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Abstract Plant size is a major predictor of ecological func-
tioning. We tested the hypothesis that feeding damage to
plants increases with plant size, as the conspicuousness of
large plants makes resource finding and colonisation easier.
Further, large plants can be attractive to herbivores, as they
offer greater amounts and ranges of resources and niches, but
direct evidence from experiments testing size effects on feed-
ing damage and consequently on plant fitness is so far miss-
ing. We established a common garden experiment with a plant
size gradient (10-130 cm height) using 21 annual Brassi-
caceae species, and quantified plant size, biomass and number
of all aboveground components (flowers, fruits, leaves, stems)
and their proportional feeding damage. Plant reproductive fit-
ness was measured using seed number, 1000 seed weight and
total seed weight. Feeding damage to the different plant com-
ponents increased with plant size or component biomass, with
mean damage levels being approximately 30 % for flowers,
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5 % for fruits and 1 % for leaves and stems. Feeding dam-
age affected plant reproductive fitness depending on feeding
damage type, with flower damage having the strongest effect,
shown by greatly reduced seed number, 1000 seed weight and
total seed weight. Finally, we found an overall negative effect
of plant size on 1000 seed weight, but not on seed number
and total seed weight. In conclusion, being conspicuous and
attractive to herbivores causes greater flower damage leading
to higher fitness costs for large plants, which might be partly
counterbalanced by benefits such as enhanced competitive/
compensatory abilities or more mutualistic pollinator visits.

Keywords Antagonists - Herbivory - Plant fitness - Pollen
beetles - Trophic interactions

Introduction

Body size is of great importance in most organisms at
physiological, genetic and ecological levels (Peters 1983).
Large body size has various inherent benefits such as high
dispersal ability (Hemptinne et al. 2012) and high com-
petitiveness (Brown and Maurer 1986), but also has costs
such as higher energy requirements or high conspicuous-
ness to enemies (Blanckenhorn 2000; Remmel and Tam-
maru 2009). Large plants are very apparent and offer a
wide range of resources and niches to associated animals,
and are consequently easy to locate and attractive for herbi-
vores (Feeny 1976; Lawton 1983). This can lead to increas-
ing herbivore species richness with increasing plant size,
as shown by several studies for naturally grown plants,
where focus was on single groups of associated animals
and mainly on an intraspecific plant size gradient (Lawton
and Price 1979; Neuvonen and Niemeld 1981; Haysom and
Coulson 1998).
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To analyse the effects of plant conspicuousness and attrac-
tiveness to herbivores on the plant, it is useful to consider not
only herbivore presence but also feeding damage. Feeding
damage refers directly to the process of herbivory including
feeding intensity, since herbivores that are present on plants
do not necessarily feed on them. The extent of feeding dam-
age may increase with plant size due to the greater apparency
of large plants. Furthermore, high abilities to compensate
for feeding damage of fast-growing plant species can con-
trast with high investments in defensive compounds of slow-
growing plant species (growth—defence trade-off; Herms
and Mattson 1992; Endara and Coley 2011). If this growth—
defence trade-off manifests as a more effective defence
against herbivores of small compared to large plant species,
it may consequently result in overall higher herbivory lev-
els of large compared to small plant species. Several studies
have explored the effects of variation in intraspecific plant
size on herbivory and found increased feeding damage with
an increase in plant size when focusing on single plant com-
ponents, such as flowers or leaves (Williams and Free 1979;
Hainsworth et al. 1984; Tenow and Larsson 1987). However,
so far, no studies have simultaneously analysed the effect of
interspecific differences in plant size on feeding damage to
different plant components.

Studying effects of plant size along an interspecific
gradient has several advantages over intraspecific studies.
Interspecific gradients can have a much broader range of
plant size irrespective of environmental parameters such as
nutrient availability, competition or the influence of other
organisms in comparison to intraspecific plant size gradi-
ents (e.g. Buchanan and Underwood 2013). Interspecific
experiments may also lead to more general conclusions
than intraspecific studies as they offer the possibility to
detect patterns across species. On the other hand, they have
to cope with phylogenetic influences, which may be mini-
mised by choosing a high number of closely related spe-
cies. Using a large interspecific plant size gradient and a
plant component-based approach, the effects of plant size
on feeding damage can be analysed in great detail and
will allow more comprehensive conclusions about poten-
tial effects of plant size on feeding damage to different
components.

Not only plant size but also different component char-
acteristics, such as size, biomass and number, may be of
importance for herbivores specialised on a specific com-
ponent (Espirito-Santo et al. 2007). Plants with many large
components, particularly plants with high component bio-
mass, should be highly attractive because of high food
availability for herbivores. For this reason, these parame-
ters should be considered in studies focusing on plant size
effects.

Different plant characteristics can influence feeding
damage, while feeding damage can oppositely influence
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the plants’ reproductive fitness. The effect of feeding dam-
age on plant reproductive fitness may depend on the dam-
aged plant component. While a negative impact of feeding
damage by florivores on reproductive components and by
seedeaters on seed number is not surprising (Moyes and
Raybould 1997; Williams 2010), the effect of vegetative
damage on reproductive fitness may be negative, neutral or
even positive via (over)compensation or induced resistance
to other herbivores (Strauss and Agrawal 1999; Puentes and
Agren 2012; McArt et al. 2013). Given a negative effect
of feeding damage on plant reproductive fitness, plant size
may consequently have an overall negative effect on plant
reproductive fitness due to increased feeding damage with
increasing plant size.

Up to now, complex interactions between feeding dam-
age, plant size and reproductive fitness have never been
investigated and may be particularly important for annual
plants which do not have the opportunity for a delayed
compensatory response across years. In this study, we
analysed the effects of plant size on proportional feeding
damage for different plant components along an interspe-
cific plant size gradient. Most importantly, we analysed
the effect of size-related feeding damage on plant repro-
ductive fitness. Plant size was measured as plant height of
21 closely related annual brassicaceous plant species. We
thereby determined proportional feeding damage to every
aboveground plant component (i.e. to flowers, fruits, leaves
and stems) and simultaneously involved component char-
acteristics, such as size, biomass and number. This not only
disentangles effects of plant size and component character-
istics such as leaf number but also accounts for potential
species-specific differences. Regarding other plant charac-
teristics, such as flower structure or secondary plant sub-
stances, we chose species that were similar to each other
to minimise plant size confounded differences among used
species. As our study is conducted as a common garden
experiment, plants were grown in a standardised way and
effects of habitat and landscape are avoided. Thus, with
our study, we are able to draw a comprehensive picture of
the effects of plant size on feeding damage and plant fit-
ness under standardised conditions, and come to more gen-
eral conclusions using a broader plant size gradient than it
would be possible using only a single plant species. The
following hypotheses are tested:

1. Proportional feeding damage to the different plant
components increases with increasing plant size, as
well as with increasing resource availability, i.e. com-
ponent number and biomass.

2. Proportional feeding damage to the different plant
components, particularly to reproductive components
(flowers and fruits), negatively affects plant reproduc-
tive fitness.
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3. Plant reproductive fitness decreases with increasing
plant size.

Materials and methods
Study site and sampling design

The common garden experiment (Online Resource 1) was
established on a grassland area dominated by grasses and
herbs, including brassicaceous herbs, in Gottingen (Lower
Saxony, Germany; 51.5°N, 9.9°E) in summer 2010. A
total of 25 species from the family Brassicaceae that dif-
fered in size were chosen. Plant species that did not flower
between mid-June and mid-July 2010 were excluded
from the dataset to avoid phenological dissimilarity in the
local insect community of the study area. The remain-
ing 21 plant species covered a gradient in plant size from
12.65 cm £ 1.05 cm [Diplotaxis muralis (L.) DC.] to
120.50 cm =+ 2.95 cm height (Raphanus sativus L. olei-
formis) (Fig. 1f). Many plant characteristics were similar
among the tested plant species, such as flower structure, the
presence of glucosinolates as secondary plant substances
and their pollination ecology in that insect pollination
increases seed set (Klotz et al. 2002). The plant species we
used include neophytes, cultivated plants and indigenous
weeds and are all common German annuals, allowing us
to directly assess their response to herbivory in contrast to
perennial species, which may respond across years (e.g.
Buchanan and Underwood 2013). Four plots per plant spe-
cies, in total 100 plots (16 later excluded), were arranged
in monoculture in a completely randomised design. Plots
measured 1 m? and were separated by 30 cm. Plants were
managed in their plant density to cover approximately
100 % of the plot until they were fully blooming and were
prevented from exceeding plot borders. Potential effects
of plant height were thereby disentangled from the area
covered by the plants, implying a negative relationship
between plant size and plant density per area, which com-
monly occurs under natural conditions. Nevertheless, we
accounted for the differences in plant density by involving
the number and biomass per plot of components of inter-
est, such as the number of leaves per plot in terms of feed-
ing damage to leaves, in the analyses (described below).
All plots were fertilised once equally (with NPK fertiliser
15:6:12) and regularly watered and weeded. We did not
apply any pesticide during the course of the experiment.

Plant appearance and chemistry traits
Plant size (height from the ground to the top of the plant)

and the number of flowers, leaves and stems of first and
second order were recorded per plant individual for five

randomly selected plant individuals per plot at the time of
full blossom. Number of fruits was counted at the time of
full ripeness. Flower size was measured as petal length,
leaf size in cm? (we always measured the lowest living
leaf as leaf size depends on its position) and stem diam-
eter in mm (measured at ground level). Size of fruits was
measured when fully ripe as length x width in mm. Mean
plant size and mean size of the different plant components
(flowers, fruits, leaves and stems) were calculated for each
plot. The number of flowers, fruits, leaves and stems of five
plant individuals were extrapolated to plot level (mean per
plant individual x number of plants in the plot). Flower
colour depended on the plant species (yellow or white).
To measure component biomass, we harvested fruits,
leaves and stems from plants in one quarter of each plot.
To assess flower biomass, we harvested flowers from plants
in one quarter of each of two randomly selected plots per
plant species. Flowers were picked at the time of full blos-
som, stems and leaves were harvested at the time of early
ripening, and fruits were harvested at the time of full ripe-
ness of each plot. Harvested plant individuals were counted
and components were oven-dried for 48 h at 60 °C to get
dry biomass weights. Biomass of the different components
per plot was extrapolated by multiplying the mean biomass
per plant individual of the relevant plot with its plant indi-
vidual number. Since only two randomly selected plots per
plant species were sampled to assess flower biomass, we
extrapolated flower biomass of the remaining two plots per
plant species by multiplying their plant individual number
with the averaged flower biomass per plant individual of
the two sampled plots. Additionally, we assessed chemical
traits of leaves, namely nitrogen, carbon and glucosinolate
content (Online Resource 2).

Only leaves and stems for biomass assessment were
taken from identical plant individuals, as the point in time
of harvest was identical, while we excluded destructively
treated plants from further examinations (i.e. leaves and
stems, flowers and fruits were each harvested from differ-
ent individuals). When harvesting the different plant com-
ponents, we left five randomly selected and individually
marked plant individuals per plot intended to develop pods
for the measurement of fitness parameters.

Plant reproductive fitness

Plant reproductive fitness can be measured as the number
of seeds a plant individual produces, referring to the num-
ber of its potential descendants. 1000 seed weight, i.e. the
weight of a single seed x 1000, is often used as an indica-
tor for the fitness of the produced seeds, while the product
of seed number and single seed weight refers to the over-
all seed output, the yield in terms of crops. To assess plant
reproductive fitness, a subset of 20 randomly selected fruits
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from the five randomly selected plant individuals per plot
was opened. Seeds of ripe and closed fruits were counted
and oven-dried for 48 h at 60 °C to measure their 1000 seed
weight. The number of seeds per plant individual was esti-
mated by multiplying the mean seed number per pod with
the total number of pods of the plant individual. Total seed
weight per individual was assessed by multiplying the seed
number per individual with the 1000 seed weight divided
by 1000 (the single seed weight) for the plant individual.
Further, mean values per plot for seed number, 1000 seed
weight and total seed weight per individual were calculated.

The natural capabilities of the different plant species
regarding seed number, 1000 seed weight and total seed
weight differ. These differences were accounted for by
using relative rather than total values for the plant repro-
ductive fitness parameters. Seed number (%), 1000 seed
weight (%) and total seed weight per individual (%) refer to
the percentage of the maximal capability for each plant spe-
cies. The maximal capability of a species was determined
as the mean of the ten maximal values observed in our
study, using a total of 40 randomly chosen plant individu-
als per species. Thereby, these values refer to the natural
capabilities of the specific breeding lines and varieties of
the plants used in our experiment under the specific natu-
ral conditions of our experimental site. They originate from
plant individuals with access by pollinating insects and
below-average levels of feeding damage (63.65 + 26.04,
64.24 + 23.86 and 94.21 + 34.37 % of the mean propor-
tional feeding damage per plant species regarding seed
number, total seed weight and 1000 seed weight).

Feeding damage to the different plant components

Feeding damage to plant components was recorded from
five randomly selected plant individuals per plot. Feeding
damage to flowers, fruits and leaves was recorded from the
same individuals as plant reproductive fitness parameters,
while feeding damage to stems was assessed from differ-
ent individuals as we dissected the first and second order
stems at the time of full blossom. To assess flower feeding
damage, the numbers of podless stalks and developed fruits
per plant individual were counted at the time of full ripe-
ness. Podless stalks occur when buds and flowers are fed on
(Williams 2010). Therefore, feeding damage to flowers was
defined as percentage of podless stalks based on the num-
ber of potential fruits (developed fruits plus podless stalks).
Additionally, a subset of 20 ripe fruits per sampled plant
individual was opened and categorised as damaged by her-
bivores if we found loopholes, galleries, pitted seeds or an
animal inside the fruit. Fruit feeding damage was defined
as the percentage of damaged fruits. Leaf feeding damage
(percentage of the damaged leaf surface) was estimated
during the time of full blossom using a transparent grid
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template and involving all leaves from the sampled indi-
viduals. Feeding damage to stems was defined as percent-
age of the stem sections with mines or loopholes. Means
of feeding damage for the different plant components were
calculated for each plot.

Statistics

The effect of plant size on feeding damage (%) to flowers,
fruits, leaves and stems was analysed using linear mixed
effects models (nlme R package, Pinheiro et al. 2015; R
v.2.12.2, R Development Core Team 2015). As covariates,
the number and biomass of the relevant plant component
(flowers, fruits, leaves or stems), flower colour regarding
the analysis of feeding damage to flowers, and all two-
way interactions were included. Size of the plant compo-
nents was not part of the models due to high correlation
with other explanatory variables (Online Resource 3: table
ESM3a). Plant species was used as a random effect in mod-
els to avoid pseudoreplication (four plots per plant species).

The effect of feeding damage on plant fitness was like-
wise analysed using linear mixed effects models with plant
species as a random effect. Seed number (%), 1000 seed
weight (%) and total seed weight (%) were used as response
variables and feeding damage to flowers, fruits, leaves and
stems (%, the latter as binomial variable), including all
two-way interactions, as explanatory variables. The net
effect of plant size on plant fitness was analogously ana-
lysed, using linear mixed effects models and plant size as
an explanatory variable.

Correlations between explanatory variables were tested
for each model and we found significant correlations (p
value <0.05) between several variables (Online Resource
3). Multicollinearity of explanatory variables was con-
trolled and did not exceed the value of three for the variance
inflation factor in any model (single exception: 3.17 for the
model testing the effect of plant size, stem number and bio-
mass on feeding damage to stems), allowing their parallel
use in models (Zuur et al. 2010; HH-package, Heiberger
2015). Diagnostic plots were examined and variables trans-
formed (log-, square-root- or arcsine-square-root-transfor-
mations were used) whenever necessary to avoid heterosce-
dasticity or non-normal distribution of errors.

Models were simplified by calculating AICc values
for all full model subsets using the dredge function in the
MuMlIn package (Barton 2015). With respect to the non-
independence between some explanatory variables (Online
Resource 3), parameter weights were used for the identi-
fication of explanatory variables and interactions that con-
sistently contributed to the models’ explanatory power.
Parameter weights were computed by averaging models
with AAICc <2 (Burnham and Anderson 2002; Grue-
ber et al. 2011). We defined parameters with a parameter
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weight >0.6 as important for the explication of the response
variable’s variance. Summary output of the model with the
lowest AICc including all explanatory variables with a
parameter weight >0.6 led to given estimates with stand-
ard errors (Tables 1, 2) that are centred and standardised to
improve their interpretability (Schielzeth 2010).

Results

Effects of plant size and component characteristics
on feeding damage to the different plant components

We recorded overall feeding damage to flowers of
29.82 4 2.83 % (arithmetic mean and standard error), feed-
ing damage to fruits of 5.10 & 0.91 %, feeding damage to
leaves of 1.13 £ 0.17 % and feeding damage to stems of
0.88 £ 0.22 % (see Online Resource 4 for all). Based on

Fig. 1 Effects of plant size,
component biomass and number

our observations, feeding damage to flowers was attributed
to pollen beetles and their larvae (Meligethes aeneus Fab-
ricius) and feeding damage to fruits mainly to weevils (cab-
bage seedpod weevil Ceutorhynchus obstrictus Marsham
and C. floralis Paykull) and to a lesser extend to the bras-
sica pod midge (Dasineura brassicae Winnertz). Feeding
damage by leaf chewers was composed of a mainly point-
wise feeding pattern, but we also observed fenestration
feeding and leaf mining patterns. Flea beetles (Phyllotreta
nemorum L. and P. nigripes (Fabricius) caused the most
feeding damage to leaves, while damage to stems was done
by weevils (C. pallidactylus Marsham and C. napi Gyllen-
haal). In general, most observed herbivorous species were
specialised on the family of Brassicaceae, but had no strong
specialisation on any single plant species of the experiment.

Plants along the plant size gradient were similar in
characteristics such as their defensive compounds or
nitrogen content of leaves (Online Resource 2). Some
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Discussion

Proportional feeding damage to the different plant compo-
nents was hypothesised to increase with increasing plant
size. However, we found different effects for the specific
plant components. Proportional feeding damage to flowers
and fruits increased with increasing plant size and was not
influenced by resource availability, i.e. component num-
ber and biomass. In contrast, feeding damage to leaves and
stems only increased with increasing biomass of leaves
and stems but not with plant size. The influence of feed-
ing damage on plant reproductive fitness depended on the
type of feeding damage. Flower feeding damage had the
strongest effect on reproductive fitness as it reduced seed
number (%), 1000 seed weight (%) and total seed weight
(%). Feeding damage to leaves and stems played a minor
role and feeding damage to fruits had no influence on any
fitness parameter. Regarding the overall effects of plant size
on reproductive fitness, we found a negative net effect of
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plant size only on 1000 seed weight (%), while seed num-
ber (%) and total seed weight (%) remained unaffected.
These findings generally support our hypotheses but also
indicate specific effects of plant size on the proportional
feeding damage of individual plant components and also
specific consequences for plant reproductive fitness.

Effects of plant size and component characteristics
on feeding damage to the different plant components

Large plants are highly apparent and attractive to asso-
ciated animals due to their wide range of resources and
niches, and are thus expected to be easily found and colo-
nised by numerous herbivores (Feeny 1976; Lawton 1983).
Resulting from these direct effects of plant size and poten-
tial effects of other size-related plant traits, a positive effect
of plant size on herbivore species richness has been shown
several times (Lawton and Price 1979; Neuvonen and Nie-
meld 1981; Haysom and Coulson 1998), but studies testing
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its effect on feeding damage are rare and less general due
to their focus on a single type of feeding damage and single
plant species (e.g. Tenow and Larsson 1987; Alonso and
Herrera 1996; Castagneyrol et al. 2013). Feeding damage
to both flowers and fruits was strongly affected by plant
size across the 21 tested plant species, which has previ-
ously only been shown for an intraspecific plant size gra-
dient in species such as oilseed rape (Brassica napus L.)
(Williams and Free 1979) and scarlet gilia (Ipomopsis
aggregata (Pursh) V. E. Grant) (Hainsworth et al. 1984).

In contrast, feeding damage to both leaves and stems
was correlated to respective component biomass, but not to
plant size. Component biomass is composed of the number,
size and mass density and is a measurement of the quan-
tity of resources that can be expected to attract herbivores
(Lawton 1983; Araujo et al. 2006). Studies that tested for
an effect of total plant biomass on leaf and stem herbivores
such as galling insects, which are specialised on a specific
plant resource like young tissue of meristems, failed to
detect any relationship (Espirito-Santo et al. 2007). How-
ever, biomass of the respective component instead of total
plant biomass showed a positive effect on these herbivores
(Araujo et al. 2006). This emphasises the importance of
plant component biomass for feeding damage to a particu-
lar plant component. As biomass of both leaves and stems
was positively correlated with plant size, we should keep in
mind that we cannot completely disentangle these effects
(Lawton 1983), even though these correlations were not too
strong for a combined analysis.

Nevertheless, we can state that plant size was a more
important driver for feeding damage to flowers and fruits
than for feeding damage to leaves and stems. This is not
surprising, as large, highly attractive leaves and stems, the
type most often damaged, are often situated on the lower
part of the plant (personal observation; Collinge and Louda
1988; Dechert and Ulber 2004). Therefore, under natural
conditions, they are often hidden from herbivores by neigh-
bouring vegetation, independent of plant size. In contrast,
flowers and fruits of the tested species are situated at the
exposed top of the plant, where plant size is synonymous
with inflorescence height. Flowers and fruits of large plants
under natural conditions often overtop those of smaller
plants if their flowers and fruits are situated at the top of
the plant, making smaller plants more hidden, resulting in
greater feeding damage for larger plants. The role of plant
size regarding the search strategy of herbivores for food
plants may therefore depend on the component position, on
whether or not its visibility depends on plant size. The dif-
ference in search strategies, manifested under natural con-
ditions, probably led to a high attractiveness of plots with
large plants for herbivores searching for flowers and fruits
and a disinterest in plant size of herbivores searching for
big leaves and stems.

It is interesting that number and biomass of flowers and
fruits per plot did not influence feeding damage to these
components, while results of increasing feeding damage
to leaves and stems with increasing component biomass
per plot supported the expected positive relationship to
resource availability. Adult pollen beetles and their larvae
feed mainly on pollen and pod miners feed on seeds, while
flea beetles feed on the green tissue of the leaf blade and
weevils feed on the inner parts of the stems and may even
hollow them out completely (Williams 2010; Juran et al.
2011). Thus, a minor part of flower and fruit biomass is
edible, while the biomass of leaves and stems better reflects
the amount of edible components. Component number
had no effect on the feeding damage to flowers, fruits and
stems. The mere number of entities within components may
be of little value for many herbivores if component biomass
is simultaneously considered, which comprises component
size and mass density, besides number. Size and mass den-
sity of components may also be of importance regarding
shelter from enemies, as for example stem mining larvae
take refuge from parasitoids in stems with a large diameter
and high amount of biomass, being beyond the reach of
parasitoid ovipositors (Ulber 2003). We detected an influ-
ence of the entity number of components only for feeding
damage to leaves. As leaf feeding damage was attributed
mainly to mobile herbivores like flea beetles (personal
observations), leaf number may represent resource avail-
ability, as suggested in previous studies by increasing
clutch size of different butterflies with increasing number
of food plant leaves (Vasconcellos-Neto and Ferreira Mon-
teiro 1993; Reudler Talsma et al. 2008). Surprisingly, the
feeding damage to leaves in our study was not positively
but negatively affected by leaf number. Leaf herbivory can
affect plants early in the season as leaves of seedlings and
young plants are already attacked by cabbage flea beetles
(personal observations; Alford et al. 2003). Plant species
may cope with early herbivory by investment in defence
mechanisms (resistance) or in regrowth (tolerance), while
plants with a high regrowth capacity are known for over-
compensation (Strauss and Agrawal 1999). The negative
relationship between feeding damage to leaves and leaf
number was possibly caused by overcompensatory creation
of leaves (i.e. assimilation capacity) as a response to leaf
damage (glucosinolate composition of leaves was not cor-
related with leaf damage; Online Resource 2: table ESM?2).

Feeding damage to flowers was not significantly influ-
enced by flower colour, although pollen beetles, the major
florivores in our study, are known to favour yellow flow-
ers due to visual or physiological colour-related aspects
of flowers such as production of volatiles (Giamoustaris
and Mithen 1996). Abundance of larvae and adult pollen
beetles was observed to be higher on yellow flowers than
on white flowers but did not translate to increased flower
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feeding damage. However, adult pollen beetles have been
shown to avoid buds for feeding that have the preferred
size for oviposition (Ekbom and Borg 1996) and may avoid
feeding on buds already occupied by their larvae. Since
their home range for feeding is wider than for oviposition
(Ekbom and Borg 1996), adults may have laid eggs mainly
in yellow buds and may have switched regularly to white
flowers for feeding, leading to similar damage levels to yel-
low and white flowers.

Effects of feeding damage to the different plant
components on plant reproductive fitness

Our finding that feeding damage to flowers negatively
affected plant reproductive fitness agrees with results from
other studies (McCall and Irwin 2006 and studies cited
therein). Feeding on pollen and flower components by
pollen beetles and their larvae is known to lead to podless
stalks and weakened pods (Free and Williams 1979; Wil-
liams 2010). Consequently, feeding damage to flowers
often leads to a reduction of the total seed number (Steffan-
Dewenter and Tscharntke 1999; Williams 2010). Florivory
may additionally have an indirect negative effect on seed
number in reducing the attractiveness of flowers to pollina-
tors and the availability of pollen, followed by decreased
effectiveness of pollination by insects and wind (McCall
and Irwin 2006). Plants with a high amount of damaged
flowers, for example due to pollen beetles, may compensate
by producing new flowers but at the expense of the remain-
ing flowers’ 1000 seed weight (Trumble et al. 1993). The
negative effects of feeding damage to flowers on seed num-
ber (%) and total seed weight (%) were reinforced by feed-
ing damage to stems. Tunnelling of stem mining flea beetle
larvae may cause distortion of tissue and consequent loss of
plant vigour (Juran et al. 2011). Additionally, holes caused
by the female’s ovipositor and by larvae emerging from
stems often provide gateways for fungal infestations (Juran
et al. 2011). Both plant vigour loss and fungal infestations
as a consequence of stem mining may weaken a plant and
reduce its ability to compensate for flower damage.

A slight stimulating effect on the 1000 seed weight
(%) could be ascribed to feeding damage to leaves. Over-
compensation has been described for many brassicaceous
species and genera used in our study, such as Raphanus
raphanistrum L., B. napus, Sinapis alba L. and several
more (Gavloski and Lamb 2000; Agrawal 2001, and others)
in that feeding damage to leaves can increase plant repro-
ductive fitness, including via increased seed weight (e.g.
Agrawal 2001). Another explanation might be that the 1000
seed weight (%) could have been positively influenced by
high leaf biomass rather than by high feeding damage to
leaves, as feeding damage to leaves was positively related
to leaf biomass (Table 1). High leaf biomass implies high
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photosynthetic potential and a larger supply of carbon for
reproduction. Plant reproductive effort (the ratio of repro-
ductive biomass to total biomass) is in general higher in
monocarpic than polycarpic species since the former allo-
cate their energy mainly to reproduction and the latter
mainly to competition and predator avoidance (Kawano
and Nagai 1975). Hence, high leaf biomass may lead to
high seed weight particularly in monocarpic plants, which
were used in our study.

Feeding damage to fruits has a negative effect on the
seed number of several species like 1. aggregata (Hains-
worth et al. 1984), Oenothera biennis L. (McArt et al.
2013) and others. Cabbage seedpod weevils often cause
severe seed losses through feeding on seeds of Brassi-
caceae, particularly as forerunners of the brassica pod
midge or secondary infestations by fungal pathogens
(Moyes and Raybould 1997; Alford et al. 2003; Williams
2010). In contrast, many studies analysing brassicaceous
species have found little effect of pre-dispersal seed preda-
tion on seed number (Williams and Free 1979; Free et al.
1983; Duggan 1985; but see Williams and Free 1978), con-
sistent with results from our study. We observed cabbage
seed weevil larvae causing the majority of feeding damage
to fruits but infrequent secondary infestations of pods by
brassica pod midges. We further observed relatively high
parasitism rates of cabbage seedpod weevil larvae (on aver-
age 78.03 £ 4.44 %) by chalcid wasps, which may reduce
the consumption by host larvae (Moyes and Raybould
1997). Due to infrequent secondary infestations by brassica
pod midges and potentially low consumption rates by para-
sitised weevil larvae, the expected negative effect of feed-
ing damage to fruits on plant reproductive fitness may have
been weak and consequently compensated for by the plants
(Williams and Free 1979).

Net effect of plant size on plant reproductive fitness

We hypothesised a negative net effect of plant size on plant
reproductive fitness as a consequence of increased feed-
ing damage (hypothesis 1) and consequently reduced plant
fitness (hypothesis 2). Although size-related feeding dam-
age to flowers resulted in reduced seed number (% of the
plant species’ maximum), 1000 seed weight (%) and total
seed weight (%), we could only demonstrate a negative net
effect of plant size on 1000 seed weight (%). The other two
fitness parameters, seed number (%) and total seed weight
(%), which was probably mainly influenced by seed num-
ber, remained unaffected by plant size. Bearing in mind
that unconsidered size-related plant traits also potentially
contributed to these patterns, we propose that fitness costs
for large plants in terms of seed loss due to herbivores may
be counterbalanced by benefits of large plants, including
greater abilities for compensation (Strauss and Agrawal
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1999; Williams and Free 1979), higher competitiveness for
light and other resources (Weiner 1985) or high conspicu-
ousness to pollinators (Donnelly et al. 1998).

Conclusions

Detailed analyses of feeding damage to different plant
components in relation to plant size and the linkage of size-
related feeding damage to fitness consequences led to com-
prehensive conclusions. We showed a component-specific
effect of plant size on feeding damage. Herbivore damage
to components at the top of the plant, i.e. to flowers and
fruits, was sensitive to plant size. Contrastingly, component
biomass played the most important role, independently of
plant size, for herbivores of the more hidden leaves and
stems. We suggest that the search strategy of herbivores for
food plants depends on the component of interest, particu-
larly on its position on the plant.

The effect of feeding damage to the different plant com-
ponents on plant reproductive fitness was likewise not uni-
form. Feeding damage to flowers played by far the most
important role in reducing plant reproductive fitness and
negatively affected seed number, 1000 seed weight and
total seed weight. Due to the increase in feeding damage
to flowers with increasing plant size and its strong nega-
tive effect on plant fitness, we could demonstrate a negative
net effect of plant size on 1000 seed weight. Thus, being
large and thereby highly conspicuous and attractive to her-
bivores caused a disadvantage regarding 1000 seed weight.
Regarding seed number and total seed weight, we propose
that fitness costs for large plants caused by herbivore dam-
age were counterbalanced by benefits of large plants, which
can assumed to be high competitiveness for light and other
resources (Weiner 1985), high conspicuousness to polli-
nators (Donnelly et al. 1998) or a greater ability to com-
pensate for feeding damage, indicating a growth—defence
trade-off through the production of more numerous seeds.
These conclusions are of great relevance as our findings are
drawn from patterns across 21 plant species within a highly
standardised experiment.
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