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a b s t r a c t

We examined how elevated atmospheric [CO2] and higher rate of nitrogen (N) input may

influence grasshopper growth by changing food plant quality and how such effects may

be modified by species diversity of the plant community. We reared grasshopper nymphs

(Melanoplus femurrubrum) on Poa pratensis from field-grown monocultures or polycultures

(16 species) that were subjected to either ambient or elevated levels of CO2 and N. Grass-

hopper growth rate was higher on P. pratensis leaves grown in monocultures than in poly-

cultures, higher on P. pratensis grown under elevated than under ambient [CO2], and higher

on P. pratensis grown under elevated than under ambient [N]. The higher growth rate ob-

served on P. pratensis exposed to elevated [CO2] was, however, less pronounced for polycul-

ture- than monoculture-grown P. pratensis. Growth rate of the grasshoppers was positively

correlated with leaf [N], [C], and concentration of soluble carbohydrates þ lipids. Concen-

tration of non-structural carbohydrates þ lipids was higher in leaves grown under elevated

than under ambient [CO2], and the difference between P. pratensis grown under ambient

and elevated [CO2] was greater for monoculture- than polyculture-grown P. pratensis. In ad-

dition, leaf N concentration was higher in P. pratensis grown in monocultures than in poly-

cultures, suggesting that plant species richness, indirectly, may influence insect

performance by changed nutritional value of the plants. Because we found interactive

effects between all factors included ([CO2], [N], and plant species diversity), our results sug-

gest that these parameters may influence plant–insect interactions in a complex way that

is not predictable from the sum of single factor manipulations.

ª 2008 Elsevier Masson SAS. All rights reserved.
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predict future effects of global changes on insect populations

as well on plant communities.

The individual effects from elevated [CO2] (Watt et al., 1995;

Bezemer and Jones, 1998) and [N] (Mattson, 1980; White, 1993)

on insect herbivores are relatively well known, but their com-

bined effects, especially in relation to plant species diversity,

are less well documented or understood. In general, plants

with high N concentration, and low carbon (C) concentration

are considered to be of high food quality for insects, and pos-

itive effects on insect performance, such as shorter develop-

ment time, larger adult body mass, and higher reproductive

output following increased [N] of food plants are well docu-

mented (Mattson, 1980; Ritchie, 2000). Hence, performance

of grasshoppers can be expected to increase on plants grown

under increased N input.

Plants grown under elevated [CO2] often have lower [N] and

higher [C] than plants grown under ambient conditions (Reich

et al., 2001a; Yin, 2002), and insect performance can thus be

expected to be poorer under elevated [CO2]. Accordingly poor

performance of insects feeding on such plant material has

also been reported (Watt et al., 1995; Bezemer and Jones,

1998; Agrell et al., 2000). However, insects may to some extent

compensate for lower food [N] by increasing their food intake

(e.g. Bezemer and Jones, 1998) or increasing their post-

ingestive assimilation efficiency of the ingested food (Barbe-

henn et al., 2004a) and thereby maintain their growth rate. In

addition, plants grown under elevated [CO2] may contain

higher concentrations of carbohydrates (Barbehenn et al.,

2004b), which may be beneficial for insects (Ayers, 1993), so

even without compensatory feeding the response to elevated

[CO2] may not necessarily be negative. However, not all types

of carbohydrates are easily converted into energy by insects.

Structural carbohydrates, found in cell walls, such as cellulose,

lignin and hemicellulose (neutral detergent fiber) are of less im-

portance, or may even negatively influence growth rates of in-

sects. In contrast, non-structural carbohydrates, such as starch

and sugars, and lipids are energy rich and may positively influ-

ence the growth rate of insects. Thus, the growth response of

insects may range from negative to positive depending on

which fraction of carbohydrates is most affected by elevated

[CO2] and how food [N] is affected. The growth response will

also vary depending on which of the above mentioned factors

is most important for the performance of the individual insect.

Altered plant species diversity is known to influence the

growth and feeding pattern of insects (Di Giulio and Edwards,

2003; Scherber et al., 2006). Most studies addressing the effects

of plant species diversity for insect performance have focused

on the importance of direct effects of altered species diversity,

involving the quantity of preferred food plants and the impor-

tance of multiple food plant species for maintaining high per-

formance. In addition to such direct effects, diversity may also

potentially influence insect performance indirectly by chang-

ing the nutritional quality of the food plants. In N limited en-

vironments, plants growing in more productive polycultures

may have lower [N] than plants growing in less productive

monocultures (Reich et al., 2001b). This response appears to

be largely due to enhanced resource competition for e.g. N

among plants (Reich et al., 2001b, and unpublished data),

which may result in lower concentration of nutrients in plant

tissue. Hence, it may be hypothesized that increased plant
diversity may reduce food quality and thereby the growth

rates of insects feeding on plants from diverse plant commu-

nities. This raises the question how representative results

from manipulation experiments using monoculture systems

are for natural, more species rich systems? This question is

relevant, given that many studies examining insect perfor-

mance in relation to increased N input and, especially, ele-

vated [CO2] have used plants grown in monocultures (e.g.

Johnson and Lincoln, 1991; Goverde et al., 1999; Agrell et al.,

2000; Barbehenn et al., 2004a).

The combined effects from altered plant species diversity,

elevated [CO2], and increased N input on food quality and cor-

responding effects on insect performance may be complicated

to predict, as interactive effects between factors may offset

the individual effects. For example, increased N input may off-

set the potential lowered [N] in plants grown in species diverse

plant communities or at elevated [CO2].

To examine how growth of grasshoppers differs between

diets of different chemical composition that correspond to

those imposed by elevated [CO2] and [N], and level of plant

species diversity, we provided grasshopper nymphs with

leaves of the grass Poa pratensis L. grown in monocultures or

polycultures that were exposed to ambient or elevated [CO2]

or [N] in a free-air CO2 enrichment (FACE) experiment in Min-

nesota, USA. We measured differences in leaf total [C], [N],

concentration of neutral detergent fiber and concentration

of non-structural carbohydrates þ lipids on the grass pro-

vided to the grasshoppers to determine if differences in grass-

hopper growth were associated with differences in food plant

quality.
2. Materials and methods

2.1. Experimental design

To examine how growth of grasshoppers differed between di-

ets with different chemical composition we provided Melano-

plus femurrubrum (De Geer) nymphs (4th instar) with

P. pratensis grown in monocultures or in polycultures that

were exposed to ambient or elevated CO2 and N conditions.

We used plant material from the BioCON experiment (Biodi-

versity, Carbon dioxide, and Nitrogen effects on ecosystem

functioning, http://www.lter.umn.edu/biocon/) located at Ce-

dar Creek Natural History Area in east-central Minnesota,

USA (45�N, 93�W). The experiment consists of six circular

areas (rings) each containing 61 2 by 2 m plots that were

planted with seeds of 1, 4, 9 or 16 species (total of 12 g seed

m�2) in 1997. Since 1998, three of the six rings have been ex-

posed to elevated [CO2] (560 mmol mol�1) using a free-air CO2

enrichment system (FACE) and the three remaining rings rep-

resent ambient [CO2] (370 mmol mol�1). Within each ring, half

of the plots are fertilized with NH4NO3 corresponding to N ad-

dition of 4 g m�2 year�1, applied over three dates each growing

season (for a more detailed description of the experiment see

Reich et al. (2001b) or the above mentioned web page). In the

present study we used fully expanded leaves of P. pratensis

from monoculture plots and from 16 species plots (polycul-

tures) that had been exposed to all combinations of ambient

and elevated [CO2] and [N]. By this we obtained eight different

http://www.lter.umn.edu/biocon
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types of P. pratensis, i.e. food types, from a total of 48 polycul-

tures (12 of each treatment) and eight monocultures (two of

each treatment). These eight food types were then used in

a feeding experiment to estimate differences in grasshopper

growth rate.
2.2. Feeding experiment

In mid-July 2003, we collected 80 M. femurrumbrum nymphs

(4th instar) from an abandoned agricultural field near the Bio-

CON experiment. Each nymph was placed individually in

semitransparent plastic jars (1 L) and put in an incubator

(28�C and 14:10 photoperiod). The nymphs were starved for

20 h and then weighed prior the start of the feeding experi-

ment. The nymphs were randomly sorted into eight groups

and we provided the grasshoppers in each group with one

type (food type) of P. pratensis leaves (see Section 2.1). We

used a mix of leaves from all plots with the same treatment.

Hence the individual grasshoppers and not the treatment

plots within the BioCON experiment are the replication unit.

We provided the nymphs with fresh leaves (c. 0.2–0.4 g

day�1) for a 10-day period. The daily amount of grass provided

to the grasshoppers was about twice the amount consumed in

1 day. New leaves were collected from each of the plots within

the BioCON experiment every morning. To prevent the plant

material from drying the leaves were, after cutting, immedi-

ately put into water-filled plastic florist vials and transferred

to the nearby lab facility.

To estimate consumed biomass (ingested biomass), the

fresh weight of the grass was measured before and after

24 h in the jar with a grasshopper. To control for potential

weight loss of the leaves due simply to desiccation, we had

three control jars without any nymphs that were treated in

the same way as the jars with nymphs. The average weight

loss from these control jars was then used as a correction fac-

tor when we estimated the consumption rate. On average the

weight loss from desiccation was small (~1%). The plant mate-

rial that was not consumed after 24 h was collected, and the

pooled material from each jar during the 10-day trial was dried

to constant weight and used to estimate plant dry mass. The

relationship between dry (Y ) and fresh (X ) weight of the grass

(linear regression: Y¼ 0.41X�0.039, d.f.¼ 52, R2¼ 0.86, P< 0.001)

was used to calculate the initial dry weight biomass that we

used for calculations of consumption rate and assimilation

by the grasshoppers. After the 10-day trial period was over

the grasshoppers were starved for 4 h and then weighed.

The frass in the jars was collected and weighed after drying

to constant weight (40–45�C for 48 h).

During the experimental period some of the grasshoppers

died. All data presented are based on grasshoppers that sur-

vived the entire experimental period. Consumption and

growth rates are expressed as the total consumption and

weight gain during the entire trial period divided by 10, i.e.

consumption and growth rate per day. The final number of

grasshoppers in each treatment was as follows. Monocultures:

low N, amb. CO2 ¼ 5; low N, elev. CO2 ¼ 9; high N, amb.

CO2 ¼ 5; high N, elev. CO2 ¼ 9. Polycultures: low N, amb.

CO2 ¼ 8; low N, elev. CO2 ¼ 6; high N, amb. CO2 ¼ 5; high N,

elev. CO2 ¼ 8.
2.3. Response parameters

We used three response variables (adapted from Waldbauer,

1968) to describe the grasshopper performance; growth rate

(GR, mg day�1), gross growth efficiency or efficiency of conver-

sion of ingested food (ECI), and assimilation efficiency (AD).

ECI is mg gained biomass per g ingested biomass. AD, which

is approximately equal to digestibility, is expressed as assim-

ilated biomass (ingested biomass � frass mass) per g ingested

biomass. All calculations were made on dry mass.

2.4. Chemical analyses

The plant material collected from jars following feeding was

dried (40–45�C), ground and analyzed for [C], [N], [neutral de-

tergent fiber (NDF)], and [non-structural carbohydra-

tes þ lipids (NSCþ)], all expressed as % of dry weight. Total

nitrogen and carbon were analyzed following standard

methods on a 4010 ECS element analyzer (Costech Analytical

Technologies Inc., CA, USA). The protein fraction was esti-

mated by conversion from plant N concentration using the av-

erage conversion factor for monocots of 4.37 reported by Yeoh

and Wee (1994). Concentration of non-structural carbohy-

drates and lipids and neutral detergent fiber (NDF) was analyzed

following standard methods on an Ankom200 autoanalyzer

(Ankom Technology, Macedon, NY, USA). The dried, ground

plant material (0.45–0.55 g) was placed in pre-manufactured

mesh bags (F57, ANKOM Technology) and weighed (M0).

Mesh bags were soaked in acetone for 3–5 min, then dried at

100 �C to a constant weight (M1) to determine the acetone-

dissolved fraction (1�M1/M0), or non-structural carbohy-

drates, lipids and proteins. We assumed that proteins in the

plants were primarily soluble so non-structural carbohydrates

and lipids (NSCþ) was determined by multiplying the acetone-

dissolved fraction by (1 � protein fraction). Bags were then

agitated in a pre-mixed neutral detergent solution (ANKOM

Technology) at pH 7.0. The NDF solution contained 30 g so-

dium lauryl sulfate, USP; 18.61 g ethylenediaminetetraacetic

disodium salt, dehydrate; 6.81 g sodium tetraborate decahy-

drate; 4.56 g sodium phosphate dibasic, anhydrous; and

10 mL triethylene glycol, in 1 L of distilled H2O. After agitation

for 75 min in the NDF solution the bags were rinsed for 5 min

in a solution (80 �C) containing 1900 mL water and 4 mL alpha-

amylase (FAA, ANKOM Technology). This procedure was re-

peated three times. After drying to constant weight, M2

(100 �C, 4 h), the NDF fraction was determined as (M1 �M2)/M0.

2.5. Statistical analyses

As a test of whether plant material fed to individual grasshop-

pers differed according to its treatment origin, leaf concentra-

tion of N, total C, NDF, and NSCþ we used ANOVA with the

treatments of the BioCON experiment from which we

obtained P. pratensis leaves (level of plant diversity, [N], and

[CO2]) as factors. We assessed grasshopper response with

ANCOVA for three response variables, GR, ECI, and AD, with

level of plant diversity, [N], and [CO2] as factors. For growth

rate we used the initial weight of the nymphs as covariate.

For gross growth efficiency (ECI), we used grasshopper growth

as response variable with ingested biomass covariate, and for
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assimilation efficiency (AD), we used frass production as re-

sponse variable with ingested biomass as covariate. Note

that in all analyses, the individual grasshopper, or the plant

material provided to an individual grasshopper, and not the

plots within the BioCON experiment is the replication unit.
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3. Results

3.1. Food plant chemistry

Leaf [N] was on average 9% lower in P. pratensis from polycul-

tures than from monocultures (diversity effect), but there

was no difference between leaves grown under ambient or el-

evated [CO2] or [N] (Table 1, Fig. 1). Total [C] was slightly, but sig-

nificantly, higher in leaves grown under elevated [CO2] from

monocultures, but lower in leaves from polycultures, causing

a significant interaction between [CO2] and plant species diver-

sity (Table 1, Fig. 1). Compared to ambient conditions, leaf [C]

was on average lower under elevated [CO2] and [N], but tended

to be higher in P. pratensis exposed to the combined treatmentof

elevated [CO2] and [N] (CO2 � N interaction: Table 1, Fig. 1).

In contrast to total [C], there were larger differences in con-

centration of non-structural carbohydrates (hereafter referred

to as NSCþ) and neutral detergent fiber (hereafter referred to

as NDF) between food types (Fig. 1). On average, leaves grown

under elevated [N] had lower concentrations of NSCþ than

leaves grown under ambient [N], with no difference between

mono- and polyculture-grown P. pratensis (N-effect: Table 1,

Fig. 1). Moreover, leaves grown under elevated [CO2] had

higher concentrations of NSCþ than leaves grown under am-

bient [CO2] (CO2 effect: Table 1, Fig. 1), and this difference was

greater for monoculture- (þ17%) than polyculture-grown

(þ5%) P. pratensis (div. � CO2 interaction: Table 1, Fig. 1). There

was, however, no overall difference in concentration of NSC

between P. pratensis from monocultures and polycultures

(Table 1, Fig. 1). Leaves grown under elevated [N] had lower
Table 1 – Results of the ANOVAs on differences in
chemical composition between the different food types
(type of P. pratensis). Individual response variables were:
N, nitrogen concentration; C, total carbon concentration;
and NSCD, concentration of non-structural
carbohydrates, starch, and lipids. Plant species diversity,
level of CO2 and N was were used as factors

Source d.f. [N] [C] [NSCþ] [DNF]

F ratio F ratio F ratio F ratio

Diversity 1 5.85* 0.083 0.86 26.99***

CO2 1 0.014 0.002 52.14*** 147.93***

Fertilization (N) 1 0.82 1.33 14.01*** 25.41***

Div. � CO2 1 0.66 5.79* 2.85(*) 16.80***

Div. � N 1 0.54 0.30 0.21 0.11

CO2 � N 1 0.07 2.85(*) 0.32 0.18

Div. � CO2 � N 1 2.54 0.31 0.04 4.10*

Error 43

P values are represented by the following symbols: (*),

0.10 > P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 1 – Change in chemical composition (compared with

ambient levels of both CO2 and N) in response to elevated

[N] alone, to elevated [CO2] alone, and to the combination of

elevated [N] and [CO2] for P. pratensis leaves grown in plots

containing 1 (monoculture) and 16 (polyculture) plant

species. From top to bottom; change in leaf nitrogen

concentration, change in leaf total carbon concentration,

change in leaf concentration of soluble

carbohydrates D lipids (NSCD), and change in

concentration of neutral detergent fiber (NDF). All

concentrations are expressed as % of dry mass.
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[NSCþ] than leaves grown under ambient [N] (N effect: Table 1,

Fig. 1), with no difference between mono- and polyculture-

grown P. pratensis (Table 1, Fig. 1).

Concentration of neutral detergent fiber (NDF) was nega-

tively correlated with [NSCþ] (Pearson correlation: r ¼ 0.78)

and the differences between food types were largely reflected

by the differences just described for [NSCþ] (Fig. 1). Compared

to ambient conditions, leaves grown under elevated [CO2] had

lower [NDF] and leaves grown under elevated [N] had higher

[NDF] (Table 1, Fig. 1). For elevated [N], there was no difference

between mono- and polyculture-grown leaves (Table 1, Fig. 1),

but there was a large difference in [NDF] between mono- and

polyculture-grown leaves exposed to elevated [CO2] (CO2 � N

interaction: Table 1, Fig. 1). Compared to ambient conditions,

elevated [CO2] resulted in 9% lower [NDF] for monoculture-

grown leaves, but only 2% lower [NDF] for polyculture-grown

leaves (Fig. 1). In contrast to [NSCþ], there was a significant

difference in [NDF] between mono- and polyculture-grown

P. pratensis, with lower [NDF] in monoculture- than polycul-

ture-grown P. pratensis (div. effect: Table 1, Fig. 1). In addition,

there was a significant three-way interaction between all

three main factors (div. � CO2 � N interaction: Table 1,

Fig. 1). This was caused by a smaller difference in [NDF] be-

tween mono- and polyculture-grown leaves when exposed

to both elevated [CO2] and [N] (3%) compared to when exposed

to only elevated [CO2] (7%).
3.2. Response of the grasshoppers

The feeding experiment showed that grasshopper response

differed depending on the food type they were provided.

Growth efficiency (biomass gained per g consumed) was

higher for grasshoppers provided P. pratensis grown under el-

evated than ambient [CO2] and higher for grasshoppers pro-

vided P. pratensis grown in mono- than polycultures (CO2

and div effects: Table 2, Fig. 2). Compared to ambient condi-

tions, growth efficiency was 105% higher on CO2 exposed

leaves from monocultures, compared to 0.5% lower on leaves

from polycultures (div. � CO2 interaction: Table 2, Fig. 2). Al-

though growth efficiency tended to be higher on N fertilized

leaves there was no significant effect of N addition (Table 2,

Fig. 2). There was, however, a significant interaction between

the N and CO2 treatments (CO2 � N interaction: Table 2), as the

positive effect on growth efficiency from the combined treat-

ment of CO2 and N was smaller than expected from the single

treatments (Fig. 1).

Overall the grasshoppers had higher consumption rates on

P. pratensis grown in monoculture than polyculture plots (div.

effect: Table 2, Fig. 2). There was, however, no difference in

consumption rate between leaves grown under ambient and

elevated [CO2] (Table 2, Fig. 2). In general, consumption rate

was higher for leaves grown under elevated [N] (N effect: Table

2, Fig. 2). This effect was, however, not independent of plant

species richness of the plots, i.e. there was a significant

diversity � N interaction (Table 2). Compared to ambient con-

ditions, consumption rate was 47% higher on leaves grown

under elevated [N] when grown in monocultures but 18%

lower when grown in polycultures (Fig. 2). This difference

was however smaller when elevated [N] was combined with
elevated [CO2] causing a significant three-way interaction

(div. � CO2 � N interaction: Table 2, Fig. 2).

Overall grasshopper growth rate was higher on leaves

grown in mono- than polycultures (div. effect: Table 2,

Fig. 2), higher on leaves grown under elevated than ambient

[CO2] (CO2 effect: Table 2, Fig. 2), and higher on leaves grown

under elevated than ambient [N] (N effect: Table 2, Fig. 2).

The higher growth rate of grasshoppers provided leaves

grown under elevated [CO2] was much stronger for monocul-

ture- than polyculture-grown P. pratensis (div. � CO2 interac-

tion: Table 2). Compared to ambient conditions, growth rate

on leaves grown under elevated [CO2] was 118% higher on P.

pratensis from monocultures and 2% lower on P. pratensis

from polycultures (Fig. 2). In addition, the growth response

of grasshoppers provided leaves exposed to the combined

treatment of elevated [CO2] and [N] tended to be less positive

than expected from the individual treatments of elevated

[CO2] and [N] (CO2 � N interaction: Table 2, Fig. 2).

Compared to growth efficiency, assimilation efficiency dif-

fered less between treatments, but was higher for grass grown

in polycultures than in monocultures, indicating that leaves

from polycultures had higher digestibility than leaves from

monocultures (div. effect: Table 2, Fig. 1).

To get a better understanding of how leaf chemistry influ-

enced grasshopper growth we ran multiple regressions with

growth efficiency and growth rate as dependent variables

and leaf [N], [C], [NSCþ], and [NDF] as predictors. Since

[NSCþ], and [DNF] was correlated (indicated with high colli-

niarity), we included either [NDF] or [NSCþ] depending on

which of the two produced the highest explanatory power.

The regressions revealed that growth efficiency (ECI) was pos-

itively influenced by high leaf [C] and negatively influenced by

high leaf [NDF] (ECI ¼ 13.84[C] � 4.35[NDF] � 323.86, R2
adj.

¼ 0.31; F2,48 ¼ 12.39; P < 0.001; P[C] ¼ 0.002; P[NDF] < 0.001) and

growth rate (GR) was positively influenced by high leaf [N],

[C], and [NSCþ] (GR ¼ 0.48[C] þ 1.04[N] þ 0.13[NSC] � 26.70,

R2
adj. ¼ 0.31; F2,48 ¼ 8.36; P < 0.001; P[C] ¼ 0.008; P[N] ¼ 0.003;

P[NSCþ] ¼ 0.005). Given the noted effects of diversity on leaf

[N] and [NDF], and of [CO2] and N addition on [NSCþ] and

[NDF], these relations between leaf chemistry and grasshopper

growth indicate the likely causal paths by which the treat-

ments influence grasshopper growth.
4. Discussion

We found that both grasshopper growth and plant chemistry

differed substantially depending on growth conditions for the

food plant P. pratensis. Differences in chemical composition be-

tween the different food types used in this study correspond to

how changes in plant species diversity, elevated [CO2] and in-

creased N input have influenced plant chemistry in general,

and P. pratensis chemistry specifically in the BioCON experiment

(Reich et al., 2001a, b, and unpublished), suggesting that chemi-

cal differences between the food types used in the present study

are comparable to differences induced by these global changes.

High growth rate of grasshoppersprovidedP. pratensisgrown

under elevated [CO2], especially evident for monoculture

leaves, was clearly derived from high growth efficiency (ECI).

The ECI on leaves exposed to elevated [CO2] was higher for



Table 2 – Results of the ANCOVAs on grasshopper performance. Plant species diversity, level of CO2 and N were used as
factors. For gross growth efficiency (ECI) GR was the response variable with ingested biomass covariate. For growth rate
(GR) the initial weight of the grasshopper was used as covariate, and for assimilation efficiency (AD) frass production was
the response variable with ingested biomass as covariate

Source d.f. ECI GR CR AD

F ratio F ratio F ratio F ratio

Ingested biomass 1 40.37*** – – –

Initial weight 1 – 7.14* 0.73 –

Frass production 1 – – – 107.05***

Diversity 1 5.99* 25.08*** 12.12** 7.18**

CO2 1 10.91** 7.78** 0.04 0.17

Fertilization (N) 1 0.98 4.30* 5.09* 0.09

Div. � CO2 1 17.39*** 8.30** 0.20 0.64

Div. � N 1 1.24 0.48 7.02* 1.85

CO2 � N 1 5.31* 3.38(*) 0.01 0.81

Div. � CO2 � N 1 0.51 2.37 9.18** 0.61

Error 44

P values are represented by the following symbols: (*), 0.10 > P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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monoculture- than polyculture-grown P. pratensis. This was

probably a consequence of higher leaf [N] and [NSCþ] and lower

leaf [NDF] in monoculture- than polyculture-grown leaves,

which may explain the interactive effect between CO2 and

diversity on grasshopper growth rate. This indicates that plant

species richness, indirectly, may influence grasshopper growth

by changing the nutritional value of the food plant, while ele-

vated [CO2] may influence growth by changing the energetic

value of the food plant.

In contrast to the grasshoppers feeding on leaves exposed

to elevated [CO2], the higher growth rate on leaves grown un-

der elevated [N] was not primarily caused by higher ECI. In-

stead the high growth rate was a consequence of higher

food intake. Exactly what stimulated the increased consump-

tion rate is unclear, but the increased amount of processed

feed may have been a consequence of high [NDF] in leaves

grown under elevated [N].

The finding that grasshopper growth was higher on grass

grown under elevated than under ambient [CO2] seems to contra-

dict the general perspective that elevated [CO2] should reduce

food quality and insect performance (Watt et al., 1995; Bezemer

and Jones, 1998; Agrell et al., 2000). Most examples of reduced in-

sect performance following elevated [CO2] have been associated

withdecreased plant [N]and increasedconcentration of total car-

bon, or increased concentration of carbon based secondary me-

tabolites such as different types of phenolics (e.g. Bezemer and

Jones, 1998; Agrell et al., 2000). However, considering that in the

present study we found only minor differences in [N] and total

[C],but largerdifferences in [NSCþ]and [NDF]betweenP.pratensis

grown under ambient and elevated [CO2], our results may actu-

ally not contradict the general perspective outlined above. More-

over, many, and perhaps most, studies that have examined

effects of elevated [CO2] on insect performance have used exper-

iments in which plants have been exposed to higher [CO2] than

we used in this experiment (�700 vs. 560 mmol mol�1). If the effect

on plantsand subsequent effects on insect growth is non-linearly

related to the [CO2], we cannot exclude the possibility that the

positive growth response that we recorded could have been

smaller or even reversed if we used a higher [CO2].
High performance by insects feeding on plants with high

[N] and low C:N ratio is well documented (Mattson, 1980;

White, 1993), but higher performance on plants with high con-

centration of non-structural carbohydrates (NSC) is less well

documented, and our result contradicts other studies that

have found no positive effects on grasshopper growth when

reared on a diet with a high concentration of NSC (Zanotto

et al., 1993; Barbehenn et al., 2004a). Our result is, however,

in accordance with the finding that increased weight gain

and faster development rate may be higher for Lepidoptera

larvae feeding on plants in which elevated [CO2] have induced

high levels of NSC (Goverde et al., 2002). In that case the

weight gain was primarily related to higher lipid concentra-

tion of the insects, which also may have been the case for

the grasshoppers in this study.

The higher [NSCþ] and lower [NDF] in P. pratensis grown un-

der elevated [CO2] suggest the possibility that elevated atmo-

spheric [CO2] may induce changes in concentration of both

structural (cell wall carbohydrates) and non-structural carbo-

hydrates. Increased concentration of NSC as a response to ele-

vated [CO2] has been found for other C3 grasses (Barbehenn

et al., 2004b), indicating that this may be a common response

of C3 grasses following elevated [CO2]. The changed [NDF] in re-

sponse to elevated [CO2] is, however, in contrast to the general

view that elevated [CO2] has little or no effect on plant [NDF]

(Peñuelas and Estiarte, 1998). An interesting, and important, re-

sult of the present study is that although concentration of

NSCþ and NDF differed substantially between the different

food types, there were only minor differences in total [C]. Since

grasshopper growth response differed between food types this

implies that not only the quantity, but also the quality of car-

bon matters, and that insect growth may not always be easily

predicted from the stoichiometric relationship of element ra-

tios, such as C:N, between plants and herbivores.

4.1. Plant species richness

The finding that grasshopper growth differed between P. pra-

tensis leaves from mono- and polycultures suggests that
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Fig. 2 – Change in grasshopper responses (compared with

ambient levels of both CO2 and N) when provided P. pratensis

grown under elevated [N] alone, under elevated [CO2] alone,

and under the combination of elevated [N] and [CO2]. Data

shows change in growth efficiency expressed as biomass

gain per amount ingested biomass (dry mass), change in

consumption rate (mg dayL1), change in growth rate

expressed as biomass gain per day (dry mass), and change

in assimilation efficiency (approximately digestibility of the

grass) expressed as conversion of ingested biomass into

biomass (dry mass). Data based on grasshoppers surviving

the entire experimental period.
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species richness of a plant community, in addition to the di-

rect effects from changes in relative availability of preferred

food species, also indirectly may influence insect growth by

altering food plant quality. This also implies that previously

reported direct effects of plant species richness on insect per-

formance (Di Giulio and Edwards, 2003; Scherber et al., 2006) to

some extent may have been derived from indirect, diversity-

induced chemical changes of the food plants.

The higher growth rate of grasshoppers feeding on P. praten-

sis grown in monocultures than polycultures that we observed

was probably derived from high N concentration and lower

[NDF] in this food type. The higher [N] and lower [NDF] of P. pra-

tensis from monocultures than from polycultures may also be

the reason for the higher growth efficiency and corresponding

growth rate of grasshoppers provided P. pratensis grown in

monocultures than polycultures under elevated [CO2].

Differences in [N] between plants from polycultures and

monocultures may be a consequence of intense resource com-

petition in more diverse plant communities (Reich, unpublished

data).Such heightenedresource competition for N has alsobeen

suggestedasamechanismtoexplainwhybiomassyield mayin-

crease with increasing plant species richness (Hille-Ris Lambers

et al., 2004). The lower responsiveness of polyculture-grown P.

pratensis to elevated [CO2] may, indirectly, be related to height-

enedresourcecompetition for N inpolycultures. Photosynthetic

enhancement following elevated [CO2] may be lower than

expected if relative leaf [N] is reduced (Lee et al., 2001; Streng-

bom and Reich, 2006). If lower leaf [N] inpolyculture plots results

in lower than expected effects of elevated [CO2] on plant photo-

synthetic rates, responsiveness to elevated [CO2] should be

lower in poly- than monocultures. The greater responsiveness

of monoculture-grown P. pratensis to elevated [CO2] is in accor-

dance with what has been found for non-nitrogen fixing dicots

in the BioCON experiment (Novotny et al., 2006), suggesting

that this phenomenon is not just restricted to P. pratensis.
5. Conclusions

In conclusion, the finding that plant species diversity may

mitigate indirect effects on insect growth from elevated

[CO2] and [N] demonstrates that predicting insect responses

to global changes such as elevated [CO2] and [N] from plant

monoculture systems may be complicated, as conclusions

from such experiments may not be valid for the mixed species

plant communities typically found in most extant temperate

grassland. Our results also highlight the problems associated

with predicting the effects on insect performance from the

sum of single factor manipulations.
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