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Abstract Water availability and plant community composition alter plant nutrient availability and the accumulation of
plant defence compounds therefore having an impact on
herbivore performance. Combined effects of drought stress
and plant community composition on leaf chemicals and
herbivore performance are largely unexplored. The objective
of our study was, therefore, to find out the impact of extreme
drought and of plant community composition on plant–
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herbivore interactions. Larvae of the generalist butterfly
Spodoptera littoralis were reared on leaves of the grass Holcus
lanatus which was grown in experimental communities, differing in species- and functional group richness. These communities were either subjected to extreme drought or
remained under ambient climatic conditions. Drought
decreased relative water content, soluble protein content,
nitrogen and total phenol content and increased the content of
carbohydrates in the grass. As a consequence, the larvae
feeding on drought-exposed plants revealed a longer larval
stage, increased pupal weight and higher adult eclosion rates.
Plant community composition mainly caused changes to the
defensive compounds of the grass, but also marginally
affected protein and carbohydrate content. Larvae feeding on
species-richest communities without legumes showed the
highest mortality. Our findings imply that climate change that
is projected to increase the frequency of severe droughts, as
well as alter plant community compositions, is likely to affect
arthropod–plant interactions through an alteration of leaf
chemicals.
Keywords Climate change  EVENT-experiments 
Drought  Diversity  Legume

Introduction
Under global climate change, the variability of precipitation regimes is projected to increase and is likely to
increase the frequency and severity of droughts (Trenberth
et al. 2003; IPCC 2007). For the twenty-first century,
droughts are projected to occur more frequently, and more
regions, also within Europe, will be affected by severe dry
spells (Beniston et al. 2007; IPCC 2007; Li et al. 2009;
Wang et al. 2010). Droughts can reduce productivity, but
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may also alter forage quality in mesic grassland (HeislerWhite et al. 2009).
Several studies have tested the effect of drought on
plant–herbivore interactions (EnglishLoeb et al. 1997; Inbar et al. 2001; de Bruyn et al. 2002; Scheirs and de Bruyn
2005; Nguyen et al. 2007). Drought often resulted in
decreased performance of the herbivore (growth, survival),
mainly due to an increase in defensive compounds and a
decrease in leaf nitrogen (Herms and Mattson 1992; EnglishLoeb et al. 1997; Inbar et al. 2001; de Bruyn et al.
2002). Such studies are in accordance with the so-called
plant vigour hypothesis (Price 1991), as it predicts a better
performance of herbivores on vigorously growing plants,
compared with stressed plants.
Up until now, most studies investigating the influence of
drought on plant tissue quality and herbivore performance
have been conducted on potted plants and not under realistic plant-growing conditions (EnglishLoeb et al. 1997;
Inbar et al. 2001; de Bruyn et al. 2002; Showler and Moran
2003; Scheirs and de Bruyn 2005). Under field conditions,
soil moisture levels do not drop as quickly as in potted
plants. Thus, plants might have more time to acclimate,
which will result in a different leaf tissue quality compared
with plants growing on very quickly drying soils.
However, not only abiotic conditions, like drought,
affect water and nutrient availability for plants. Also, biotic
factors, like plant community composition, e.g. the specific
species assembly and, as a consequence, competitive or
facilitative interactions, affect resource availability. Both,
abiotic conditions and plant community composition are
therefore key determinants for plant survival, plant growth
and tissue quality and might thus also affect herbivores
(Schädler et al. 2007a, b). A very important factor, which
has been widely neglected in studies on single potted
plants, is the influence of plant community composition on
plant metabolites and therefore herbivores: species richness
as well as functional group richness alters resource partitioning among plants. Higher species diversity might buffer
the adverse effects of abiotic stress (Loreau and Hector
2001), but could also change competitive pressure and
facilitative interactions under extreme abiotic conditions
(Callaway and Walker 1997). It is very likely that it is not
the sheer richness of species, but more so the presence of
certain functional types that has an effect. The presence of
legumes in particular seems to play a key role in nutrient
availability and ecosystem functioning in many studies, by
increasing the protein and nitrogen contents of neighbouring species (Spehn et al. 2002; Temperton et al. 2007;
Dybzinski et al. 2008).
The combined effects of plant community composition
and drought conditions on plant tissue quality and herbivores have rarely been studied to date. Thus, the objectives
of our study were twofold: First, we investigated how an
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extreme drought, applied under field conditions, alters
plant metabolites and thus affects the development of
herbivores. And second, we determined the influence of
community composition and diversity on plant metabolite
quantity, and consequently on herbivore performance.
The target host grass Holcus lanatus is grown under
field conditions in communities differing in their number of
species and functional types and is exposed to extreme
drought. Larvae of the generalist herbivore Spodoptera
littoralis were reared on leaves of the host grass under
constant climatic conditions in a climate chamber.
We hypothesized that (i) the extreme drought would
lead to an increase in defensive compounds, such as
phenols, and to a decrease in nitrogen availability,
therefore negatively affecting the development of the
herbivore; and that (ii) the negative effects of drought
would be amplified in communities with more species,
due to an increase in interspecific competition for water.
However, the presence of a legume species would buffer
such adverse effects, as it may enhance the nitrogen status
of neighbouring plants.

Materials and methods
Study organisms
Spodoptera littoralis (Boisduval) (African cotton leafworm; Lepidoptera: Noctuidae) is a generalist herbivore
that is widely used in laboratories and feeds on over 40
plant families worldwide (Brown and Dewhurst 1975). It
can therefore be seen as a model organism for a generalist
herbivore. Eggs of this species from laboratory strains were
provided by the Max-Planck-Institute for Chemical Ecology, Jena, Germany.
Holcus lanatus L. (Yorkshire Fog; Poales: Poaceae) is a
very common, perennial, tufted grass growing on various
soils and on all kinds of grasslands across Europe. H.
lanatus is predominantly found on wet and boggy, relatively fertile and moderately acidic soils (Grime et al.
1988; Wurst and van Beersum 2009). It was chosen due to
its wide distribution throughout Europe and its relative
importance as a forage plant.
Host-plant treatments and chemical analyses
Our study was conducted in 2009, as part of the EVENT I
experiment, which investigates the effects of simulated
extreme weather events on plants and ecosystem functions
(Jentsch et al. 2007). The experimental design consists of
two crossed factors: Extreme weather manipulation and
community composition with five replicates of each factorial combination. The factors were applied in a split-plot
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design, with community diversity nested within weather
treatments.
Extreme drought (D) was induced using transparent foil
rain-out shelters, starting from a height of 80 cm to avoid
strong greenhouse effects. The intensity of the drought in
2009 was based on the local 1,000-year extreme weather
event. Vegetation periods (March to September) from the
years 1961–2000 acted as a reference period to calculate
the length of the drought. A Gumbel I distribution was
fitted to the annual extremes, and a 1,000-year recurrence
was calculated (Gumbel 1958). Drought was defined as the
number of consecutive days with a daily amount of less
than 1-mm precipitation. This resulted in a drought period
with a length of 42 days starting on May 20th and ending
on June 30th in 2009. The control treatment (C) remained
under natural conditions without any manipulation.
Plant communities were planted in 2 m 9 2 m plots
except for the monocultures that were grown in 1 m 9 1 m
plots. The target species H. lanatus grows in four community compositions differing by the number of species
(one to four) and the number of functional groups (one to
three): Holcus lanatus monocultures (1-), H. lanatus
growing together with one grass species (2-), with one
grass species and two forbs (4-) or with one grass species
and two forbs, including a legume species (4?) (Table 1).
Original community composition was maintained by
weeding four times per year. All mixed plant communities
consist of 100 individuals, and monocultures consist of 25
individuals per plot. All plants were pre-grown from seeds
in autumn 2004 and planted outside in a regular grid 20 cm
apart from neighbouring individuals in April 2005, the year
when experimental weather manipulations started (100year recurrent drought from 2005 until 2007; 1,000-year
recurrent drought since 2008). Monocultures were established in autumn 2006, also from plants pre-grown from
seeds in autumn 2004 and planted outside in April 2005.
Soil moisture was logged every hour in 4- communities
(n = 5) using FD-sensors (ECH2O, Decagon devices,
Table 1 Community
compositions in which the host
grass Holcus lanatus was
grown, differing in species- and
functional group number

Pullman, USA). Each sensor measured the soil moisture
between -2 and -7 cm. According to root length data
assessed in previous years, the majority of root biomass is
located within the upper 5 cm of the soil (Kreyling et al.
2008). Average daily values were calculated for analysis.
Figure 1 shows the course of soil moisture during the
drought manipulations.
Leaf chemical analyses of host plant
The relative leaf water content (RWC) towards the end of
the drought period was analysed according to Barrs and
Weatherley (1962). Leaves were cut and their fresh weight
(FW) was immediately determined using a micro-balance.
The turgid weight (TW) was determined after placing the
leaves in distilled water at 4°C over night. Afterwards,
leaves were dried to a constant weight at 70°C to determine
their dry weight (DW). RWC was calculated as:
RWCð%Þ ¼

ðFW  DWÞ
 100
ðTW  DWÞ

(Barrs and Weatherley 1962).
To analyse the total soluble proteins in fresh plant
material, one mixed sample of plant material was sampled
per plot at the end of the drought period, immediately
frozen in liquid nitrogen and stored at -80° C. Frozen
material was mortared, and soluble proteins of 100 mg
plant material were extracted using 50 mM sodiumphospate-buffer with 1 lm PMSF and 0.5 mM DTT and
determined according to Bradford (1976). We used known
concentrations of Bovine Serum Albumine as a standard.
To analyse the carbon and nitrogen content, mixed
samples of three leaves per plot were taken, dried at 35°C
for four days, ground in a ball mill and analysed with an
elemental analyser (Thermo Quest Flash EA 1112).
To analyse the total soluble carbohydrates, total phenolics and condensed tannins, three mixed samples of at
least two plants per plot were taken at the end of the

Community

Functional groups

Species

1-

One (grass only)

Holcus lanatus (L.)

2-

One (grass only)

Holcus lanatus (L.)
Arrhenatherum elatius (L.)

4-

Two (grass and herb)

Holcus lanatus (L.)
Arrhenatherum elatius (L.)
Plantago lanceolata (L.)
Geranium pratense (L.)

4?

Three (grass, herb, legume)

Holcus lanatus (L.)
Arrhenatherum elatius (L.)
Plantago lanceolata (L.)
Lotus corniculatus (L.)
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Fig. 1 Course of soil moisture in drought-exposed plots (black
circles) and control plots (dark-grey squares), and average daily
temperatures, assessed at a height of 1, 20 m (light grey bars). Data
are shown from the first day of the drought manipulation (day of the
year 140 = May 20th, 2009) until 2 days after the extreme drought
ended, indicated by the black vertical line (day of the year 182 = July
1st, 2009). The average of hourly readings from five sensors per
treatment was taken here (n = 5)

drought period, immediately frozen in liquid nitrogen and
lyophilized. 20 mg of leaf material were extracted in 50%
methanol. Total soluble carbohydrates were analysed using
the anthrone method with glucose as a standard (Kleber
et al. 1987). Extinction was measured at 620 nm. Total
phenols were analysed using Folin-Ciocalteus reagents and
Catechin as a standard and by measuring extinction at
750 nm (Swain and Hillis 1959). Condensed tannins were
analysed by adding 4% vanillin and concentrated HCl to
methanolic plant extracts and by measuring extinction at
500 nm (Broadhurst and Jones 1978). Catechin was used as
a standard.
Rearing experiment
For the feeding experiment, 320 freshly hatched larvae of
S. littoralis were placed on moist filter paper in 160 petri
dishes, 10 cm in diameter, closed with parafilm. Thus, each
petri dish contained two larvae. To ensure that plants were
already stressed by environmental conditions at the start of
the rearing experiment, it started 10 days before the end of
the drought period. Thus, only the first 10 days of their
development (on average 25 days from hatching to pupation) fell under the period of severe stress of their host
plant, while the second part fell under the stress recovery
phase of the host, with a lower stress level as soil moisture
reached normal levels. Larvae were kept in a climate
chamber at 25°C on a 15/9 light/dark cycle. Petri dishes
were randomly assigned to four levels in the climate
chamber, and the levels were shifted every second day,
putting the lowest level to the highest place and all other
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levels one level lower. The plant leaves from one plot were
fed to the larvae in four petri dishes (8 larvae in total).
Caterpillars were able to eat ad libitum, as special care was
taken that the grass inside one petri dish was never totally
consumed. Leaves were replaced at least every second day.
We recorded the mortality of the larvae, the development
time until pupation, the weight of the pupae 1 day after
pupation and pupal mortality. Through the isolation in
climate chambers, we were able to attribute the responses
in herbivore performance to differences in plant compounds, as opposed to when feeding is conducted under
field conditions and it is impossible to disentangle the
effects of plant nutrients, compensatory feeding and direct
weather effects on herbivores (Goverde et al. 2002).
Statistical analysis
Chemical leaf traits were analysed using a two-way
ANOVA with weather treatment and community composition as fixed factors. Additionally, we included the
number of columns and rows as random factors. This
automatically implements the nesting of composition
within treatment-blocks in the mixed effect model (Faraway 2006; Dormann and Kühn 2008). If several samples
per plot were taken, as was the case with phenolics, carbohydrates and condensed tannins, then the plot number
was additionally included as a random factor in the mixed
model, to avoid any pseudo-replication.
Developmental time and pupal weight were analysed
using linear mixed effect models with the petri dish nested
within the plot nested within the treatment block as a
random factor, in addition to the row and the column of the
treatment-blocks as random factors. Larval and pupal
mortality were analysed using generalized mixed effect
models with binomial distribution and otherwise the same
model formula as for other developmental traits.
The significance levels in the mixed effect models were
evaluated by Markov Chain Monte Carlo sampling of
1,000 permutations (Baayen 2009; package language
R).The significance of the fixed factors for the generalized
mixed effect models was determined by comparing the null
model, without any factors, to the simplest factorial model,
in which non-significant terms had been removed by
backwards stepwise selection. Prior to all analyses, data
were transformed accordingly, if the assumptions of
ANOVA, homogeneity of variances and normality, were
not met (C/N ratio and nitrogen content: log-transformed;
RWC: arcsin-squareroot-transformed).
To determine the relationship between chemical leaf
traits and development traits, we applied hierarchical partitioning, as leaf chemical traits are often collinear (Schädler et al. 2003). In hierarchical partitioning, the
independent influence and the joint influence (the influence
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(Fig. 2d, e). Condensed tannins, however, were not altered
by drought manipulation (Table 2).
Community composition significantly affected the content of condensed tannins and phenols (Table 2) and marginally significantly affected the content of soluble
carbohydrates (P = 0.07) and proteins (P = 0.01). The
condensed tannins in H. lanatus from 4? communities were
significantly lower than the condensed tannins in leaves from
2- and 4- communities (Fig. 3a). Phenols were reduced in
H. lanatus growing in legume communities (4?), when
compared to H. lanatus from monocultures (1-) (Fig. 3b).
Carbohydrates were marginally significantly increased in
legume communities (4?) when compared to two-species
communities without legume (2-) (Fig. 3c), while protein
content was marginally significantly lower in four-species
communities without legume (4-) when compared to
legume communities (4?) (Fig. 3d).
As far as leaf nitrogen concentration was concerned,
community composition significantly interacted with the
drought treatment, as nitrogen concentration was reduced
in all communities except for the 4? communities in
response to drought (Table 3).

from being correlated with another explanatory variable) of
explanatory variables are calculated by comparing the
model-fits of models with and without the particular variable (Mac Nally 2002; Dormann and Kühn 2008). To
determine correlations between the different development
traits, a correlation analysis was used to correlate pupal
weight with developmental time, and logistic regression
was used to investigate the relationship between pupal
mortality and pupal weight.
All statistical analyses were performed using R 2.11.0
(R Development Core Team 2010). For mixed effect
models, we used the software package lme4 (Bates and
Maechler 2010), and for multiple post-hoc comparisons,
the package multcomp was used (Hothorn et al. 2008).

Results
Soil moisture
The vegetation period for the year 2009 (April 1st–October
31st) with a total sum of 459 mm of precipitation was
slightly wetter than the long-term average precipitation
sum of 437 mm for the time period 1971–2000 (Data:
German Weather Service). Soil moisture fell more quickly
during the first half of the drought period compared with
the second half, but rose quickly again after the drought
period was over (Fig. 1).

Development traits of S. littoralis and their relation
to leaf chemical traits
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Fig. 2 Differences in a RWC
(n = 5), b the protein content
(n = 5), c the total soluble
phenol content (n = 15), d the
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Means ± 1 SE are shown

100

Drought significantly decreased RWC by 8% (Fig. 2a),
protein content by 23% (Fig. 2b), nitrogen concentrations
by 26% (Table 3) and phenols by 7%, when compared to
the control treatment (Fig. 2c) (see Table 2 for statistical
details). Furthermore, drought significantly increased the
C/N ratio by 24% and the soluble carbohydrates by 32%
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Table 2 ANOVA results of the effects of drought treatment, community composition and, if significant, their interaction on RWC, total soluble protein content, nitrogen concentrations, C/N
ratio (n = 5, respectively), total soluble carbohydrates, total soluble phenols and condensed tannins (n = 15, respectively)

20

1-

2-

4-

4+

Community composition
Fig. 3 Effects of plant community composition on a the content of
condensed tannins (n = 15), b the total soluble phenol content
(n = 15), c the total soluble carbohydrates (n = 15) and d the total
soluble proteins (n = 5) in leaves of Holcus lanatus (1-: monoculture, 2-: two grasses, 4-: 2 grasses, 2 herbs; 4?: two grasses, 1 herb,
1 legume). Different letters indicate significant differences between
the communities (P \ 0.05). Effects for carbohydrate and protein
content were only marginally significant (P \ 0.1)

F = 3.8; df = 3), as the larvae feeding on H. lanatus from
the two-species communities reacted with the greatest
increase during the larval stage under drought (Table 4).
The larvae feeding on drought plants were also found to
have significantly heavier pupae (P = 0.033; F = 4.7;
df = 1) (Fig. 5a) and revealed a significantly lower pupal
mortality (P = 0.007; v2 = 7.2) (Fig. 5b), irrespective of
community composition.
Hierarchical partitioning showed that protein content
had the greatest positive influence on the survival of larvae
(Table 5). The development time was mainly positively
influenced by the C/N- ratio, and thus negatively by the
nitrogen content, indicating that the development took
longer, the less nitrogen was in the leaves (Table 5). Pupal
weight was found to be negatively affected by RWC. Pupal
survival, and thus adult eclosion, was positively affected by
content of condensed tannins and by C/N ratio. Pupal
weight and development time were not correlated (Pearson’s correlation coefficient: -0.019; P = 0.88). Pupal
survival was positively related to pupal weight (P = 0.023;
logistic regression).
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trend towards lower protein content was apparent (4-).
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1-

2-

4-

Community
composition
Fig. 4 Effect of the plant community composition, in which H.
lanatus grows, on the mortality of the 320 S. littoralis larvae.
Different letters indicate significant differences between the communities (P \ 0.05) (n = 20/treatment combination)

Discussion
The extreme 42-day drought did not only affect the water
content of the target grass species, but also resulted in
changes to almost all of the leaf chemical traits that we
assessed. These changes to the leaf chemicals also clearly
affected the development traits of the herbivore caterpillar.
However, in contrast to our expectations, drought did not
increase defensive compounds in the grass. Furthermore, the
drought did not result in a worse overall herbivore

The extreme drought conditions were accompanied by a
marked decrease in soil moisture over the drought period,
and this in turn clearly caused plant stress. In the year 2009,
we did not directly quantify plant-stress levels, e.g. by
determining chlorophyll content or maximum quantum
yield. However, a reduction in leaf relative water content in
our target grass in all communities, along with marked
changes in leaf chemicals, indicates acclimation processes
and stress reactions, showing that the plants experienced
stress (Sinclair and Ludlow 1985; Chaves et al. 2002).
Effect of drought and community composition
on chemical leaf traits
A decrease in proteins and nitrogen, along with an increase
in the C/N ratio under severe drought conditions, has also

Table 3 Interactive effects of community composition and the drought treatment on the nitrogen concentration in leaves of H. lanatus (n = 5)
Composition
1-*

2-*

4-*

4?

Control

1.99 ± 0.31

1.90 ± 0.31

1.88 ± 0.31

1.69 ± 0.30

Drought

1.26 ± 0.32

1.45 ± 0.32

1.26 ± 0.32

1.51 ± 0.31

Means ± 1 standard deviation are given. Asterisks behind the community label indicate a significant drought effect in the respective community
(P \ 0.05)

Table 4 Differences in the duration of larval stage for 320 S. littoralis larvae feeding on H. lanatus leaves under the drought (light grey bars, D)
and the control (white bars, C) treatments from four different community compositions
Composition
1-

2-

4-

4?

Control

25 ± 2.5

22 ± 2.4

25 ± 2.3

24 ± 2.3

Drought

25 ± 2.3

27 ± 2.4

27 ± 2.5

26 ± 2.4

Drought significantly increased developmental time with strongest effects in 2- communities (n = 20/treatment combination). Means ± 1
standard deviation are given
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0.14

22

C

C

D

D

Weather treatment
Fig. 5 Differences in a the pupal weight and b the pupal mortality for
S. littoralis larvae fed with H. lanatus leaves out of the drought (light
grey bars, D) and the control (white bars, C) treatments. Asterisks
indicate the level of significance: *P \ 0.05; **P \ 0.01 (n = 20/
treatment combination)

been observed in other studies investigating drought effects
on leaf chemicals (Shure et al. 1998; Liu et al. 2008).
However, this is not in accordance with the so-called plant
stress hypothesis, which assumes available nitrogen to
increase under plant stress (White 1984). Nevertheless, as
nitrogen uptake is linked to water uptake, a decrease in
nitrogen uptake, and therefore also protein content under
drought, is not surprising. An increase in carbohydrates

under drought could be attributed to osmotic adjustment in
the course of drought acclimation. Soluble carbohydrates
from starch degradation act as compatible solutes to prevent turgor loss in plant cells (Chaves et al. 2002; Regier
et al. 2009). The decrease in total phenolics under drought
does not support the idea that plants under stress use the
surplus from carbohydrates (due to restricted growth while
photosynthesis is still assimilating carbon) to accumulate
more C-based defence compounds (Herms and Mattson
1992). However, a reduction in phenols in response to
drought has also been reported by Shure et al. (1998). In
our study, the need for osmotic adjustment under extreme
drought might have been a reason not to accumulate phenols, but rather invest the surplus of carbon-based compounds in soluble carbohydrates.
As community composition can alter resource partitioning between plants, it might also change the forage quality of
leaf tissue. Both phenols and condensed tannins were found
to be lowest in the communities that included one legume
species. This kind of reduction in defence compounds can be
explained by the potentially higher nitrogen availability in
legume communities caused by N2-fixing in root-nodules,
enabling higher growth rates at the expense of lower defence
by C-based compounds (Herms and Mattson 1992). The
trend towards higher protein content in leaves from legume
communities compared with four-species communities
without legumes supports the idea of an increase in nitrogen

Table 5 Hierarchical partitions of the effects of leaf chemical traits on development duration, pupal weight, larval mortality and pupal mortality
of 320 larvae
RWC

C/N

Nitrogen

Carbon

Protein

Phenols

Tannins

Carbos

Development time
Total
0.143

0.259?

0.210-

0.014

0.001

0.036

0.029

0.078

Independent

0.113

0.187

0.118

0.019

0.085

0.013

0.014

0.03

Joint

0.03

0.071

0.091

-0.005

-0.084

0.024

0.015

0.048

Pupal weight
Total

0.229-

0.024

0.04

0.031

0.079

0.094

0.077

0.04

Independent

0.178

0.025

0.025

0.035

0.068

0.047

0.048

0.02

Joint

0.051

-0.001

0.015

-0.003

0.012

0.047

0.029

0.021

Larval mortality
Total

0.01

0.003

0.001

0.001

0.047-

0.006

0.005

0.009

Independent

0.009

0.009

0.005

0.004

0.065

0.007

0.01

0.007

Joint

0.001

-0.006

-0.004

-0.002

-0.018

-0.001

-0.005

0.002

Pupal mortality
Total

0.031

0.097-

0.086

0.017

Independent

0.014

0.034

0.028

Joint

0.017

0.063

0.058

2

0

0.049

0.096-

0.042

0.013

0.01

0.023

0.072

0.015

0.004

-0.009

0.026

0.023

0.027

The total explained variance (R ), the individual effect on the explained variance and the joint effect on explained variance are given. The latter
quantifies the effect that can be explained by the correlation of a specific independent variable with other independent variables. ? or - behind
the most important partitions for one parameter indicate whether the parameters were negatively or positively correlated with the leaf chemical.
RWC Relative water content, C/N C/N ratio, nitrogen nitrogen concentration, carbon carbon concentration, protein total soluble proteins, phenols
total soluble phenols, tannins condensed tannins, carbos total soluble carbohydrates
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availability in legume communities and increased competition for nitrogen in communities containing four species, but
no legume. Moreover, labelling studies indicate a direct
uptake of legume-derived nitrogen by grasses (Gubsch et al.
2011). Overall, the nitrogen concentration of grasses growing in legume communities (4?) was not affected by
drought, but showed changes in response to drought in the
other communities. The higher stability in this communities
and the possible fertilization effect of the legume support
other studies, which have shown an enhancement of the
nitrogen availability for plants growing in legume communities (Spehn et al. 2002; Temperton et al. 2007; Dybzinski
et al. 2008).
Developmental traits of S. littoralis and their relation
to leaf chemical traits
The mortality of larvae was high, as the experiment was
started immediately after hatching of the larvae, when they
are quite vulnerable. Furthermore, H. lanatus seemed to be
a sub-optimal food source for S. littoralis, as larvae of the
same age from the same egg strain grew better when
feeding on Plantago lanzeolata and Trifolium pratense,
under otherwise similar conditions. Nevertheless, as we
expected mortality to be high, due to the results from a
prior trial experiment, we included enough replicates in
order to obtain a substantial data set for statistical analysis.
The reported changes in leaf metabolites, related to the
drought treatment and differences in the community compositions, clearly had an effect on herbivore performance.
Mortality of larvae was higher in four-species communities
without a legume compared with the other communities.
Hierarchical partitioning showed that the mortality rate
depended mostly on the protein content. These data hint
towards a central role of proteins for the survival of the
early instars. Other studies, too, showed poor larval survival under low nitrogen concentrations (Myers and Post
1981; Cates et al. 1987; de Bruyn et al. 2002).
Larval development up to pupation was significantly
longer for larvae fed on drought-stressed plants, which
might increase predation risk and thus mortality under
natural conditions (Benrey and Denno 1997). In accordance with Fischer and Fiedler (2000) and with Morehouse
and Rutowski (2010), the prolonged developmental time of
the larvae was linked to a reduced N-availability in
drought-stressed leaves. It might be that larvae fed longer
on N-limited grass to reach a certain ‘‘growth target’’
(Raubenheimer and Simpson 1997). Such compensatory
feeding on low-quality tissue may be a common phenomenon (Schädler et al. 2007b).
Drought also had positive effects on herbivore performance, irrespective of community composition: The
increased pupal weight might be explained by a higher
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uptake of energy, as carbohydrate contents in leaves
increased under drought and as larvae fed longer on
drought plants, possibly caused by lowered nitrogen contents. Thus, the ‘‘imbalanced diet’’ when feeding on
drought-stressed plants caused firstly compensatory longer
feeding, to reach a certain nitrogen level necessary for
development, and secondly led to a higher energy uptake
and higher pupal weights (Raubenheimer and Simpson
1997). RWC was negatively related to pupal weight, as
presumably water dilutes nutrients or carbohydrates in
well-watered plants. The increased pupal weight was correlated with a lower pupal mortality of the larvae that had
been fed from drought-stressed plants, which is in accordance with other studies (Fischer and Fiedler 2000).
It should be reiterated that the samples for the leaf
chemical analysis were taken on the last 2 days of the
drought treatment, whereas the larval development lasted
from approximately 10 days before to 10 days after the
drought. Thus, larvae fed on leaves that experienced milder
stress levels in their late stages, which might have alleviated the effects of extreme drought on leaf chemical traits
(Huberty and Denno 2004). Further studies with a higher
temporal resolution would make it possible to investigate
the course of changes in leaf traits over the whole range of
plant stress responses.
Nevertheless, the present study reveals that different
development parameters can be differently influenced by
extreme drought, even though these only lasted for around
half of the duration of their larval development. Furthermore, we show that plant community composition (and
therefore also competition and the presence of specific
plant functional traits) alters leaf metabolism and thereby
affects herbivores. Concerning the debate on the hypotheses on plant-stress (White1984) versus plant-vigour (Price
1991), we confirm other studies which show the dependence of herbivore performance on plant-stress level
(Scheirs and de Bruyn 2005), investigated traits (Cornelissen et al. 2008) and insect-feeding guild (Larsson 1989;
Koricheva et al. 1998; Huberty and Denno 2004), as our
results differ from other drought experiments using different feeding guilds (EnglishLoeb et al. 1997; de Bruyn
et al. 2002). Differences to other studies may also be
attributed to our specific experimental conditions: Plants
were grown in experimental communities in the field, not
in isolated pots in the greenhouse. This ensures more
realistic plant growth conditions. In addition, the herbivores in our study have not been grown on the plants, but
were fed in climate chambers, to more clearly relate the
obtained results to changes in plant metabolites. Another
reason for differences to other studies and prominent
hypotheses might be that the plants were severely stressed,
but also released from stress and recovered during the
feeding experiment. According to Huberty and Denno
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(2004), this might have caused differences in herbivore
performance when compared to feeding experiments under
constant stress. Our study provides additional evidence that
the nitrogen limitation hypothesis, stating that high nitrogen contents are beneficial for herbivore performance
(White1984), does not seem to be widely applicable over
all development traits and stages (Fischer and Fiedler
2000). Similar to Fischer and Fiedler (2000), our data
provide hints that higher protein or nitrogen contents are
beneficial for a faster rate of development and higher larval
survival, although they might reduce adult eclosion.

Conclusion
Our findings suggest that extreme droughts, which are
projected to increase in frequency with climate change, can
also affect the development of herbivores. This is primarily
caused by a direct alteration of leaf chemicals under severe
drought conditions. However, our study also shows that
community composition alters leaf chemicals and might
therefore also influence the development of herbivores.
Climate change and severe dry spells are likely to alter
plant community composition, due to species-specific
survival strategies, phenotypic plasticity and niches of
plant species, and such alterations in turn might also affect
leaf chemicals and thus herbivore performance, as our
study shows. Such changes may support desynchronization
processes and thus might destabilize established food-webs
and ecosystems. Furthermore, we show that leaf chemicals
can influence different development stages in a complex
way, making in difficult to draw any direct connections
between leaf nutrients and accordingly defence compounds
and herbivore performance.
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