phenotypic responses, it is required
to know how signals from aboveground affect belowground structures and the other way

around.

Summarizing remark

As a plant scientist, | want to understand how plants work; from identifying important genes
and hormones for trait expression, to the relationship between traits and their role for
performance in various environmental conditions. Phenotypic plasticity is a phenomenon
that perfectly fits within this learning objective as it requires physiological, ecological and
evolutionary knowledge to understand it. | connected these three research domains by
combining (physiological) plant experiments, functional-structural plant modelling and
applying evolutionary game theoretical principles. Through this combination of tools | could
analyse if plants express different levels of phenotypic plasticity (i.e. different plastic
response curves) through competition in various environments. As the shape of the plastic
response curve depends on the underlying physiological processes, | could indirectly
evaluate how the physiological processes that are influenced by environmental conditions
and exhibit various trait values across a range of environments, are influenced by natural

selection.
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Looking back on the past four years of my PhD study | feel that the power of the
approach that underlies this thesis entails the combination of these various tools by which
different plant scientific domains are connected. Scaling these different domains will
eventually allow for a better understanding of plant-plant interactions and plant-
environment interactions. This knowledge is required to better understand plant function

and performance in variable climatic conditions, such as plant growth in agricultural systems.
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English summary

The functioning and performance of plants is determined by the environment as
characterized by abiotic conditions (i.e. climate) and by interactions with other organisms.
Plants have evolved specific traits to deal with different environments, and these traits can
be fixed per organism or can change in response to changes in the environmental conditions,
a phenomenon known as phenotypic plasticity. Phenotypic plasticity is defined as the
potential for a genotype to produce multiple phenotypes (i.e. multiple trait values) across a
range of environments. Phenotypic plasticity can have great ecological benefits in
heterogeneous environments because it can enable plants to induce favourable phenotypes
in multiple environments. Although variation in phenotypic plasticity has been observed
between plants from different environments, relatively few studies have indicated how this
differences in plasticity affect competition or how these differences are the result of
competition. In this thesis various analyses are conducted to determine to what extent
variation in the level of plasticity affects competition for light and how this variation in level
of plasticity could result from selection in different environmental conditions. To perform
this analysis, different facets of physiological, ecological and evolutionary principles are
combined. Physiological processes are approximated by conducting plant experiments, and
with a functional-structural plant (FSP) model the obtained results are scaled up to whole-
plant growth at the vegetation-level to analyse the ecological relevance of these
physiological processes. Eventually, to regard evolutionary processes, FPS modelling and
evolutionary game theoretical (EGT) principles are combined to analyse how natural
selection could act on variation in plasticity. In the general introduction, phenotypic
plasticity is introduced from different perspectives to outline the role of the above-
mentioned aspects. Altogether, this thesis focussing on petiole elongation and upward leaf
movement (hyponasty) responses in the annual rosette plant Arabidopsis thaliana
(Brassicaceae) in response to the proximity of neighbour plants, as signalled through the red
: far—red (R:FR) ratio. These responses are part of the shade avoidance syndrome (SAS) that
is associated with competition for light by placing leaves in highly lit parts of the canopy

before neighbour plants do so.
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In Chapter 2, | present my view on how FSP models are tools that can link shade
avoidance responses at the organ level to plant performance at the vegetation level. In
which | accentuate that iterative cycles of experimentation and modelling allow for a more

holistic understanding of plant-plant and plant-environment interactions.

Chapter 3 consists of three elements. First, the Arabidopsis FSP model is presented
that | developed in this thesis and that can quantify plastic responses for light competition.
Second, variation in petiole elongation in response to decreasing R:FR is measured in plant
experiments and described by a plastic response curve. Third, with experimental and
simulated (using the FSP model) competition experiments, the role of this difference in
response curve for light competition is analysed. This chapter finally concludes that subtle
variation in plasticity affects plant competitiveness, which suggest that selection pressure is

likely to have played a role in fine-tuning the sensitive SAS responses found in plants.

In Chapter 4, detailed plant experiments and FSP model simulations are presented
related to the R:FR perception site and the induction of petiole elongation and hyponasty.
The experiments identified that petiole elongation requires R:FR perception at the petiole
and hyponasty requires R:FR perception at the lamina tip. Subsequently, simulations with
the FSP model show that inducing petiole elongation and hyponasty based on R:FR
perception at the petiole and the lamina tip, respectively, increases plants competitiveness.
This is based on the fact that changes in incident R:FR at the petiole and lamina tip depends

on population density.

While Chapter 3 and Chapter 4 illustrate that variation in plastic responses affect
plant competition for light, Chapter 5 illustrates how selection for variation in the level of
plasticity could result from competition in different environments. Here, the Arabidopsis FSP
model simulates light competition between genotypes with different plasticity levels,
represented by different shapes of the plastic response curve (as measured in Chapter 3).
The plastic response curves determine the level of petiole elongation and lamina growth
reduction in response to decreasing R:FR. Applying evolutionary game theoretical (EGT)
principles onto the FSP simulations reveals that selection at different population densities
results in different plastic response curves. Although this analysis concludes that natural

selection does not select for a single genotype with a specific plastic response curve that can
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dominate a range of population densities, additional FSP modelling analysis in Chapter 6

challenges this conclusion.

In the general discussion (Chapter 6), the results of Chapter 3-5 are discussed based
on the main objective specified in the general introduction (Chapter 1). By discussing
explicitly the use of the FSP model in combination with the plastic response curve that
represented the physiological plastic response, the essence of this novel approach is
emphasised. Subsequently, additional ideas regarding selection for phenotypic plasticity and

the role of the environment are discussed.
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Nederlandse samenvatting

Planten hebben verschillende eigenschappen om om te gaan met de omgeving. De
omgeving van de plant bestaat uit klimaat gerelateerde aspecten zoals licht, temperatuur en
regen, maar ook de aanwezigheid van andere planten, dieren of mensen. Afhankelijk van de
omgeving hebben planten verschillende eigenschappen ontwikkeld, en deze eigenschappen
bepalen het fenotype. Ook al zijn veel eigenschappen specifiek voor verschillende
plantensoorten, planten kunnen ook hun eigenschappen veranderen als hun omgeving
verandert. Het fenomeen dat planten hun fenotype veranderen als de omgeving verandert
wordt fenotypische plasticiteit genoemd. Fenotypische plasticiteit kan voordelig zijn omdat
planten hierdoor de beste eigenschappen kunnen hebben in verschillende omgevingen. Dat
er variatie is tussen individuen in fenotypische plasticiteit is bekend, maar hoe deze variatie
het resultaat kan zijn van selectie in verschillende omgevingen of invioed heeft op
competitie tussen verschillende planten, is nog onduidelijk. Deze thesis concentreert zich op
fenotypische plasticiteit dat te maken heeft met competitie om licht. Licht is cruciaal voor
groei, door middel van fotosynthese, en de aanwezigheid van buurplanten die concurreren
om het licht heeft daarom veel invloed op hoe planten groeien. In deze thesis zijn
verschillende analyses gedaan waarmee is uitgezocht hoe variatie in plastische reacties
invloed heeft op competitie voor licht, en hoe deze variatie in plastische reacties het
resultaat kan zijn van selectie in verschillende omgevingen, gecreéerd door verschillende

dichtheden van buurplanten.

Om deze analyses uit te voeren zijn facetten van planten fysiologie, ecologie en
evolutie gecombineerd, waarvoor gebruikt gemaakt is van plant experimenten, een 3-
dimensionaal computermodel van planten en evolutionaire spel-theoretische principes. In
de algemene introductie is fenotypische plasticiteit benaderd aan de hand van deze
facetten, en is het voorbeeld van fenotypische plasticiteit in reactie op licht competitie
geintroduceerd. In deze thesis wordt gebruikt gemaakt van fenotypische plasticiteit van de
rozet plant Arabidopsis thaliana (zandraket), te weten petioolstrekking en toename van de
bladhoek (ook wel hyponastie genoemd) in reactie op de aanwezigheid van buurplanten. De

aanwezigheid van buurplanten wordt (deels) bepaald door de ratio tussen rood en ver-rood
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(R:FR) licht, en deze ratio induceert de twee plastische reacties. R:FR zal dalen in
aanwezigheid van buurplanten omdat groene delen van de plant voornamelijk rood licht
absorberen en ver-rood reflecteren. Dat de grootte en de vorm (fenotype) van de planten de
R:FR ratio bepalen maar dat tegelijkertijd de R:FR ratio de fenotype van de planten
beinvioed geeft aan dat onderzoek naar plastische reacties in een dynamische omgeving
complex kan zijn. In hoofdstuk 2 is daarom uiteengezet hoe 3D plant modellen gebruikt
kunnen worden om schaduw ontwijkende reacties van het orgaan op te schalen naar de
prestatie van de gehele plant in een vegetatie. Hierbij wordt geaccentueerd dat de
dynamische cycli tussen plant experimenten en computer modeleren kan bijdragen aan het

algeheel begrip van interacties tussen plant en omgeving.

Hoofdstuk 3 en 4, presenteren experimentele data en computersimulaties die laten
zien dat variatie in plastische reacties invioed heeft op het concurrentievermogen van
planten gedurende competitie voor licht. Hoofdstuk 3 presenteert het 3D Arabidopsis model
waarin fenotypische plasticiteit is beschreven door een reactie functie die orgaan
verandering relateert aan R:FR perceptie. Daarnaast bevat het experimentele data van
variatie in petioolstrekking en competitie experimenten van verschillende Arabidopsis
genotypen. Hoofdstuk 4 beschrijft plantexperimenten en computersimulaties die laten zien
dat het induceren van de twee fenotypische plasticiteitreacties (petioolstrekking en
hyponastie) afhankelijk zijn van de plaats op de bladeren waar R:FR wordt waargenomen. Er
is geconcludeerd dat het concurrentievermogen versterkt als petioolstrekking wordt bepaald
door R:FR perceptie op de petiool en hyponastie wordt bepaald door R:FR perceptie aan het

uiteinde van het blad.

In hoofdstuk 5 is het 3D Arabidopsis model gebruikt om te bepalen of verschillende
niveaus van plastische reacties geselecteerd kunnen worden in verschillende omgevingen
gevormd door verschillende populatiedichtheden. Door principes van evolutionaire
speltheorie toe te passen is geconcludeerd dat verschillende populatiedichtheden selecteren
voor verschillende niveaus van plastische reacties. Echter, in de algemene discussie wordt
een extra modelsimulatie gepresenteerd die deze conclusie aanvecht. Verder wordt in het
laatste hoofdstuk benadrukt dat het combineren van experimenten, modellen en theorie

essentieel is om interacties tussen plant en omgeving te begrijpen.
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