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Abstract The ontogenetic niche concept predicts that

resource use depends on an organism’s developmental

stage. This concept has been investigated primarily in

animals that show differing resource use strategies as

juveniles and as adults, such as amphibians. We studied

resource use and performance in the grasshopper Chor-

thippus parallelus (Orthoptera, Acrididae) provided with

food plant mixtures of either one, three or eight plant

species throughout their development. C. parallelus sur-

vival and fecundity was highest in the food plant mixture

with eight plant species and lowest in the treatments

where only one single plant species was offered as food.

C. parallelus’ consumption throughout its ontogeny

depended on sex, and feeding on different plant species

was dependent on a grasshopper’s developmental stage. To

depict grasshopper foraging in food plant mixtures com-

pared to foraging on single plant species, we introduce the

term ‘‘relative forage total’’ (RFT) based on an approach

used in biodiversity research by Loreau and Hector (Nature

413:548–274, 2001). RFT of grasshoppers in food plant

mixtures was always higher than what would have been

expected from foraging in monocultures. The increase in

food consumption was due to an overall increase in feeding

on plant species in mixtures compared to consumption of

the same species offered as a single diet. Thus we argue

that grasshopper foraging exhibits complementarity effects.

Our results reinforce the necessity to consider develop-

ment-related changes in insect herbivore feeding.

Thorough information on the feeding ontogeny of insect

herbivores could not only elucidate their nutritional ecol-

ogy but also help to shed light on their functional role in

plant communities.
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Introduction

Dietary mixing in phytophagous insects has been the focus

of various studies in the past decades (Bernays and Bright

1993; Bernays et al. 1994, 1997; Miura and Ohsaki 2006;

Mody et al. 2007). In the majority of these studies, dietary

mixing was found to positively affect the performance of

generalist herbivores (Bernays and Bright 1993; Berner

et al. 2005; Hägele and Rowell-Rahier 1999; Miura and

Ohsaki 2004) although the underlying mechanisms are not

totally clear. There are two older hypotheses for mixing

behaviour in generalist herbivores. The nutrient comple-

mentation hypothesis assumes that single plant species

rarely contain all the nutrients necessary for herbivore

growth, and postulates that by broadening the diet, herbi-

vores are more likely to obtain a full complement of

essential nutrients (Pulliam 1975; Rapport 1980). A

number of studies have found compensatory feeding in

insect herbivores as predicted by this theory (Berner et al.
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2005; Lee et al. 2004; Takeuchi et al. 2005). The toxin

dilution hypothesis states that by dietary mixing individual

toxins produced by particular plant species are consumed at

a lower dosage which therefore lessens their effect

(Behmer et al. 2002; Freeland and Janzen 1974; Marsh

et al. 2006; Singer et al. 2002). More recently, Rauben-

heimer and Simpson developed a geometric model of

feeding for generalist insects that allows an exploration of

how the intake of dietary protein, carbohydrate and salts

affects herbivore development (see review by Raubenhei-

mer and Simpson 1999), and based on this approach, a

number of studies have shown that herbivores generally

have to balance their intake of different nutrients for suc-

cessful development (Behmer and Joern 1993; Berner et al.

2005; Lee et al. 2002).

So far, a shortcoming in most studies on dietary mixing in

generalist insect herbivores is that they have often been

restricted to one particular developmental stage rather than

observing the complete ontogeny of insects with respect to

food plant use. It is conceivable that as generalist insects

grow and thus change morphologically and physiologically,

they might change their food plant species in order to meet

their nutritional requirements. Werner and Gilliam (1984)

proposed the concept of the ontogenetic niche to address

such patterns of resource and habitat use that can change

when an organism grows. ‘‘The ontogenetic niche offers a

temporal perspective of variation in […] resource use that

can direct investigation toward life stages in which special-

ization and the propensity for resource-associated adaptation

is most likely’’ (Dopman et al. 2002). Such ontogenetic

niches have been reported for a variety of groups of organ-

isms with respect to both resource and habitat use. For

example, in amphibians, tadpoles are restricted to aquatic

habitats while adults of many species are largely terrestrial.

Ontogenetic shifts may, however, also be more subtle. In

paurometabolous insects such as grasshoppers, the differ-

ent nymphal stages and the adult feed in the same habitat

and on the same type of food, i.e. herbaceous plants, but

nevertheless there can be changes in host plant preferences.

In an experiment by Sword and Dopman (1999), the gen-

eralist grasshopper Schistocerca emarginata showed a

developmental shift in resource breadth, with narrow diet

breadth as juveniles and true polyphagous feeding patterns

as adults. This study gives an indication that a certain mix

of plant species might meet the requirements of generalist

herbivores only at a particular time during their develop-

ment but may not be appropriate for all developmental

stages. Host-plant switches during the development might

not only happen as a result of the insects’ morphology and

physiology but also because of spatial and temporal

changes of food plant quality (Hellmann 2002; Scriber and

Slansky 1981). Furthermore, there may be sex-related

differences in nutritional requirements. Females most often

gain higher weight as adults and have thus an overall

higher need for food. Whether the composition of food

plants differs between the sexes throughout their develop-

ment remains unclear. Information about shifts in foraging

strategies of herbivorous insects related to their ontogeny

and sex-dependent feeding preferences is necessary in

order to detect adaptive feeding behaviour in heteroge-

neous environments.

The aim of this study was to deduce food plant use and

feeding patterns of the meadow grasshopper Chorthippus

parallelus (Zetterstedt, 1821) from hatching to death in

food plant monocultures and mixtures. C. parallelus is one

of the most common grasshopper species in Central Europe

(Ingrisch and Köhler 1998) and earlier studies on its

feeding preferences have shown that its diet mainly con-

sists of grasses (Poaceae), but that some forbs and legumes

are also accepted as food plants (Bernays and Chapman

1970a, b; Gardiner and Hill 2004; Kaufmann 1965; Uns-

icker 2006). In order to study consumption of C. parallelus

in mixtures, we modified an approach by Loreau and

Hector (2001) which is frequently used in the biodiversity

literature to compare productivity in plant species mixtures

versus monocultures (e.g. Roscher et al. 2005). This

approach allowed us to test the feeding response of the

herbivore to a broader diet in a quantitative way. In par-

ticular, when not only the diversity of food plants in the

diet increases, but also the total amount of plant material

ingested, this increase in consumption may be achieved

either by increased ingestion of those plants that are also

predominantly eaten when offered on their own, or by a

general increase in consumption of all plant species,

compared to consumption of the single species diets. The

first mechanism is called selection effect (SE) in the bio-

diversity literature whereas the latter one is referred to as

complementarity effect (CE) (Hector et al. 2002).

The main questions we asked in this study were:

1. Does dietary mixing result in a fitness increase in the

meadow grasshopper?

2. Are there specific resource use strategies in C.

parallelus in relation to developmental stage?

3. Does resource consumption increase in mixtures and is

this increase due to the CE or the SE?

4. Are there different feeding strategies in male and

female grasshoppers?

Materials and methods

Study organism

Chorthippus parallelus (Zetterstedt, 1821, Orthoptera,

Acrididae) is a univoltine grasshopper species of the
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subfamily Gomphocerinae. It has a widespread distribution

and occurs in many habitat types throughout Central Eur-

ope (Köhler 2001). Grasshoppers that were used for this

experiment were the offspring of adult females caught in

late August 2003 in a species-rich (32 plant species on

average in four 1-m2 relevés) extensively managed

mountain meadow in the Franconian Forest, Germany

(50�230N, 11�260E). At this time of year, C. parallelus was

the most abundant grasshopper species in the area (Köhler

and Renker 2004). The females oviposited in the lab in a

50/50 mixture of moistened sand and soil. Egg clutches

were kept at room temperature for 2 weeks, allowing the

embryos to develop, and then transferred to the refrigerator

where they overwintered at 5�C until the start of the

experiment in July 2004.

Food plants

Eight food plants were selected for this study, four grass

species (Anthoxanthum odoratum, Dactylis glomerata,

Holcus lanatus and Trisetum flavescens), three forbs

(Geranium sylvaticum, Plantago lanceolata and Taraxacum

officinale) and one legume (Trifolium pratense). In the

remainder of this paper only the genus name of food plant

species will be given. The plant selection was based on an

intensive literature survey on potential food plants of

C. parallelus (Table S1 in Electronic supplementary mate-

rial) and on the occurrence and abundance of these potential

food plants in the habitat where the female grasshoppers

were caught in 2003. We selected both plant species that

were judged ‘‘very suitable’’ and also some that were judged

‘‘less suitable’’ in the literature (see Table S1). Based on this

assessment, we hypothesized a quality ranking for the food

plants. Plants were offered to C. parallelus singly in the one-

food treatment, in mixtures of three plants (three-foods

treatment), and as a mixture of all plants (eight-foods treat-

ment). Table 1 shows a list of the different food plant

treatments. There were eight treatments where single food

plants were offered, six treatments with three species in a

mixture and one treatment where all plant species were

offered in a mixture. The three-foods treatments were not the

result of a random draw of plant species, but were chosen to

represent particular food plant combinations (Table 1).

Rearing experiment

At the end of July 2004, forty-four egg pods were removed

from the refrigerator and separated in plastic cups

(4.5 9 9.5 cm) that were half filled with a 50/50 mixture of

moistened sand and soil. Each cup was covered with plastic

mesh to prevent freshly hatched grasshopper nymphs from

escaping. All egg pods were placed in a climate chamber at

20�C room temperature and 16/8 h light/dark cycle. Within

14 days all grasshoppers had hatched from the egg pods.

After hatching each individual nymph was isolated in a

small plastic cup where freshly cut wheat leaves (Triticum

aestivum) were provided as a food resource until the start

of the experiment. Hatchlings fed for up to 3 days on wheat

leaves before they were assigned to their individual

treatment.

Grasshoppers were reared individually from the first

instar to death in 6-l plastic boxes (Faunabox,

27 9 18 9 18 cm; Savic, Belgium) where they were sub-

jected to one of the 15 food plant treatments (Table 1). Ten

grasshoppers were used for each treatment except for the

mixture with eight plant species where there were 50 rep-

licates (Table 1), resulting in 190 grasshopper individuals

in total. The plastic boxes with the grasshoppers were

placed outdoors on a wooden shelf-unit partitioned into ten

blocks to account for variation in microclimatic conditions.

Each block contained 19 boxes, one box for each one-food

treatment as well as one box for each three-foods treatment

and five boxes for the eight-foods treatment. The position

of the boxes within a block was rotated within each block

every time grasshopper feeding was recorded. In days with

high temperature and sunshine, the boxes on the shelf-unit

were shaded with a white sheet.

All food plants were placed in plastic cups that were

filled with water, and covered tightly with Parafilm, leaving

only a small hole for the plant, to prevent the grasshoppers

from drowning and plants from desiccation. Every third

day, food plants were exchanged for freshly cut plant

individuals and the consumption of each plant species was

quantified (see below). The food plants for this experiment

were always collected at the same meadows. For grasses,

individual tillers were offered. For forbs and legumes,

individual leaves were taken. Templates for the various

size classes of leaves from the different food plants were

drawn on paper (from ten to 15 paper templates for leaves

of each food plant species), and these templates were

consecutively numbered for each plant species. Food plants

in the cages were controlled daily to ensure a sufficient

supply of each plant species at any time throughout the

experiment. Whenever necessary, food plants were

replenished. Thus, food was provided ad libitum from each

of the plant species included in the particular treatments to

ensure that grasshoppers could feed exclusively on any one

plant species.

Variables measured

To measure consumption, leaf area loss due to grasshopper

feeding was measured every third day when the food plants
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were exchanged. The leaf area removed was quantified

with graph paper in square millimetres. The area of plant

individuals that was completely eaten, e.g. grass blades,

was reconstructed using the paper templates (explained in

the previous paragraph). The developmental stage of each

grasshopper was noted every time consumption was

quantified. When the grasshopper individuals were about to

moult into the adult stage all cages were monitored daily to

determine the exact moulting dates. The average dry

weight of leaves of all food plants offered in the experi-

ment was determined by cutting 1-cm2 discs of 30

individuals of each species, drying them for 48 h at 70�C,

and weighing them. In this way the biomass consumed by

each grasshopper could be calculated. Grasshopper sex was

determined when individuals reached nymphal stage three

(L3). For all individuals that died before that time, sex was

determined in dead animals with the help of a microscope.

Fresh weight of all 190 grasshoppers was measured in

the first instar (L1), just before the experiment started, 3

days after they reached maturity and at the time of death

independent of the age. After the grasshoppers died, they

were stored in 70% ethanol until dry weights were mea-

sured. All grasshoppers were dried to a constant weight in

the drying oven at 70�C. The date when grasshoppers

reached maturity was recorded to calculate the time of

nymphal development for each individual.

To measure female fecundity, each female grasshopper

was allowed to mate with one male for 24 h five days after

the maturity moult. Males were taken from a stock culture

that consisted of a subset of the hatchlings for the experi-

ment and maintained on wheat plants outdoors until they

were used as mating partners in the experiment. For ovi-

position, each female grasshopper was provided with a

small plastic cup in its box filled with a moistened sand/soil

mixture (50/50). After the termination of the experiment

the egg pods laid by each female grasshopper were

counted.

Consumption in monocultures and mixtures

In order to analyse plant consumption in mixtures, we used

measures from agricultural and biodiversity research that

were developed to quantify effects of increasing biomass

production in species mixtures as compared to the mono-

cultures (overyielding, e.g. Hector et al. 2002). A

frequently used quantity for overyielding is relative yield

total (RYT) (Connolly 1986; Hooper 1998) which mea-

sures whether the productivity (biomass production) of a

plant in a mixture is more or less than expected from the

productivity in monoculture. We can use this theory by

taking grasshopper consumption of plants in monocultures

and mixtures as the dependent variable. Instead of RYT we

therefore calculated ‘‘relative forage total’’ (RFT) to

quantify consumption in mixtures. In the context of this

study, the relative forage of species i (RFi) compares the

Table 1 Food plants and food

plant combinations in mixtures

of the reciprocal feeding

experiment

a Based on a literature survey

(Table S1 in Electronic

supplementary material) and the

expertise of G. Köhler

Treatment Quality valuationa Plant species n

One-food

treatments

Grasses Low Anthoxanthum odoratum 10

High Dactylis glomerata 10

High Holcus lanatus 10

Medium Trisetum flavescens 10

Forbs Low Geranium sylvaticum 10

Low Plantago lanceolata 10

Medium Taraxacum officinale 10

High Trifolium pratense 10

Three-foods

mixtures

High-quality grass mixture D. glomerata, H. lanatus, T. flavescens 10

High-quality grasses and forb D. glomerata, H. lanatus, T. pratense 10

High-quality grass, low-quality forbs D. glomerata, G. sylvaticum P. lanceolata 10

Low-quality forb mixture G. sylvaticum, P. lanceolata, T. officinale 10

Low-quality grass, low-quality forbs A. odoratum, G. sylvaticum, P. lanceolata 10

High-quality forb mixture P. lanceolata, Taraxacum officinale,
Trifolium pratense

10

Eight-foods

mixture

All eight plant species 50
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observed consumption by the grasshopper of plant species i

in a mixture (Ci) with grasshopper consumption of this

plant species in monoculture (Mi) (de Wit and van den

Bergh 1965; Trenbath 1974), i.e.

RFi ¼ Ci=Mi ð1Þ

RFT is then defined as the sum of the relative forage of

all component species of the mixture, where n is the total

number of species in the mixture:

RFT ¼
Xn

i¼1

RFi ð2Þ

RFT [ 1 (overyielding) indicates that the proportional

increase in the consumption of one or several species

overcompensates for the possible co-occurring proportional

decreases in consumption of other species in the mixture.

To analyse the consumption of a particular species, we can

calculate:

Vi ¼ n� RFi ð3Þ

as the ratio of observed to expected relative forage, the

latter simply being the frequency of a plant species in

mixture, i.e. 1/n. If Vi [ 1, the plant species is consumed

more in the mixture than expected from the monoculture; if

Vi = 1, then the plant species is consumed identically in

mixture and monoculture. Finally, if Vi \ 1, there is less

consumption of species i in the mixture than expected from

the monoculture.

To further analyse the source of any increase in pro-

ductivity Loreau and Hector (2001) introduced the concept

of additive partitioning. We apply this concept to the

analysis of grasshopper consumption and define, analogous

to Loreau and Hector (2001) a SE and a CE that account

for differences in consumption between monocultures and

mixtures, using the following equations:

CE ¼ n� DRC �M ð4Þ

and

SE ¼ n� cov DRC;Mð Þ ð5Þ

where n is the number of species in the mixture and

DRCi ¼ RFi � 1=nð Þ is the deviation from the expected

relative forage of species i in the mixture. For CE, the

means over all species of DRCi and Mi are computed, and

for SE, the covariance between the DRCi and Mi is con-

sidered. The SE measures whether plant species that are

consumed in great quantities in the monocultures also have

a high relative yield in mixtures, i.e. if there is a positive

(SE [ 0) or negative (SE \ 0) covariance among species

between the consumption in the monoculture and the rel-

ative yield in the mixture. When the SE is zero, than there

is no relationship between the consumption in the mono-

culture and the relative forage in mixtures. In contrast, the

CE measures the change in average relative forage of the

species. CE is positive when the average relative forage

increases, i. e. when plant species are, on average, con-

sumed more in mixtures than expected from the

monoculture feeding trials. The net biodiversity effect

(NE) = CE + SE is then the difference between observed

and expected consumption, i.e. if NE [ 0, the observed

consumption in the mixture is greater than expected from

the monocultures. We calculated RFT, Vi, RFi and NE, SE

and CE for each mixture and each nymphal stage of the

grasshopper to analyse consumption in the mixtures, based

upon the consumption of the nymphal stages in the one-

food treatments.

Statistical analysis

To test the effects of grasshopper sex, the number of food

plant species and the identity of the food plant mixture on

grasshopper fitness, general linear models were performed

in SPSS 13.0 for Windows. Food plant mixture was nested

in the number of food plants for the analysis. Whenever

grasshopper sex was included in the ANOVA, sex was

fitted before the interaction term (number of food plant

species 9 food plant mixture). For the analysis of feeding

patterns as a function of developmental stage in the eight-

foods mixture, repeated measures ANOVAs were per-

formed. All statistical assumptions, such as normal

distribution and homoscedasticity were checked and count

data (number of egg pods laid by each female) were

square-root transformed prior to analysis. Means are

always displayed with standard errors. Type-I sums of

squares were used throughout this paper.

Results

Grasshopper performance

The sex ratio in the reciprocal feeding experiment with

C. parallelus was almost 1, with 96 (50.53%) males and 94

(49.47%) females (Table S2 in Electronic supplementary

material). The survival of C. parallelus was best in the

eight-foods mixture, followed by the three-foods mixtures.

In most one-food treatments, survival was very low

(Fig. 1a, b). Survival in males and females did not differ

but there were significant differences in the lifespan of

grasshoppers feeding in the treatments with different

numbers of food plant species (ANOVA number of food

plant species: F 2,12 = 88.62; P \ 0.001, sex F 1,172 =

0.27; P = 0.61). The majority of grasshoppers that did not

reach maturity died in nymphal stage one and two (53.1%,

Fig. 1c). Only 7.9% of the grasshoppers died in the third
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and the fourth instar; 38.9% survived until maturity

(Fig. 1c). None of the grasshoppers reached maturity in the

four-forbs monocultures and in the three-foods mixture

with Geranium, Plantago and Taraxacum (Fig. 1c). Only

8% of the 50 individuals in the eight-foods mixture died

before they reached maturity.

Mean developmental time from hatching to adulthood

for all 74 grasshoppers that reached maturity was

51.09 ± 0.77 days. There were no differences in devel-

opmental time between the three food plant diversity levels

and between male and female grasshoppers (ANOVA

number of food plant species: F2,7 = 1.12; P = 0.33, sex

F1,61 = 0.82, P = 0.37). The fresh weight of newly hat-

ched L1 larvae did not differ but the fresh weight 3 days

after the maturity molt significantly differed between males

and females and between the three food plant diversity

levels (ANOVA number of food plant species:

F2,7 = 11.91; P \ 0.001, sex F1,57 = 161.87, P \ 0.001)

with individuals of the eight-foods mixture reaching the

highest weight.

The number of egg pods laid per female grasshopper

was on average 0.84 ± 0.16 in the eight-foods treatment,

0.39 ± 0.17 in the three-foods treatment and 0.05 ± 0.05

in one-food treatments (ANOVA F2,12 = 4.82, P = 0.03).

Feeding ontogeny in the eight-foods mixture

The eight-foods mixture showed that there were clear

preferences of C. parallelus for some food plant species.

Five of the plant species offered in the eight-foods treat-

ment were consumed throughout the development of C.

parallelus, but in different total amounts (Fig. 2a). Forag-

ing on the three herbaceous plant species Geranium,

Taraxacum and Plantago was negligible, but consumption

of the legume Trifolium was considerable. The lifetime

consumption of plant tissue by females was

102.14 ± 3.27 mg on average, which was significantly

more than the consumption of 75.15 ± 2.06 mg by males

(ANOVA plant species, F1,7 = 55.92, P \ 0.001; sex
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Fig. 1 a Survival of

Chorthippus parallelus
grasshoppers in the reciprocal

feeding experiment with one,

three and eight plant species.

Numbers above bars indicate

the number of grasshoppers

analysed. Bars represent

means ± standard error.

b Survival of C. parallelus
grasshoppers in the 15

individual treatments. Bars
represent means ± standard

error. c Developmental stage of

C. parallelus at death in the 15

different treatments: striped
bars first instar, black bars
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F7,352 = 331.24, P \ 0.001; Fig. 2a). The fraction of each

plant species in the diet changed systematically during the

development of C. parallelus (Fig. 2b, results of the

repeated measures ANOVA shown in Table 2). While

consumption of Trisetum dominated in the first instar in

male grasshoppers, it decreased with age to around 10% of

total food intake in the adult stage. In females, consump-

tion of Trisetum also decreased from around 20% in the

first instar to 10% in the adult stage. In contrast, the pro-

portion of Holcus was low in the diet of first instar

grasshoppers, but the proportion increased with develop-

mental stage. Trifolium and Anthoxanthum were consumed

at a fairly constant rate throughout all developmental stages

in both male and female grasshoppers. Thus, in the gen-

eralist herbivore C. parallelus both sex and developmental

stage affected host plant preferences.

Food consumption

We calculated Vi (observed over expected forage), NE, SE

and CE for those plant species and nymphal stages where

monoculture consumption was available. Thus, for the first

instar, NE, SE, and CE could be calculated for all mixtures

as feeding on all plant species was measured in monocul-

ture, but the number decreased to two species (Holcus and

Trisetum) for females, respectively, and to four species

(Anthoxanthum, Dactylis, Holcus, Trisetum) for males in

the adult stage.

RFT was significantly greater than one for all nymphal

stages in the eight-foods mixture and most three-foods

mixtures, indicating higher than expected consumption in

the mixtures compared to the average one-food treatment

(Fig. 3).

For both females and males Vi, i.e. observed over

expected relative forage were significantly greater than one

for Anthoxanthum, Dactylis, Holcus, Trisetum in all instars

wherever they could be calculated (in females Vi could not

be calculated for Anthoxanthum and Dactylis in the adult

stage, Fig. S3 in Electronic supplementary material). For

Trifolium, Vi was significantly greater than one in males

and females wherever it could be calculated (males instars

one to three, females instar one and two, Fig. S3 in Elec-

tronic supplementary material). For Plantago, Geranium

and Taraxacum, Vi could not be calculated due to the high

mortality of grasshoppers in monocultures of these plants.

Thus, for all plants for which it could be calculated, con-

sumption was higher than expected from consumption in

the monocultures

The NE in the eight-foods mixture was significantly

greater than zero in all nymphal stages and was highest in

nymphal instar four (Fig. 4). The SE was always smaller

than zero (Fig. 4) and in most cases significantly so. Thus,

the consumption of species in the monoculture was either

not a good predictor of relative forage in the mixtures, or

there was a negative covariance, i.e. for species which were

heavily consumed when offered alone the relative forage

was relatively small in mixtures whereas for species little

consumed in monocultures the relative forage was higher

than expected. In contrast, the CE was positive for all

mixtures and in most cases significantly greater than zero

(Fig. 4), showing that the average relative forage increased.

Thus, total consumption of C. parallelus is higher in

mixtures than when plants are offered as one food and the

increase in total consumption is not just due to an increase

in consumption of a few favoured plant species but con-

sumption of all plants is stimulated, for those plants that

were eaten at all.

Discussion

In the current study, we addressed the question whether

dietary mixing is beneficial for the performance of the

generalist grasshopper C. parallelus and if resource use

strategies of males and females of this species vary with

developmental stage and the number of food plant species

present.

C. parallelus performed better in food plant mixtures

than on single plant species and survival as well as

fecundity were highest in the eight-foods mixture and

lowest in the food plant monocultures. The developmental

stage significantly influenced feeding patterns of C. par-

allelus individuals and RFT of mixtures was always higher

than what would have been expected from forage in

monocultures alone. This increase in RFT was due to an

increase in consumption of all plant species rather than in

just a few favoured species such that the CE explained

most of the change of consumption in mixtures compared

to monocultures.

Preference and performance for the different host plant

species

Mixing appears to be obligatory for the meadow grass-

hopper C. parallelus, as there was less than 50% survival to

maturity when only one plant species was offered as a food

source. All eight plants species in the feeding experiment

were among the most abundant plants from the site where

the study population originated from, and they were

reported in the literature as potential food plants for

C. parallelus (Table S1 in Electronic supplementary

material). Dactylis was most preferred by grasshoppers in

the eight-foods mixture as measured by the amount of plant

tissue consumed. Nevertheless, the consumption rates in
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mixtures did not correspond to the performance on these

plants when they were offered individually. As our

experiment showed, grasshoppers reached maturity in

mixtures that included at least one grass species but in the

treatment with Dactylis as the only food plant, mortality

before maturity was greater than 70%. Survival on Dactylis

alone was lower than survival on the two grass species

Trisetum and Holcus. The quantity that is consumed by a

particular plant species thus does not reflect plant quality.

Thus grasshoppers may consume more biomass from a

plant species that is a suboptimal food source to supply

their needs in terms of nutrition and water (Berner et al.

2005).

The survival rate in the three-species mixture with Tri-

folium, Holcus and Dactylis was nearly as high as in the

eight-foods mixture. Whenever the legume Trifolium was

present in mixture, the grasshoppers fed on this plant at a

relatively constant rate and in all developmental stages.

Herbaceous legumes are known to be rich in nitrogen

(Bernays and Chapman 1994), as their symbiosis with rhi-

zobia allows them to fix atmospheric nitrogen. Nitrogen in

turn is an essential nutrient for the development of

Table 2 Results of repeated measure ANOVAs for the percent consumption of individual food plants in the eight-foods mixture by male and

female grasshoppers in five developmental stages

df (hypothesis, error) F-valuesa

Anthoxanthum Dactylis Geranium Holcus Plantago Taraxacum Trifolium Trisetum

Developmental stage 4,41 4.0** 7.760*** 3.615* 14.882*** 1.520 8.993*** 4.088** 3.752*

Sex 1,44 2.819 0.213 0.002 3.233 1.056 0.301 0.543 4.730*

Sex 9 development 4,41 0.50 0.684 1.168 1.262 1.980 1.455 0.984 0.259

* P \ 0.05; ** P \ 0.01; *** P \ 0.001
a F-values are shown (Pillai’s trace) for the entire development of grasshoppers
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Fig. 2 a Lifetime consumption

of C. parallelus of the eight

plant species in the eight-foods

mixture. Bars represent

means ± standard error.

b Proportion of plant species in

the eight-foods mixture in

relation to the total consumption

of C. parallelus males (left-hand
panel) and females (right-hand
panel) in one particular

developmental stage (larval

instars one to four and the adult

stage). Open circles Dactylis;

closed circles Anthoxanthum;

closed triangles Holcus; open
triangles Trisetum; closed
squares Trifolium; open squares
Geranium, Plantago and

Taraxacum combined
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grasshoppers (Chapman and Joern 1990). By feeding on the

nitrogen-rich plant species Trifolium in addition to grass

species which are rather poor in total nitrogen content,

C. parallelus probably performed nutrient complementary

feeding. Beneficial effects of legumes in mixtures with

grasses on biomass gain of grasshoppers have been shown in

a study by Pfisterer et al. (2003) on Parapleurus alliaceus in

an experimental grassland site. P. alliaceus gained higher

body mass in mixtures where legumes were present in

addition to grasses (Pfisterer et al. 2003).

The ontogeny of feeding and sex-related differences

Observations from the eight-foods mixture in this study

showed that there are differences between developmental

stages in terms of the amount consumed of each plant

species. The relative proportions of food plants changed

over time in both males and females. The proportion

consumed of Trisetum for example steadily decreased

during ontogeny, whereas the proportion of Holcus con-

sumed in each instar increased. Changes in feeding patterns

could be due to morphological or physiological changes in

the grasshoppers or to changes in the physical and chemical

properties of the food plants in the course of the season.

Feeding on Holcus might especially be difficult for early

instar grasshoppers with small mandibles because of the

hairy leaf surface (Bernays and Chapman 1970a). Trisetum

was the most preferred grass of first instar males but

consumption of this species steadily decreased until the

grasshoppers reached maturity. In the third and fourth

instar female grasshoppers consumed a higher proportion

of the legume Trifolium than of the grass species Trisetum.

Female grasshoppers have a higher need for nitrogen when

they produce egg batches (Chapman and Joern 1990).

Although there is only weak evidence from the literature

that C. parallelus feeds on plants other than members of

the Poaceae under natural conditions (Bernays and Chap-

man 1970b), we want to emphasize the fact that 10% of the

diet of both males and females consisted of the legume

T. pratense. This consumption rate was fairly constant in

both sexes throughout the whole development (Fig. 2b).

As the grasshoppers had the opportunity to feed exclusively

on grasses at any time during the experiment but never-

theless fed on the legume, we consider C. parallelus (at

least the population that we investigated in this study) as a

generalist feeder rather than a specialist.

Feeding in mixture versus monoculture

Another important result of this study was that in the

mixtures, grasshoppers consumed more tissue from indi-

vidual plant species than would have been expected from

the foraging of grasshoppers in the treatments where only

one plant species was offered. In other words, there was

‘‘overforaging’’ in mixtures compared to plant monocul-

tures as indicated in values of RFT above one throughout

the development. Interestingly, most increase in con-

sumption could be attributed to the CE, i.e. a general

stimulation of feeding on all plants. There are several

conceivable reasons for this feeding behaviour. In the lit-

erature on generalist insect herbivores there is evidence

that feeding behaviour of grasshoppers depends on the

number of food plants present. Bernays and Bright (1993)

noted that the generalist grasshopper species Taeniopoda

eques regularly switched food plants and spent more time

feeding when additional food plants were offered.

Although not measured, a longer time spent feeding is

likely to result in an increased consumption rate. Bernays

and Bright (1993) suggested that the chemical novelty of

each additional food plant stimulates feeding and leads to

compulsive switching. Furthermore, they assume that ‘‘the

situations in which arousal with novelty may be important

in promoting mixing should be those in which insects live

in complex habitats with very diverse potential food items’’

(Bernays and Bright 1993). An imbalance of nutrients or

the presence of toxins that are deleterious for grasshoppers

when consumed in excess might be an additional cause for

a lower consumption rate of food in single-plant treatments

versus mixtures. If one plant species alone does not meet

the requirements of grasshopper nymphs in all

Food plant mixture 

all species

Dactylis Holcus Trifolium

Dactylis Holcus Trisetum

Dactylis Geranium Plantago

Anthoxanthum Geranium Plantago

Plantago Taraxacum Trifolium
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Fig. 3 Relative forage total (RFT) of first instar C. parallelus males

and females in the eight-foods mixture and five three-species

mixtures. Values greater than 1 (reference line) indicate a higher

consumption of the mixture than expected from monoculture

consumption. The numbers above the bars show the numbers of

plant species used for the calculation of RFT. Bars represent

means ± standard error
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developmental stages, individuals presented with a mixture

of food plants will always perform better as there is a

higher chance of getting an optimal diet. Toxic compounds

may either directly slow feeding rates or hinder nutritional

acquisition (Joern 1996). In mixtures of food plant species,

grasshoppers can dilute these toxins of single plants by

switching to other food plants before the toxins reach

deleterious levels in the hemolymph. In addition, a full

complement of nutrients can better be gained by feeding on

a variety of food plants, each of which has a certain

nutrient ratio.

Conclusion

Although a variety of studies in the past have shown that

there are beneficial effects of dietary mixing on generalist

grasshoppers, our study demonstrates that there are

changes in food preference in relation to the develop-

mental stage and sex. Thus, it is essential to consider the

ontogenetic niche with respect to feeding behaviour in

order to predict the effect of different plant communities

on insect herbivores. Furthermore, by applying the pro-

cedure of additive partitioning of biodiversity effects

proposed by Loreau and Hector (2001) to grasshopper

feeding behaviour we could show that in dietary mixing

the different food plants act in a complementary manner,

i.e. the presence of a diversity of food plants stimulates

feeding on all suitable plants. The results of this study

suggest that resource use strategies and food plant shifts

related to ontogeny and sex should be considered in

future experiments assessing the importance of particular

food plants for the performance of generalist insect

herbivores.
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