Received: 2 August 2018 Accepted: 14 October 2018

DOI: 10.1111/1365-2435.13234

RESEARCH ARTICLE

Functional Ecology [ ol

Ecological interactions shape the adaptive value of plant
defence: Herbivore attack versus competition for light

Jorad de Vries!?

Laboratory of Entomology, Wageningen
University, Wageningen, The Netherlands

2Centre for Crop System Analysis,
Wageningen University, Wageningen,
The Netherlands

Correspondence
Jorad de Vries
Email: jorad.devries@wur.nl

Funding information

Netherlands Organization for Scientific
Research (NWO); European Union’s Horizon
2020, Grant/Award Number: 677139;
European Research Council (ERC)

Handling Editor: Julia Koricheva

| Jochem B. Evers? | Marcel Dicke! | Erik H. Poelman?!

Abstract

1. Plants defend themselves against diverse communities of herbivorous insects.

This requires an investment of limited resources, for which plants also compete
with neighbours. The consequences of an investment in defence are determined
by the metabolic costs of defence as well as indirect or ecological costs through
interactions with other organisms. These ecological costs have a potentially strong
impact on the evolution of defensive traits, but have proven to be difficult to

quantify.

. We aimed to quantify the relative impact of the direct and indirect or ecological

costs and benefits of an investment in plant defence in relation to herbivory and
intergenotypic competition for light. Additionally, we evaluated how the benefits
of plant defence balance its costs in the context of herbivory and intergenotypic

competition.

. To this end, we utilised a functional-structural plant (FSP) model of Brassica nigra

that simulates plant growth and development, morphogenesis, herbivory and
plant defence. In the model, a simulated investment in defences affected plant
growth by competing with other plant organs for resources and affected the level

and distribution of herbivore damage.

. Our results show that the ecological costs of intergenotypic competition for light

are highly detrimental to the fitness of defended plants, as it amplifies the size dif-
ference between defended and undefended plants. This leads to herbivore dam-
age counteracting the effects of intergenotypic competition under the assumption
that herbivore damage scales with plant size. Additionally, we show that plant de-
fence relies on reducing herbivore damage rather than the dispersion of herbivore

damage, which is only beneficial under high levels of herbivore damage.

. We conclude that the adaptive value of plant defence is highly dependent on eco-

logical interactions and is predominantly determined by the outcome of competi-

tion for light.

KEYWORDS
Brassica nigra, competition, ecological costs, functional-structural plant modelling, growth-

defence trade-off, herbivory, herbivore interactions, plant, plant defence

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Functional Ecology. 2019;33:129-138.

wileyonlinelibrary.com/journal/fec | 129


www.wileyonlinelibrary.com/journal/fec
mailto:﻿
http://orcid.org/0000-0003-2656-2231
mailto:jorad.devries@wur.nl
http://creativecommons.org/licenses/by/4.0/

130 | Functional Ecology

DE VRIES ET AL.

1 | INTRODUCTION

In natural settings, plants are part of complex communities of her-
bivores and neighbouring plants that shape the adaptive value of
growth and defence-related traits (de Vries, Evers, & Poelman, 2017;
Lankau & Strauss, 2008; Poelman, 2015). The interactions within
these communities give rise to trade-offs in growth and defence that
maximise fitness while responding to a variable environment (Zist &
Agrawal, 2017). Direct competition between two plant traits over
the limiting pool of an individual’s internal resources is perhaps the
most commonly considered driver of the trade-offs observed be-
tween a plant’s ability to defend against herbivorous insects and the
mechanisms that allow the plant to compete for light with neighbour-
ing plants (Ballare, 2014; Herms & Mattson, 1992; Zist & Agrawal,
2017; Zust, Joseph, Shimizu, Kliebenstein, & Turnbull, 2011). It is ap-
parent that defensive mechanisms bring substantial metabolic costs
that include costs of the machinery for the synthesis, modification,
transport, maintenance and storage of the plant secondary metab-
olites (Bekaert, Edger, Hudson, Pires, & Conant, 2012; Gershenzon,
1994). However, these direct costs do not always result in a loss of
fitness and might only be relevant under certain ecological settings
such as resource limitation, competition for resources, the presence
of herbivores and pathogens or when the plant’s mutualists are af-
fected (Cipollini, Walters, & Voelckel, 2014; Dicke & Hilker, 2003;
Heil & Baldwin, 2002; Koricheva, 2002; Strauss, Rudgers, Lau, &
Irwin, 2002). The expression of costs through interactions between
the plant and biotic or abiotic conditions in its environment can be
defined as ecological costs. These ecological costs can have a sub-
stantial impact on plant fitness and are, therefore, important drivers
of evolution (Dicke & Hilker, 2003; Heil, 2002). However, identifying
and quantifying the ecological costs associated with plant defence is
complicated by the myriad of possible effects of the plant defence
trait on other community members (Heil & Baldwin, 2002; Stam et
al., 2014). Even when isolating a single interaction in an experimental
set-up, discriminating ecological costs from metabolic costs is often
complicated due to the complex and interwoven nature of the phys-
iological and ecological mechanisms driving plant-plant-herbivore
interactions (de Vries et al., 2017).

The interaction between physiological and ecological costs is
apparent in the synthesis and allocation of plant chemical defences
against insect herbivores. Plants are known to exhibit a stronger
defence response in younger leaves (Koricheva & Barton, 2012),
which follows the allocation of key nutrients such as nitrogen to-
wards plant parts that are most favourably positioned relative to
resource gradients (Hikosaka et al., 2016; Hirose, 2005; Hirose,
Werger, Pons, & Rheenen, 1987; McKey, 1974). This local pattern
of defence expression offers potential benefits to the plant if it
results in dispersing herbivore damage within the plant and away
from most valuable tissues (Cipollini et al., 2014). However, the re-
sponse of a herbivore to a plant’s defence expression depends on
that herbivore’s sensitivity to plant taxon-specific secondary me-
tabolites, which differs greatly between herbivore species (Bennett
& Wallsgrove, 1994). Those that have specialised on a particular

host-plant taxon are more resistant to the defensive mechanisms
adopted by that taxon, making them less susceptible to the toxic
or digestive reducing function of the defensive secondary metab-
olite. This differentiation in host-plant specialisation makes the
composition of the insect community attacking the plant a strong
determinant of the benefits the plant receives for its investment in
defence. Heterogeneity in the distribution of nutritional and defen-
sive value of leaves in the canopy is expected to result in different
herbivore distribution patterns depending on the level of speciali-
sation of the members of the herbivore community. The increased
resistance of specialised herbivores to defensive compounds allows
them to feed from the more nutritious, yet better defended parts of
their host plant such as young leaves, buds and seeds (Cates, 1980;
Feeny, 1976; Schoonhoven, van Loon, & Dicke, 2005). Conversely,
the elevated levels of defence in these important plant parts deter
the more generalist herbivore species that are then forced to feed
on less defended but also less nutritional plant tissues such as ma-
ture leaves (Cates, 1980; Feeny, 1976; Schoonhoven et al., 2005).
The distribution pattern of the herbivore community resulting from
these differences in herbivore sensitivity to plant defence in turn
has a strong impact on plant fitness. This is especially true in a com-
petitive environment where the removal of young leaves decreases
plant competitive ability and consequentially fitness more than the
removal of mature leaves (de Vries, Poelman, Anten, & Evers, 2018).
Therefore, we expect the adaptive value of plant defence to be
more dependent on the ecological costs through the effect on the
plant’s competitive ability and herbivore damage than on the meta-
bolic costs of these defences (Agrawal, 2000; Heil, Hilpert, Kaiser,
& Linsenmair, 2000; Van Dam & Baldwin, 2001).

In this paper, we aim to (a) quantify the direct costs of plant de-
fence as well as the ecological costs imposed by herbivore damage
and intergenotypic competition for light. We expect the ecological
costs imposed by herbivore damage and intergenotypic competi-
tion for light to exceed the direct costs of plant defence, resulting
in a stronger impact on plant fitness. We also aim to (b) quantify
the direct benefits of plant defence through a reduction or redis-
tribution of herbivore damage, as well as the ecological effect of
this benefit under intergenotypic competition for light. Finally (c),
we evaluate the level of benefits required to outweigh the direct
and ecological costs of plant defence, at which point plant defence
becomes adaptive to the plant. We expect plant defence to be es-
pecially effective if it results in dispersion as well as reduction of
herbivore damage. Here, we study the interaction between defence
investment, competition for light and herbivory using a modelling
approach called functional-structural plant (FSP) modelling (Evers,
2016; Vos et al., 2010). This three-dimensionally explicit modelling
approach allows for the simulation of individual plants that grow
and compete for resources with neighbouring plants. Functional-
structural plant modelling has proven to be a powerful tool to
simulate plant competition for light and the associated effects on
source-sink dynamics (Evers & Bastiaans, 2016; Evers et al., 2010)
and architectural responses (Bongers, Pierik, Anten, & Evers, 2018;
Evers et al., 2007; Zhu, Werf, Anten, Vos, & Evers, 2015).
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2 | MATERIALS AND METHODS

2.1 | Model description

To elucidate the interaction between plant competition for light,
herbivory and plant defence, we expanded the plant-herbivore FSP
model of Brassica nigra described previously (de Vries et al., 2018),
which is developed in the modelling platform GrolMP (Hemmerling,
Kniemeyer, Lanwert, Kurth, & Buck-Sorlin, 2008). This model has been
parameterised and validated using detailed field measurements on
B. nigra architecture, growth and development, biomass and seed yield.
In summary, this three-dimensional model mechanistically simulates
aboveground plant growth and competition for light through source-
sink dynamics in carbon assimilation and allocation and light-driven
mediation of plant architecture (for a detailed model description, see
de Vries et al. (2018)). We expanded the existing model by adding a
plant defence module that impacts herbivore damage and acts as a
carbon sink, interacting with plant growth through the source-sink
dynamics of the plant. These additions are described in detail below.
In the model, we simplified plant defence to an on/off mecha-
nism where defended plants allocate a fixed percentage (D) of the

assimilates produced with photosynthesis (A in g) towards the

total’
biosynthesis and maintenance of plant defence. The remaining as-

similates (A in g) are allocated to the maintenance of standing

growth’
biomass and the growth of new biomass.

D
Agrowth = < 1- ﬁ > * Atotal (1)

In the model, herbivory is represented by a rate of damage to an
individual leaf over time as a function of leaf area (Feeny, 1976;
Johnson & Agrawal, 2005; Schoonhoven et al., 2005), capturing the
damage done by a community of chewing herbivores. This rate of
herbivore damage reduces both the current size of a leaf, represent-
ing the actual removal of area, and the potential size of a leaf, limiting
the further growth of a damaged leaf (see Figure 1 for the results of

herbivore damage on plant architecture). The rate of herbivore

Undamaged Damaged

FIGURE 1 Visual representation of the functional-structural plant
(FSP) model, showing undamaged and damaged plants. Herbivore
damage reduces leaf area, which affects canopy structure and
subsequent light climate. For visualisation purposes, the plant density
in the figure is lower than the plant density used in the simulations

damage is fixed on the plant level, assuming no dispersal of herbi-
vores between plants as a result of a plant’s defence investment. The
herbivore damage suffered by a plant is simulated using a sigmoidal
function that describes the total amount and distribution of herbi-
vore damage within the plant (Equation 2). The rate of damage by
herbivory on the leaf level per growing degree day (GDD) (dmg, g
leaf biomass/GDD) is calculated using the leaf biomass (b, in g), the
relative leaf rank (r), the herbivore distribution (h, value from O to 1,
see Figures 3 and 4.), the base rate of leaf removal (c, fraction of leaf
biomass GDD™) and the damage reduction by plant defence (d, %):

cx (1- i) «b 2)

8 L exp (10+ (= (1=h)) + (r=05))

Leaf rank was used to number the leaves and is an indicator of
the leaf’s position along the main stem. The relative rank of a leaf (r)
is calculated using the absolute rank of the leaf (r), the highest (r__ )
and lowest (r_ ) ranked leaf on the same plant:

e o ="rin .
Ftmax ~ Fmin

Equation 2 was simplified for undefended plants where the

damage reduction by plant defence equals O and the herbivore dis-

tribution parameter equals 0.2, which represents herbivore pref-

erence for young leaves in the absence of defence (Cates, 1980;

Schoonhoven et al., 2005):

cxb

d =
me 1+exp (=6 (r—0.5))

(4)

This function allows for simulation of different scenarios of costs
and benefits of plant defence, which are described in the next section.
Plant defence affects the total amount of herbivore damage, describ-
ing the reduction of herbivore growth and the subsequent reduction
of herbivore damage. The model does not explicitly describe defence
expression at the leaf level, but implicitly assumes that the presence of
defence can affect the distribution of herbivore damage (depending on
the scenario), reflecting how different herbivore species in the herbi-
vore community might respond to plant defence. In undefended plants,
we assume a distribution of herbivore damage that favours young
leaves due to these being more nutritional than older leaves (which is
not explicitly represented in the model). In defended plants, we expect
a dispersal of generalist herbivore species towards older leaves (Cates,
1980; Schoonhoven et al., 2005), which is modelled through a shift in
the shape of the sigmoidal function described in Equation 2 by increas-

ing the value of h.

2.2 | General simulation set-up

Plants were simulated in plots of 16 plants at a density of 100 plants/
m~2. This small plot was cloned 625 times to construct a large field
with 10,000 plants for light model calculations, where every indi-
vidual plant is represented 625 times at regular intervals. The light
intercepted during a time step by an individual plant is calculated
as the average light interception of its clones. This method evens
out border effects that would otherwise be prevalent in a small
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plot as the the clones of an individual plant occupy a large variety
of locations both close to and far away from the borders of the
field. Simulations ran from the 31st of March to the 2nd of August
(124 days), with average daily temperature, average daily insolation
and solar angle typical for the Netherlands at a latitude of 52 de-
grees (Evers et al., 2010; Zhu et al., 2015).

2.3 | Scenarios: Direct and ecological costs of plant
defence (i)

To quantify the impact of plant defence on plant fitness, we imposed

five levels of photosynthetic costs on defending plants (D = 5%,

10%, 15%, 20% and 25% of assimilates produced by photosynthe-

sis in Equation 1), which spans the range of direct costs found in a

multitude of plant species (Bekaert et al., 2012; Strauss et al., 2002).
The treatments were set up as follows:

1. We first simulated monostands of undefended, undamaged plants
that act as a control, providing a baseline measure of plant
fitness to which the following treatments are compared.

2. To quantify the direct (metabolic) costs of plant defences, we
simulated monostands of defended plants in the absence of her-
bivore damage.

3. To quantify the ecological costs of herbivore damage, we simu-
lated monostands of plants that invested in defence and suf-
fered low (c =0.005) or high (c =0.01) herbivore damage,
without receiving benefits for their investment in defence
(h =0.2,d =0, Equation 2).

4. To quantify the ecological costs imposed by intergenotypic com-
petition, we simulated mixed stands of defended and undefended
plants in the absence of herbivore damage.

5. To quantify the combined effect of herbivore damage and in-
tergenotypic competition, we then simulated mixed stands of
defended and undefended plants in which all plants suffered low
(c = 0.005) or high (c = 0.01) herbivore damage, without the de-
fending plants receiving a benefit for their investment in defence
(h=0.2,d =0, Equation 2).

2.4 | Scenarios: Direct and ecological benefits of
plant defence (ii)

To quantify the direct and ecological benefits of plant defence, we
simulated defended plants that did not pay the metabolic costs as-
sociated with this defence investment. These plants were simulated
in monostands to determine the direct benefits of plant defence
and in mixtures to determine the ecological benefits of plant de-
fence. Both the monostands and mixtures were subjected to low
(c = 0.005) or high (c = 0.01) herbivore damage, and we simulated
six levels of herbivore damage reduction for defended plants (d = O,
10, 20, 30, 40, 50%, Equation 2) and three herbivore distributions
for defended plants (h = 0.2, 0.5, 0.8, Equation 2) in a full factorial
design.

2.5 | Scenarios: Costs and benefits of plant defence
(iii)

To quantify when the benefits of plant defence outweigh the total
costs of plant defence, we simulated mixtures of defended and un-
defended plants where all plants suffered low (c = 0.005) or high
(c=0.01) herbivore damage and where the defended plants allo-
cated 15% of the assimilates produced by photosynthesis to defence
(Bekaert et al., 2012). We assumed that plant defence can reduce
damage as well as change the distribution of damage within the plant
from younger towards older leaves. To quantify the importance of re-
ducing the total amount of damage and the distribution of damage,
we simulated six levels of herbivore damage reduction for defended
plants (d = 0, 10, 20, 30, 40, 50%, Equation 2) and tree herbivore dis-
tributions for defended plants (h = 0.2, 0.5, 0.8, Equation 2) in a full
factorial design. The undefended plants suffered the baseline level of
herbivore damage (d = 0), the distribution of which was skewed to-
wards young leaves (h = 0.2).

2.6 | Output

The simulated seed yield (e.g. the investment of biomass into seeds)
per plant was used as a proxy for plant fitness. Seed yield is an emer-
gent property of the model that arises from the interaction between
source-sink dynamics, herbivore damage and competition for light.

We use one of three types of output to show our results:

1. To quantify the direct costs of plant defences, we simulated
monostands of undefended, undamaged control plants to act
as a baseline for plant fitness. To quantify the ecological costs
of plant defences, we simulated mixtures of defended and
undefended plants, using the undefended plants to act as a
baseline for the fitness of the defended plants. We calculate
the costs imposed by a given treatment (C, % vyield decrease)
by comparing the yield of the treatment (Yield;) to the baseline
yield of the control plants (Yield.).

Yield,
Cc= <1-Y ¥ >*1oo (5)

ieldc

2. To quantify the direct benefits of plant defences, we simulated
monostands of undefended plants facing low or high herbivore
damage to act as a baseline for plant fitness. To quantify
the ecological benefits of plant defences, we simulated mix-
tures of defended and undefended plants facing low or high
herbivore damage and used the undefended plants to act as
a baseline for the fitness of the defended plants. We calculate
the benefits provided by a given treatment (B, % vyield in-
crease) by comparing the yield of the treatment (Yield) to
the baseline yield of the control plants (Yield).

B= < Y,'eldT - 1) +100 @)
Yieldc
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The model output was tested for significance at the 5% proba-
bility level by conducting an analysis of variance (ANOVA). Values
reported in the text are shown as (mean * SE unit), and error bars in

graphs represent the standard error of the mean.

3 | RESULTS

3.1 | Direct and ecological costs of plant defence (i)

The direct effect of investing in plant defence on plant fitness was pro-
portional to the percentage of photosynthesis that was invested in de-
fence (Figure 2a). Intergenotypic competition with undefended plants
had a disproportionately strong negative effect on the yield of defended
plants in the absence of herbivory (F = 64.9, p < 0.001; Figure 2a). The di-
rect effect of herbivore damage decreased with an increasing investment
in defence (difference between the solid/dotted line and the dashed line
in Figure 2b,c, F = 5.0, p < 0.05). This decrease in the effect of herbivory
was caused by a reduction of plant size with an increasing investment into
defence in conjunction with herbivore damage being proportional to leaf
area. This mechanism also led to herbivore damage reducing the negative
effect of intergenotypic competition (F = 27.6, p < 0.001; Figure 2b,c).
Herbivore damage balanced the yield differences between defended and
undefended plants that emerged from intergenotypic competition, as
competitively strong plants suffered more herbivore damage due to their
larger size. Intergenotypic competition still reduced the yield of defended
plants when suffering low rates of herbivore damage (F = 13.7,p < 0.001;
Figure 2b), but had no effect on the yield of defended plants under high
rates of herbivore damage (F = 0.9, p = 0.35; Figure 2c).

3.2 | Benefits of plant defence (ii)

The direct benefits of plant defence, illustrated by a plant facing
intragenotypic competition, were apparent both when reducing
(F=53.7,p < 0.001; Figure 3a,b,c) and when redistributing (F = 25.6,
p < 0.001; Figure 3a,b,c) herbivore damage, but the fitness benefits

were far more substantial under high than under low levels of herbi-
vore damage (F = 323, p < 0.001; Figure 3a,b,c). In plants that faced
low levels of herbivore damage and intergenotypic competition
with undefended plants, these direct benefits translated to an in-
direct benefit when reducing herbivore damage (F = 148, p < 0.001;
Figure 3d,e,f), but not when redistributing herbivore damage (F = 2.2,
p = 0.11; Figure 3d,e,f). Under high levels of herbivore damage, the
direct benefits translated to an indirect benefit both when reducing
herbivore damage (F = 210, p < 0.001; Figure 3d,e,f) and when redis-
tributing herbivore damage (F = 3.1, p < 0.05; Figure 3d,e,f).

3.3 | Costs versus benefits of plant defence (iii)

To quantify the level of benefits required to balance the investment
costs of plant defence, we simulated mixed stands of defended and
undefended plants in which plant defence changed the distribution
and/or amount of herbivore damage, assuming a damage invest-
ment percentage of 15%. Our results show that under low levels of
herbivory, defended plants out-competed their undefended neigh-
bours, resulting in a positive net benefit, when their defence resulted
in at least a 30% reduction in herbivore damage (Figure 4). Under
high levels of herbivory, defended plants out-competed their unde-
fended neighbours, resulting in a positive net benefit, when their
defence resulted in at least a 10% reduction in herbivore damage
(Figure 4). Alternatively, when the presence of defence drove her-
bivores away from young leaves, skweing the herbivore distribu-
tion towards old leaves, the defending plants out-competed their
undefended neighbours regardless of the herbivore damage reduc-
tion (h=0.8, Figure 4c). These tipping points cannot be explained by
the direct costs and benefits of defence as the fitness decrease as
a result of a defence investment (15%) was higher than the direct
fitness benefit of reducing herbivore damage at the tipping points
(low herbivory: 2.7%-8.5% yield increase at 30% damage reduction;
high herbivory: 9.2%-12% yield increase at 10% damage reduction,
see Figure 3). The differences in herbivore distributions did not lead

Costs (% yield decrease)

(a) No damage ‘ (b) Low damage (c) High damage
Rows
== = |=|Intragenotypic
= = = Intergenotypic
— - T g =
| S il
— w -
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

Defence investment (% of photosynthesis)

FIGURE 2 The costs (% yield decrease, y-axis) imposed by five levels of defence investment (% of photosynthesis, D in Equation 1, x-axis)
for defended plants facing intragenotypic competition with other plants of the same defence type (solid line) or intergenotypic competition
with undefended plants (dotted line) and either no (a), low (b) or high (c) herbivore damage. The dashed line represents the line where the
yield decrease is proportional to the investment in plant defence. Error bars show standard error of the mean
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FIGURE 3 The benefits (% yield increase, y-axis) as a result of a reduction in herbivore damage (x-axis) or a redistribution of herbivore
damage (columns, h in Equation 3 for defended plants that payed no costs for their defence investment and faced either intragenotypic
competition with other defended plants (a,b,c) or intergenotypic competition with undefended plants (d,e,f). The dashed horizontal line
represents the level above which the defended plants out-compete undefended plants. The subplots show the herbivore distribution (y-
axis) as a function of relative leaf rank (x-axis, lowest leaf rank = 0, highest leaf rank = 1) for the corresponding value of h. Error bars show
standard error of the mean

(a) h=02 ' (b) h=05 (c) h=08

90 4 1 * 1

é - -*’ i Herbivory

¢ = Low damage

= = |High damage

Net benefit (% yield increase)

% Herbivore damage reduction

FIGURE 4 The net benefit (y-axis, % yield increase) provided by a defence investment while competing with undefended plants
competing in mixed stands. The defended plants benefitted from their defences by reducing herbivore damage (x-axis, % herbivore
damage reduction, d in Equation 2 and/or changing the distribution of herbivore damage (panels, h in Equation 3. The dashed horizontal
line represents the level above which the defended plants out-compete their undefended neighbours. The subplots show the herbivore
distribution (y-axis) as a function of relative leaf rank (x-axis, lowest leaf rank = 0, highest leaf rank = 1) for the corresponding value of h.
Error bars show standard error of the mean

to differences in plant fitness under low levels of herbivore dam- shown by the final biomass of leaves, which was affected by the her-
age (p = 0.43, Figure 4), but could lead to an increase in plant fitness bivore distribution such that the final leaf biomass was inversely cor-
under high levels of herbivore damage (F = 9.5, p < 0.005, Figure 4). related with herbivore damage distribution (Supporting Information
These differences in herbivore distribution did affect the plant, as Figure S1).
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4 | DISCUSSION

We show that the indirect costs and benefits of plant defence
through ecological interactions are more important than, and dis-
proportionate to, the effects of direct costs and benefits of plant
defence on plant fitness. Our results show that the direct costs of
a defence investment were proportional to the size of the invest-
ment. However, the indirect effects through ecological interactions
with herbivores and neighbouring competitors were highly context
dependent and not proportional to the direct effect on plant fitness.
Our results further show that the ecological costs of intergenotypic
competition had the strongest impact on plant fitness among the
tested treatment (Figure 2). The ecological costs of competition
for light scaled disproportionately with the investment in plant de-
fences, which was caused by the asymmetric nature of competition
for light (e.g. stronger competitors taking a disproportionate share
of resources (Weiner, 1990; Freckleton & Watkinson, 2001)). The
model assumed that herbivore damage scaled with leaf area, making
it dependent on plant size (Feeny, 1976; Johnson & Agrawal, 2005;
Schoonhoven et al., 2005). This led to a decrease in the effect of
herbivore damage on yield with an increasing investment in defence
(difference between the solid/dotted lines and the dashed lines in
Figure 2b,c) and a decrease in the negative effect of a defence in-
vestment under intergenotypic competition due to herbivore dam-
age (difference between the dotted lines in Figure 2a-c). If we were
to assume that herbivore damage did not scale with leaf area and
remained constant regardless of plant size, herbivore damage would
likely amplify the asymmetry of competition for light. In this case,
the amount of damage inflicted by the herbivores relative to plant
size is higher for under-performing plants, giving them a further dis-
advantage compared to their over-performing neighbours.

Our results show that the dispersion of herbivore damage from
young leaves to older leaves netted the defended plants a fitness
benefit only under high levels of herbivore damage (Figures 3 and 4).
An earlier study addressing an isolated plant-herbivore interaction
rather than the aggregated effect of an entire herbivore community
found that damage to young leaves was more detrimental to plant
fitness than damage to old leaves (de Vries et al., 2018). This earlier
study simulated severe herbivore damage, as the herbivore damage
was concentrated in a small period of time rather than spread over
the entire development of the plant. This shows that the isolated
effect of a single plant-herbivore interaction at a given point during
the plant’s development can be very different from the aggregated
effect of an average herbivore community over the entirety of the
season. In the context of temporally dispersed rather than tem-
porally concentrated herbivore damage, our results show that the
adaptive value of plant defence in a competitive environment re-
lies on reducing herbivore damage rather than dispersing herbivore
damage (Figure 4). Generalist herbivores are highly susceptible to
plant defence and are, therefore, severely hampered in their growth
and survival by taxon-specific secondary metabolites (Gols et al.,
2008; Poelman, Broekgaarden, Loon, & Dicke, 2008). However,
most specialist herbivores are mildly hampered by the plant’s

defence (Poelman et al., 2008; Wei, Vrieling, Mulder, & Klinkhamer,
2015), despite feeding from well defended yet highly nutritional
young leaves (Cates, 1980; Feeny, 1976). This leads us to predict that
defence is disfavoured when plants are under attack by specialist
herbivores as the benefits of defending against a specialist herbivore
are less likely to outweigh the costs of the defence investment. This
prediction supports data by Lankau (2007), who showed that gen-
eralist and specialist herbivores exert opposing selection pressures
on plant defence, where high levels of defence are favoured in the
absence of specialist herbivores and disfavoured in the absence of
generalist herbivores. The negative selection pressure of specialist
herbivores is further strengthened by the role of secondary me-
tabolites in food-plant selection by specialists, making plants with
a high level of defence more vulnerable to attack by specialist herbi-
vores (Badenes-Perez, Gershenzon, & Heckel, 2014; Badenes-Pérez,
Reichelt, Gershenzon, & Heckel David, 2010; Poelman et al., 2008;
Poelman, Loon, Dam, Vet, & Dicke, 2010). The study of invasive plant
species might shed light on the selective pressure exerted by gener-
alist and specialist herbivores on plant defence as invasive plant spe-
cies experience herbivore communities that often lack their native
specialist herbivores. These invasive plant species show increased
competitive ability and are more resistant to generalist herbivores
but are less resistant to specialist herbivores compared to their na-
tive conspecifics (Lin, Klinkhamer, & Vrieling, 2015). This might indi-
cate that not only the level but also the complexity of plant defence
is under different selection by herbivore species with different levels
of specialisation (Lankau & Strauss, 2008). A more complex blend of
secondary metabolites is costlier for the plant to produce, while the
benefits are dependent on the attacking herbivore. As a result, the
complexity in secondary metabolites potentially plays an important
role in determining the adaptive value of plant defence.

Plants growing in high densities maximise their ability to com-
pete for light through a suite of morphological changes such as
increased internode elongation and leaf hyponasty, termed the
shade avoidance syndrome (Ballaré & Pierik, 2017; Fraser, Hayes, &
Franklin, 2016). These morphological changes are regulated by the
ratio of red to far-red (R:FR) light in the spectrum reflected within
a canopy, which is a robust signal of neighbour presence as plant
tissues readily absorb red light while the far-red light is reflected or
transmitted (Ballare, Scopel, & Sanchez, 1990). This low R:FR signal
also reduces the plant’s defensive capabilities by desensitising the
plant to jasmonic acid (JA), one of the essential phytohormones that
regulate plant defence (Ballare, 2014; Campos et al., 2016; de Wit
et al., 2013; Moreno, Tao, Chory, & Ballare, 2009). The mediation of
defences by R: FR is indicative of an interactive effect on selection
pressure between herbivory and competition, and multiple func-
tions of this mechanism to regulate the plant phenotype have been
identified (de Vries et al., 2017). The most obvious function of this
mechanism is a resource-driven trade-off between the ability of a
plant to defend against attackers and its ability to out-compete its
neighbours (Ballare, 2014; Herms & Mattson, 1992), as is apparent
when comparing strategies of different plant species. Alternatively,
this mechanism could be a means of optimal defence partitioning
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within the canopy (lzaguirre, Mazza, Astigueta, Ciarla, & Ballaré,
2013; McKey, 1974), increasing defence investment towards leaves
that represent the highest investment in current and future resource
acquisition. This gradient in defence partitioning could function to
disperse herbivores within the canopy, driving generalist herbivores
away from younger and more valuable leaves. A third possibility
is a mechanism to reduce plant defence expression as a whole, to
decrease plant attractiveness to specialist herbivores (Poelman &
Kessler, 2016), which are potentially more harmful to plant compet-
itiveness than generalist herbivores (de Vries et al., 2018). Each of
these non-exclusive hypotheses is a potential explanation for and
may have contributed to the downregulation of defences by R:FR.
Our results have shown that intergenotypic competition for light is a
highly impactful driver of plant fitness that potentially plays a strong
role in determining the adaptive value of plant defence. Our results
also suggest that the most likely function of the downregulation of
defences by R:FR lies in reducing overall costs of defence while op-
timising the benefits provided, rather than shaping the distribution
of herbivores within the plant. However, our model does not regard
single plant-herbivore interactions, which are more variable in space
and time and therefore might have a much stronger impact on the
adaptive value of plant defence than suggested by the results of this
study (de Vries et al., 2018; Poelman & Kessler, 2016).

In this study, we focussed on one possible ecological interac-
tion in a single ecological setting to highlight the importance of
studying these interactions to understand the way plants function.
We focussed on Brassica nigra as a model plant, which warrants the
chosen set of conditions as it often occurs in dense monostands.
However, the growing conditions faced by other plant species are
likely very different from those of B. nigra. We focussed on a single
form of competition, for light, while plants compete for a plethora
of other critical resources such as water, nitrogen and phospho-
rous. Knowledge on the physiology and ecology of competition for
light is well established (Ballaré & Pierik, 2017), and great progress
is being made on the physiology of root architectural responses to
nutrient availability (Bisseling & Scheres, 2014) and their effects on
nutrient competition (Rasmussen, Weisbach, Thorup-Kristensen,
& Weiner, 2017). This study focusses on a generic plant-herbivore
interaction while we know from studies on plant-herbivore com-
munities (Poelman & Kessler, 2016) and the rhizosphere microbi-
ome (Berendsen, Pieterse, & Bakker, 2012; Mommer, Kirkegaard,
& van Ruijven, 2016; Philippot, Raaijmakers, Lemanceau, & Putten,
2013) that the individual interactions in these complex commu-
nities can be highly species specific yet play a major role in plant
performance (Berendsen et al., 2018).

A next step in elucidating how the plant balances growth and
defence is to place more emphasis on the temporal aspects of
plant-herbivore interactions. The expression of defences on the
plant level changes during the development of the plant and is more
variable than can be expected based on the ontogenetic defence
trajectory at the leaf level (Barton & Boege, 2017). The costs and
benefits of plant defence as well as the impact of herbivore damage
are all relative to the plant’s developmental stage (Boege & Marquis,

2005). Herbivore infestation early in development is potentially far
more devastating to plant fitness as well as the plant’s ability to
out-compete neighbours than an infestation in later stages of de-
velopment. Additionally, a herbivore can move to a neighbouring
plant during the most voracious stage in its development to avoid
both the induced defences and reduced feeding potential of its host
plant (Dam & Baldwin, 1998), a dynamic that is not included in the
scope of this paper. When assessing the costs and benefits of de-
fences on plant competitiveness, we should consider that the costs
are paid at an earlier moment during plant development than the
benefits are reaped. The time between these events and the pre-
dictability of this time interval are also potentially important drivers
of selection towards induced or constitutive defences. These tem-
poral interactions are another potential source of ecological costs
in addition to competition for light and infestation with generalist or
specialist herbivores, which highlights how the costs and benefits
of plant defence are primarily dependent on ecological interactions.
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