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ABSTRACT

Invertebrate herbivores are ubiquitous in most terrestrial ecosystems and theory predicts that
their impact on plant community biomass should depend on diversity and productivity of the
associated plant communities. To elucidate general patterns in the relationship between
invertebrate herbivory, plant diversity, and productivity we carried out along-term herbivore
exclusion experiment at multiple grassland sites in a mountainous landscape of central Germany.
Over aperiod of five years, we used above-and belowground insecticides aswell asa
molluscicide to manipulate invertebrate herbivory at 14 grassland sites, covering awide range of
plant species diversity (13 — 38 species m?) and aboveground plant productivity (272 - 1125 g m’
2 year™), where plant species richness and productivity of the sites were not significantly

correlated.

Herbivore exclusion had significant effects on the plant communities: it decreased plant
species richness and evenness, and it altered plant community composition. In particular,
exclusion of belowground herbivores promoted grasses at the expense of herbs. In contrast to our
expectation, herbivore effects on plant community biomass were not influenced by productivity.
However, effect size of invertebrate herbivores was negatively correlated with plant diversity of
the grasslands: the effect of herbivory on biomass tended to be negative at sites of high diversity
and positive at sites of low diversity. In general, the effects of aboveground herbivores were
relatively small as compared to belowground herbivores which were important drivers of plant
community composition. Our study isthe first to show that variation in the effects of invertebrate
herbivory on plant communities across a landscape is significantly influenced by plant species

richness.
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INTRODUCTION

Herbivorous invertebrates outweigh vertebrates as much as 10-fold in temperate terrestrial
ecosystems (Pimentel and Andow 1984). Nevertheless, their role in determining plant
community dynamicsis generally considered to be lessimportant when compared to vertebrates
(Crawley 1989). The most immediate effect of invertebrate herbivores is the consumption of
plant tissue (Crawley 1983, Karban and Baldwin 1997, Crawley 1997). Additionally,
invertebrate herbivores may influence plant species composition and diversity by selective
feeding on dominant species and thereby, releasing subordinate species from competition
(Crawley 1989, Pacala and Crawley 1992, Carson and Root 1999, Long et al. 2003). These
effects, however, are not consistent across different ecosystems (Hillebrand et al. 2007), or
across different herbivore guilds. For example, plant diversity in early successional plant
communities was found to be enhanced by aboveground (Brown and Gange 1992, Carson and
Root 2000), and reduced by belowground herbivores (Brown and Gange 1989a, Brown and
Gange 1992). Environmental factors and plant community characteristics are considered to be

further sources of variation in the effects of herbivores on plant diversity (Olff and Ritchie 1998).

Ecosystem level effects of herbivores, e.g. on plant community biomass, are suggested to
decrease with increasing plant diversity via either areduced abundance of specialist herbivores
or an increased abundance of natural enemies (Pimentel 1961, Root 1973). However, results
from previous studies have been ambiguous (Andow 1991, Jactel et a. 2005, Jactel and
Brockerhoff 2007). A few studies have confirmed the predicted decrease in herbivore abundance
or damage in more diverse plant communities (Mulder et a. 1999, Unsicker et al. 2006, Jactel
and Brockerhoff 2007), but others have found a positive or negative relationship depending on

the type of herbivore studied (Korichevaet al. 2000, Otway et al. 2005). Y et others have found
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no such relationship suggesting that particular plant functional groups may be more important
than species richness per se (Scherber et al. 2006). Furthermore, ecosystem level effects of
herbivores are suggested to be affected by primary productivity (Fretwell 1977, Oksanen et al.
1981, Fretwell 1987, Oksanen 1990) with the strongest herbivore impact expected at
intermediate levels of productivity (*hypothesis of exploitation ecosystems’, also known as the
Fretwell-Oksanen model). At low primary productivity, plant biomass may not suffice to sustain
appreciable populations of herbivores (bottom-up control of herbivores), whereas at high levels
of productivity top-down control of herbivores by predatorsis expected. Even though this model
was originally devised for vertebrate herbivores (Oksanen et al. 1981, Oksanen 1990), it has

been suggested to also apply to invertebrates (Oksanen and Oksanen 2000, Schadler et al. 2003).

Although a number of invertebrate exclusion experiments have been conducted to date, it
isstill difficult to draw general conclusions about how productivity and plant diversity of
terrestrial ecosystems influence herbivory. There are several reasons for this. First, most studies
have investigated the effects of plant diversity and productivity on herbivory separately, and
those that have considered both factors simultaneously (e.g., Siemann 1998) did not focus on
herbivore effects on the plant community. Second, many studies have been carried out in
agricultural or forest systems where the diversity gradient was low, often ranging from just one
species (monoculture) to two (intercropping), raising the question of the generality of the results
(Andow 1991). Third, the effects of invertebrates on plant communities can often only be
detected after years (e.g., Cain et a. 1991, Long et al. 2003). What is needed therefore are long-
term studies in natural ecosystems that simultaneously investigate productivity and plant

diversity effects on the influence that invertebrate herbivores exert on a plant community.



86

87

88

89

90

91

92

93

94

95

96

97

98

In our study, we investigated the effects of above- and belowground invertebrate
herbivory on plant species diversity and aboveground plant community biomass along natural
gradients of plant species richness and productivity. This enabled us to explore whether variation
in herbivory among sites can be explained by these two community characteristics. Using 14
extensively managed hay meadows in one region of central Germany, we were able to minimize
the impact of confounding factors such as site management. Over a period of five years, using a
factorial design, we applied pesticides to exclude mollusks and insects from experimental plots

both above- and belowground, to test the following hypotheses:

(1) Invertebrate herbivores generally decrease aboveground biomass.

(2) Invertebrate herbivores increase species diversity of plant communities.

(3) The effect of herbivory on aboveground biomass decreases with increasing plant diversity

and is strongest at intermediate levels of primary productivity.
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METHODS
Sudy sites

The study was conducted in the Frankenwald and Thuringer Schiefergebirge (11°00'-11°37'E
and 50°21'-50°34' N), a plateau-like mountain range at the border between Bavaria and
Thuringiain central Germany with a elevation ranging from 500 to 870 m a.s.|. The bedrock
material in the area consists mainly of schist and greywacke and produces a carbonate-free,
nutrient-poor soil. Mean annual air temperature is 5°C to 7°C, and mean annual precipitation
ranges from 840 to 1200 mm with a slight summer maximum (Hiekel et al. 2004). Before human
settlement, montane spruce-fir-beech forests formed the natural vegetation. Since human
settlement in medieval times much of the forest has been converted into an agricultural landscape

with alarge proportion of montane hay meadows (Hundt 1964).

Based on a survey of more than 70 grassland sitesin 2001 (Kahmen et al. 2005, Perner et
al. 2005), we selected a subset of 14 montane hay meadows (phytosociologically classified as
Geranio-Trisetetum, Knapp ex Oberd. 1975) that vary in plant species diversity but are similar
with respect to orographic conditions and management regime. The size of the total study area
was 114 km2. The distance between two neighboring sites varied between 120 m and 6.5 km.
Plant species richness, as measured in June 2002, ranged from 13 to 38 vascular plants m?across
sites. Mean standing aboveground biomass, also measured in June 2002, ranged from 230 to
591 g m (dry biomass). Prior to the onset of the study, all study sites had been managed
extensively for at least ten years by cutting for hay, with two cuts per year around the end of June
and at the beginning of September, and no grazing and no fertilizer application. During the

course of the study, this management regime was continued.
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In 2004, atotal of 21,624 insects were caught by sweep-netting in nine of the 14 study
sites (150 sweep net counts per site) on six dates throughout the growing season. The most
abundant herbivore taxawere Aphidina (16.1%), Coleoptera (10.2%), Auchenorrhyncha (8.4%),
Orthoptera (3.3%) and Lepidoptera (1.5%) (Unsicker et al. 2006). Mean damage levels measured
in the same year as percentage of leaf arealoss were below 6% (Unsicker et al. 2006) whichisin

line with other studiesin grasslands (e.g., Scherber et al. 2006).

Manipulation of invertebrate herbivory

At each of the 14 grassland sites, we established permanent plots separated by 1 m guard strips.
Pesticides were applied to the plots to exclude aboveground herbivores (insects and mollusks,
aboveground treatment, plot size: 5x5 m), belowground herbivores (insects only, belowground
treatment, plot size: 2x2.5 m) or both above- and belowground herbivores (combined treatment,
plot size: 2x2.5 m). Treatments started in June 2002, after the first mowing of the grasslandsin
that year, and continued through to the end of 2007. To exclude aboveground herbivores we
sprayed Dimethoate (Perfekthion, BASF, Germany), a broad spectrum quasi-systemic foliar
insecticide (Tomlin 2006). Diluted in water, it was applied in biweekly intervals at the
recommended rate of 0.15 g of active ingredient m™. The aboveground treatment also included
the application of molluscicide pellets (metaldehyde, 0.6 g of active ingredient m?) every two or
four weeks. When rainfall intensity in the study area was low, monthly application of
molluscicide was deemed sufficient. The belowground treatment consisted of the application of
Chlorpyrifos, a contact soil pesticide without systemic effect (Tomlin 2006). It was applied
monthly at a concentration of 0.9 g m of the active compound. From June 2002 to October

2004, we applied a granular form of the belowground pesticide (Hortex, Scotts Celaflor,
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Germany). After 2004, we could only purchase aform of Chlorpyrifos (Dow AgroSciences
GmbH, Germany) that had to be dissolved in water and sprayed onto the soil surface of the plots
(0.05 L m™). The combined treatment consisted of an application of the molluscicide, the foliar
and the soil pesticide. Two control treatments were established: an untreated control (plot size:
5x5 m) and awater control (plot size: 2x2.5 m). The water control received the same amount of
water as used for application of the foliar pesticide (0.04 L m™). Due to logistic reasons and
shortage of space for the experimental plotsin the respective grasslands, we were neither able to
set up 5x5 m plots for each of the treatments nor to set up replications within the study sites.
Treatments were always applied on the same day at all sites from May to October in each year,
resulting in atotal number of 9 to 11 aboveground and 4 to 5 belowground pesticide applications
per year depending on the length of the growing season in each particular year. All pesticides
used in this study are commonly applied in agriculture and they have been successfully
employed in other experimental grassland studies (Brown and Gange 1989b, Carson and Root

2000).

Measurement of plant diversity and productivity

In June 2002, pre-treatment plant diversity and productivity were determined at each site.
Measurement of treatment effects started one year after the first pesticide applications. In June
2003, four 1x1m subplots separated by 1 m were permanently marked in the center of plots of
the aboveground treatment as well as the control, and due to the smaller size of the plots, only
one 1x1 m subplot was marked in the center of the belowground treatment, the combined
treatment and the water control within each grassland site. In late June of every year, from 2003

until 2006, at peak standing biomass and directly before the first mowing, all vascular plantsin



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

these eleven subplots per site were identified to species level. Percent cover m™ of each species
was visually estimated using a modified Londo scale (Londo 1976). For the aboveground
treatment and the control, species richness as well as plant cover were determined for each
subplot, and then averaged across subplots in the respective treatment plot. To ensure that these
calculations did not affect our results we repeated the statistical analyses described below
including only one randomly choosen subplot for each of these treatments per study site. Since
the results did not differ qualitatively, all analyses presented in this paper refer to the calculations

described above.

We used plant species cover to calcul ate evenness values for each treatment separately,

based on the Shannon index:

e~ 2(R)(Inp)
InS

where p; is the proportion of total abundance of the ith speciesand Sis the number of
species (Magurran 1988). Cover data were also collected for plant functional groups. Following
the classification of herbs by Klotz et al. (2002), we classified all plantsinto one of five
functional groups: grasses, legumes, rosette forming herbs, hemirosette herbs and erosulate herbs

(Appendix 1).

Aboveground plant community biomass was harvested twice a year (late June and
September), according to the existing mowing regime of the grasslands, from 2002-2006.
Immediately before mowing of the entire sites, biomass in each plot was sampled in 20 x 50 cm
squares (0.10 m?) for each plot by cutting the vegetation 2 cm above the ground. Four samples

were taken from each plot in June 2002 (to measure pre-treatment productivity). From 2003

10
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onwards, eight samples were taken in the aboveground treatment and the control and four in the
other plots. After drying the biomass samples at 60°C to 70°C for at least 48 h to achieve weight
constancy, aboveground dry biomass was determined in g m. Aboveground plant community
biomass was used (1) to quantify the effects of herbivores on the plant community from 2003 to
2006 (henceforth * aboveground biomass') but also (2) as an estimate of site productivity before
the start of the experiment in 2002 (henceforth * productivity’) which in turn might affect

herbivory.

Data analysis

The water control treatment was not included in the analyses, as there were no significant
differences between this treatment and the untreated control treatment with respect to the number
of plant species (control: 19.97 + 0.20 speciesm’?, water control: 19.79 + 0.15 species m?),
evenness (control: 0.71 = 0.01, water control: 0.70 £ 0.01) and productivity (control: 445.93 +
21.70 g dry mass m™, water control: 432.60 + 33.10 g dry mass m; means averaged over four
years+ SE, P> 0.05 in each case). This suggests that the amount of water used for pesticide

application (0.04 L m™) was too small to have any effectsin itself.

We analyzed the effects of 5-years of invertebrate herbivory suppression on aboveground
biomass, plant species richness, evenness and plant functional group cover using two-factorial
repeated-measures ANOV As, with aboveground treatment and bel owground treatment as
factors. Site was included in the model as blocking factor. The fact that we excluded the water
control from the analyses and that we had no replicates within study sites resulted in atotal

sample size of 56 (2x2x14) per year. To account for repeated measurements, we applied a

11
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multivariate approach usng MANOVA asimplemented in IMP (version 5.1.2, SAS Institute
Inc., Cary, NC, USA, 1989-2005) and results are not dependent on the order in which the
independent variables are listed. Degrees of freedom were adjusted with Greenhouse—-Gei sser
Epsilon to accommodate for a potential lack of variance—covariance matrix compound
symmetry. Biomass data were log-transformed prior to analysis to achieve normality and
homoscedasticity. To account for multiple comparisons within each hypothesis, we applied the
Benjamini-Hochberg method (Verhoeven et al. 2005) separately to the analyses of the diversity
measurements (plant species richness, evenness) and to these of the cover of plant functional

groups.

To analyze whether invertebrate herbivory was dependent on plant diversity and
productivity of the study sites we calculated for each site alog response ratio of aboveground

biomass:

(1) INRRg = In(Bcombined/Bcontrol),

where Beompined @Nd Beontrol represent biomass of the plant community in the combined and
the control treatment, respectively. Positive values of InNRRg indicate that pesticide application
increased community biomass whereas negative values of INRRg indicate a decrease in biomass

due to pesticide applications.

The InNRRg was calculated for each site and year, and regressed against pre-treatment

plant species richness and pre-treatment productivity using a similar repeated measures approach

12
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as described above. We used the pre-treatment data as explanatory variables to avoid a spurious
regression resulting from the same productivity in the dependent and the independent variables
(for adetailed discussion see Jackson 1997, Coupe and Cahill 2003). To test for a unimodal
relationship between herbivore impact and productivity as predicted by the exploitation
ecosystem hypothesis, we explicitly included a quadratic term. After analyzing their effects on
LnRRg separately, we simultaneously included plant diversity, productivity and its quadratic
term in the model to explore whether each of them has still an effect after correcting for the other

variable.

To evaluate general treatment effects on individual plant species, we calculated the log

response ratio (Hedges et al. 1999) for each plant speciesi as

2 INRRc(i) = IN(Combined(1)/Ceontral (1)),

where Ceombined(i) iS the cover of plant speciesi in the combined treatment and Ceontrol(i) iS
its cover in the control treatment, both averaged across all study sites and years. When a species
was absent from a study site over all years, thiswas treated as amissing value. A positive INRRc
indicates that the cover of a plant species did increase in response to pesticide application
whereas a hegative InRR¢ indicates the opposite. Only plant species recorded in more than 20%

of the study sites (i.e. the 37 most frequent plant species) were included in this analysis.

To analyze whether species’ responses to pesticide application were related to their

abundances, we calculated an ANCOVA on InRR¢ values using abundance data of individual

13
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species as covariate and site as afactor, and including the site x abundance interaction to test for
homogeneity of slopes. Abundance data per study site were averaged across al study yearsto
avoid too many zero values for which InRR¢ are not defined. Species abundances were taken
from the pre-treatment censusin 2002 to avoid that the same abundance data were used to
calculate the INRR¢ values. Rare plant species, i.e. species with a mean cover of < 3%

determined during the pre-treatment census in 2002, were not included in this analysis.
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RESULTS

The response of aboveground biomass to the pesticide treatments was similar in both June and
September, but aboveground biomass was always higher in June than in September. We
therefore only present results based on the annual sums. There were no significant differencesin
productivity between plots designated for the different treatments before the long term treatments
started (2002 harvest, data not shown). Plant species richness and productivity of the grassland
sites were not correlated in any year. When analyzing the untreated control plots of al sites,
productivity tended to decrease with increasing species richness, but the correlation was not

significant (2002-2006, Pearson’sr: -0.38 <r < -0.23, 0.20 < P < 0.43).

Effects of herbivore exclusion on aboveground biomass

Aboveground biomass was not influenced consistently by either the aboveground treatment or
the belowground treatment (Tab. 1). There was a highly significant interaction between the
belowground treatment and time, indicating that the effect of belowground herbivores depended
on conditions of the particular year. Thisis, for instance, reflected by the negative effect of soil
pesticide application on aboveground biomass in 2003 and its positive effect in 2004, while there
were no significant effectsin 2005 (Fig. 1). Across all years and sites, the average effect of
pesticide application on aboveground biomass was close to zero (mean INRRg = -0.01) whichis
in line with the results of the repeated measures ANOVA (Tab. 1). However, asindividua
grasslands responded quite differently, ranging from negative to positive responses (-0.25 to
0.32) we used a repeated measures analysis to investigate whether this variation in responses

could be explained by the diversity and productivity of the grasslands.
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Analysing the effects of diversity and productivity on herbivore impact separately,
revealed that the response of aboveground biomass to pesticide application was significantly
positively correlated with plant species richness (F1 11 = 10.59, P<0.007), i.e. invertebrate
herbivory had a positive effect on biomass in low diversity grasslands and a negative effect in
more diverse sites (Fig. 2). Furthermore, the response to pesticides was significantly negatively
correlated with site productivity (F111 = 6.75, P<0.025), i.e. herbivory had a negative effect on
plant community biomass in sites with generally low productivity and a positive effect in sites
with high productivity. We found no evidence for a unimodal relationship between herbivore
impact and productivity. However, the significant effect of site productivity vanished when
included together with plant diversity in the model (Tab. 2), which pointsto collinearity between
these two variables. The conclusion is that the response of plant community biomass to
invertebrate herbivore exclusion was depended on plant species richness but not on site

productivity (Fig. 2, Tab. 2).

Effects of herbivore exclusion on plant diversity and plant species composition

There were consistent and significant effects of belowground herbivore exclusion on plant
species richness. Exclusion of belowground herbivory significantly decreased plant species
richness by 1.44 + 0.15 (mean + SE) species m?, averaged across all years and study sites (Tab.
1, Fig. 3a). On the other hand, the aboveground treatment did not significantly affect species
richness, and we found no interaction between the two treatments (Tab. 1, Fig. 3a). Evenness
was significantly reduced by the combined treatment, but responses of evenness to the

aboveground or belowground treatments were more variable (Fig. 3b). The fact that the effect of
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the combined treatment was much higher than the sum of the effects of individual treatments on
their own indicates that the two pesticides acted synergistically rather than additively whichis
also expressed by the significant interaction term (Tab. 1). Time-treatment interactions were not

significant (Tab. 1).

The treatments significantly influenced plant species composition, measured as change in
cover of the different plant functional groups. In particular the exclusion of belowground
herbivores caused a significant increase in the cover of grasses by 31.25 + 2.63% (mean
averaged over al study sites and years + SE) and a significant decrease in the cover of erosulate
herbs by 3.14 + 0.68% (mean averaged over al study sites and years + SE) whereas the cover of
rosette and hemirosette herbs as well as of legumes was not affected (Tab. 1, Fig. 4, Appendix 1
for plant functional groups). By contrast, the aboveground treatment had no effect on cover of
any functional group, and there was no interaction between the bel owground and aboveground
treatments.

Because evenness was most strongly affected by the combined treatment (Fig. 3b), we
analyzed the response of individual plant speciesfor thistreatment only. The analysis of the log
response ratios (INRR¢) of the 37 most frequent plant species revealed that, averaged across all
study sites and years, two species were significantly positively affected and seven species were
significantly negatively affected by the combined treatment (Fig. 5). The two positively affected
species are the grass Festuca rubra and the legume Vicia cracca. Four of the seven negatively
affected species are hemirosette herbs. This result seems to contradict the results from the
repeated measure ANOV As, which revealed no significant response of the functional group of
hemirosette forbs (Tab. 1). Log response ratios of individual plant speciesto pesticide

application increased significantly with their abundance (F1, 159 = 3.98, P<0.05). Although

17
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average species responses differed between the study sites (Fi3, 189 = 3.68, P<0.001), dominant
species showed a consistently stronger response than less abundant speciesin all study sites

(interaction site x abundance not significant: Fi3 159 = 1.52, P=0.12).
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DiscussioN

Over aperiod of five years, we excluded above- and belowground herbivores from 14
extensively managed grasslands along existing gradients of plant diversity and productivity in
central Germany. Our first hypothesis, that invertebrate herbivores generally decrease
aboveground biomass, was not confirmed (Tab. 1, Fig. 1). In accordance with our second
hypothesis, invertebrate herbivores had a positive effect on plant species diversity as pesticide
application reduced both plant species richness and evenness (Tab. 1, Fig. 3). This particularly
applied to the exclusion of belowground herbivores which shifted plant functional composition
towards grasses at the expense of erosulate herbs. Our third hypothesis, that the effect of
herbivory on aboveground biomass decreases with increasing plant diversity and is strongest at
intermediate levels of primary productivity was also not confirmed. In contrast to our
expectation, productivity did not have a significant impact on the effect of herbivory. The impact
of plant species richness was surprising: the effect of herbivore exclusion on plant community
biomass was positively correlated with plant species richness, with negative effects at sites of
low diversity and positive at sites of high plant diversity. To our knowledge such a strong
connection of plant species richness to the effects of invertebrate herbivores on plant
communities has never been shown before. In the following, we will discuss experimental
restrictions of our study, explore possible mechanisms behind our findings and outline their

implications for biodiversity-ecosystem functioning research.

First, we would like to emphasize that invertebrate exclusion experiments are likely to
underestimate the real effects of herbivory, as the use of pesticides under field conditions usually
does not result in acomplete exclusion of invertebrates (see Coupe & Cahill 2003) - even when,

asin our study, they are applied frequently at high dosages just below the maximum
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recommended dosage. In our experiment, pesticides were effective in reducing insect density.
Our sites were mown twice a year, consequently there was no dense litter layer present
preventing pesticides from penetrating the soil. Extraction of soil invertebrates, carried out
accordingly to McFadyen (1962) and Kempson et al. (1963), revealed that the belowground
treatment was effective at least to a depth of 10 cm: we found that soil pesticide application
reduced abundance of soil invertebrates by 46% (excluding Collembola, Wilcoxon signed-rank
test, P = 0.036) and also caused a decrease in the overall number of invertebrate taxa found in the
soil by 47% (Wilcoxon signed-rank test, P = 0.016, Stein et al., unpublished data). These data
highlight the above mentioned fact that the application of pesticides does not result in a complete
exclusion of herbivores. Instead, by applying pesticides one rather compares the effect of an
intact herbivore community with that of aresistant subcommunity. A general weakness of using
pesticides are potentia side effects, such as physiological effects on plant growth. However,
greenhouse experiments on alarge number of plant species have shown that direct effects of the
pesticides used in our study on plant performance are negligible (Hector et al. 2004) or
nonexistent (Schadler et al. 2004b, Auge, unpublished data). A further complication of pesticide
useisthat al insects and not just herbivores are killed by these pesticides, possibly masking the
potential role of herbivores: when herbivores are normally controlled by parasitoids and
predators, pesticide use will result in no changes for the plant community (Siemann et al. 2004).
Finally, invertebrate decomposers and plant nutrient availability may also be affected by
pesticide use (Siemann et al. 2004, Schadler et al. 20044, Fountain et al. 2007). In our study, the
changes observed in the cover of plant functional groups could have been the result of a
fertilization effect due to the killing of belowground insects. In this case, however, we would

have expected a simultaneous increase in aboveground biomass, which was not observed. In
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addition, such afertilization effect would have been expected to be strongest in the first year of
application and much lower in subsequent years, when the insecticide treatment would have
killed eggs and small larvae early in their development. Even though we did not detect negative
effects of pesticides on the density of Collembola (Stein et al., unpublished data), there might be
effects on the dominance structure of the decomposer community asit has been shown in an old
field (Endlweber et al. 2006). Despite potential side effects, and even with the appropriate
caution in interpreting chains of causation, a number of previous studies have demonstrated that
the use of pesticidesis avaluable tool for studying herbivore effectsin terrestrial ecosystems
(Siemann et al. 2004). Furthermore, pesticides are so far the only way to selectively reduce
abundance of belowground insects, and hence insect herbivory, under natural conditions. Based
on the arguments above, we feel certain that our results are, at least for the most part, reflecting

the effects of invertebrate herbivores rather than possible side effects of pesticides.

Belowground invertebrates significantly affected plant diversity and functional group
composition of the investigated 14 grasslands. In response to the exclusion of belowground
invertebrates plant species richness and evenness decreased. Thisisin line with the conceptual
framework proposed by Hillebrand et al. (2007) who suggested that in communities where
productivity and dominance are high herbivores have a positive effect on plant species richness
and evenness. The dominant plant speciesin our sites, the grasses, became more dominant when
belowground herbivores were excluded and erosul ate herbs declined. However, an analysis of
the response of the most abundant plant species revealed that several hemirosette herbs were also
significantly affected (Fig. 5). Thus, the definition of functional groups based on one single
attribute — in our case growth form —is obviously not sufficient to predict plant species response

to invertebrate herbivory (Petchey 2004). One potential mechanism underlying the positive effect
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of the soil insecticide on grasses could be that belowground herbivores may generally be less
specialized than aboveground herbivores (Crawley 1983, Lal 2006 but see also) (Blossey and
Hunt-Joshi 2003), and feed as a consequence on the roots that are most abundant. Since grasses
typically have more extensive root systems than herbs (e.g., Kutschera 1960), they are also more
exposed to belowground herbivory and would consequently benefit most from the exclusion of
bel owground herbivory. While many grass species increased in cover, several grasses such as
Holcus lanatus or Arrhenaterum elatius did not increase, suggesting at |east some specificity in
the herbivore effect. In contrast to our study, previous investigations have found a promotion of
herbs in response to belowground herbivore exclusion (Brown and Gange 1989b, Brown and
Gange 1992). However, those studies were conducted in early successional plant communitiesin
which herbs represented the most abundant group, which is consistent with our hypothesis that
belowground herbivores are affecting the most abundant speciesin a community. In accordance
with this hypothesis, we found a consistently positive relationship between response to herbivory
and abundance of individual plant species across our study sites. There is a clear need for further
studies distinguishing whether the effect of belowground herbivoresis driven by their preference

for particular plant species or by plant abundance.

Effects of invertebrate herbivory on aboveground biomass were small and inconsistent
when averaged across the 14 sites. Our findings support a recent meta-analysis (Schadler et al.
2003) that also demonstrated high variability in effect size when insects and/or molluscs were
excluded in field experiments. Interestingly, however, in our experiment, 42% of the variancein
the aboveground biomass response to invertebrate herbivory could be attributed to plant species
richness in the study sites. Remarkably, invertebrate herbivory tended to have a positive effect on

biomass in low diversity grasslands and a negative effect in more diverse sites, thus excluding
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invertebrates using pesticides led to an increase in aboveground biomass only in the more diverse
sites (Fig. 2). Such a pattern was not reported in a recent meta-analysis of insect effects on
primary productivity in different herbaceous communities (Coupe and Cahill 2003). Using
experimental grassland, Mulder et a. (1999) aso found that more diverse grasslands gained
more biomass when herbivores were excluded but there was no indication of a negative effect of
pesticide use on biomass use in low-diversity mixtures. In adifferent grassland biodiversity
experiment, Scherber et a. (2006) found no increase in herbivore damage of individual plants
across agradient of 1 to 60 plant species. A previous study carried out in the same grasslands
that were used in the present study showed that damage caused by aboveground feeding
invertebrate herbivores, measured as percent leaf arearemoved, did decrease with increasing
plant species richness (Unsicker et al. 2006). However, the same study indicated that herbivory
was mainly due to generalist rather than specialist herbivores, with aphids being the most
abundant group. These and other results show that (1) the mechanisms that are hypothesized to
lead to a decrease in herbivore impact with increasing plant diversity (Pimentel 1961, Root 1973)
do not appear to apply universally and need to be studied in more detail, (2) herbivory as
measured as leaf arealoss or related quantities does not necessarily reflect herbivore impact at
the community level as plants may compensate for damage and differ in their response to it, (3)
insect abundance data or herbivore load may likewise be only poor predictors of herbivore effect
at the plant community level. Unfortunately, in order to understand how plant diversity
influences herbivore effects on the plant community it appears to be necessary to measure
simultaneously the response of both generalist and specialist herbivores (and their natural
enemies) to plant species richness, the resulting impact on individual plant species, and the

consequences at the community level. Such comprehensive studies have not been performed and
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our study also falls short of measuring all of these parameters. Studying herbivore effects on
plant-plant competition in detail in differently diverse plant communities may be very rewarding
as our study indicates that even an increase in community biomass under herbivory is possible

when species richnessis low.

The effect of invertebrate herbivores on aboveground biomass was not related to the
productivity of the plant communities. In contrast to previous studies (Fraser and Grime 1997,
Fraser 1998) our results are not consistent with the exploitation ecosystem hypothesis (Fretwell
1977, Oksanen et al. 1981, Fretwell 1987, Oksanen 1990). Instead, they support the suggestion
that this model does not apply to invertebrates (Schadler et a. 2003). For large mammalian
herbivores, Chase et al. (2000) have shown a decline in the effect size of herbivores on
aboveground biomass with increasing productivity of the plant communities. However, our study
suggests that effect size of invertebrate herbivoresis controlled by plant diversity rather than

productivity.

Our results emphasize the fact that invertebrate herbivores affect ecosystem functioning
(Weisser and Siemann 2004). However, in the studied grasslands, these effects varied with
specific ecosystem characteristics (plant diversity), and depended on the type of herbivory (i.e.
aboveground versus belowground herbivory). At our study sites, the effects of aboveground
herbivores were generally small in comparison to those of belowground herbivores. In
combination, above- and belowground herbivory seemed to affect plant diversity only in terms of
evenness synergistically rather than additively. Thisisin line with the results of previous studies
in early successional plant communities where observed effects were additive (Brown and Gange
1989b). Our results indicate that belowground herbivores can be important driversin semi-

natural grasslands. Since the main effect of invertebrate herbivory might be on root biomass (but
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see McNaughton et a. 1998), future studies should in particular examine belowground primary

productivity.

In conclusion, our results show that invertebrate herbivores can affect ecosystem
processes under field conditions, and that effect sizes can depend on species diversity of the plant
community. Furthermore, our results indicate that the influence of herbivores on a plant
community does not necessarily become evident in aboveground biomass. I nstead, plant
community composition measured as the contribution of plant functional groups to the
community, was more strongly affected by our treatments than total aboveground biomass.
Future studies should therefore include more measures of ecosystem functioning, and not just
aboveground biomass. Finally, our results emphasi ze the importance of longer-term studies.
While the effect of the combined treatment on evenness was already visible within one year of
study, the effects on productivity were quite variable so that the conclusions would have been
different had our study stopped after only one or two years (Figs. 2, 4). Because effects can be
subtle and may be influenced by interannual variation in temperature and rainfall patterns, short-

term studies may fail to elucidate such effects.
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TABLES

Table 1. Results of the repeated measures ANOV A (F-values) of the effect of pesticide treatments (above = aboveground pesticide, below =

belowground pesticide) on aboveground biomass, diversity (number of species and Shannon evenness), and on cover of plant functional groups.

Pesticides were applied during four years on 14 grassland sites. Significance levels are denoted with: * P < 0.05; ** P < 0.01; *** P < 0.001 after

adjusting the degrees of freedom by Greenhouse-Geisser Epsilon (error degrees of freedom are fewer for biomass because of missing values) and

after accounting for multiple comparisons with the Benjamini-Hochberg method (for each hypothesis).

Above- Plant Cover Cover Cover
Cover Cover
Effects d.f. ground species Evenness erosulate hemirosette rosette
grasses legumes
biomass richness herbs herbs herbs
Between subjects
Site 13,39 (36) 53.25*** 28.87*** 8.97%** 7.98*** 13.61*** 10.62%** 3.50** 4,15%**
Above 1,39(36) 2.61 0.71 6.64* 1.12 0.29 0.07 1.44 0.23
Below 1,39(36) 0.38 4.17* 10.47** 27.77%** 13.51** 0.55 0.15 1.93

36



Above* below 1,39 (36)

Within subjects

Time 3,117 (108)

Timex site 39, 117 (108)

Timex above 3,117 (108)

Timex below 3, 117 (108)

Time x above X
below

3, 117 (108)

Greenhouse-Geisser epsilon

112

26.66***

2.57%*

2.46

20.83***

0.87

0.92

0.57

1.43

1.62*

0.54

0.28

0.03

0.71

6.58*

18.20***

2.45%**

1.04

1.29

0.95

0.88

2.73

7.92%**

4.36***

1.65

1.73

2.23

0.89

0.01

0.76

2.87%**

1.68

2.29

0.26

0.75

0.49

5.74**

3.90***

0.26

2.87

0.31

0.72

0.32

2.49

2.40%**

0.59

1.68

123

0.87

0.45

1.65

2.10**

211

114

0.40

0.76
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637 Table2. Results of repeated measures analysis (F-values) for the log response ratio of

638  aboveground biomass responding to the combined application of above- and belowground

639  pesticides (LnRRg) depending on the diversity and productivity of the study sites. Pesticides

640  were applied over four years across 14 grassland sitesin Thuringia and Bavaria, Germany.

641  Significance levels are given after adjusting the degrees of freedom by Greenhouse-Geisser

642  Epsilon.
Effects d.f. F P
Between subject
Number of plant species 1,8 7.03 0.029
Productivity 1,8 0.73 0.42
Producitivity> 1, 8 1.11 0.32
Number of plant speciesx ., o 1.86 0.21
productivity
Within subjects
Time 3,24 0.50 0.63
Time x number of plgnt 3,24 0.14 0.88
species
Time x productivity 3,24 041 0.68
Time x productivity® 3, 24 0.41 0.68
Timex number of plant -, 0.93 0.42
species x productivity
GreenhouseGei§ser 0.72
epsilon
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FIGURE LEGENDS

Fig. 1. Aboveground biomass in untreated plots (“control”) and in plots treated with
aboveground pesticide and molluscicide (“above’), belowground pesticide (“below”), and in a
combination of above- and belowground pesticides (“combined”). Means (+ SE) were

calculated using 14 different grassland sites.

Fig. 2. Response of aboveground biomass (INRRg) of the 14 grassland sites to application of
above- and belowground pesticides (“combined” treatment) is positively correlated with plant
diversity (R? =0.38, P< 0.05). A positive InNRRg indicates that aboveground biomass
increases due to pesticide application whereas a negative InNRRg indicates the opposite. The
dotted line marks the base line of INRRg = 0. For reasons of illustration, curve isfitted using

simple regression (INRRg values for each site are averaged over 4 years).

Fig. 3. (@) Plant speciesrichness and (b) Shannon evenness in untreated plots (“control“), and
in plots treated with aboveground pesticide and molluscicide (“above’), belowground
pesticide (“below”), and in a combination of above- and belowground pesticides

(“combined”). Means (+ SE) were calculated using 14 different grassland sites.

Fig. 4. Cover of plant functional groupsin untreated plots (“control”) and in plots treated with
aboveground pesticide and molluscicide (“above’), belowground pesticide (“below”), and in a
combination of above- and belowground pesticides (“combined”). Means (= SE) were

calculated using 14 different grassland sites.
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Fig. 5. Theinfluence of above- and belowground pesticide application on the cover of plant
species. Bars represent the relative response of species cover (£ 95% confidence interval) to
the “combined” pesticide treatment relative to the control (averaged over 14 study sites and 4
years). A positive InRR¢ indicates that the cover of a plant speciesincreases due to pesticide
application whereas a negative InNRRc indicates a negative effect of pesticide application on

the plant species. *** P<0.001; ** P<0.01; * P<0.05; (*) P<0.1.
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