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A B S T R A C T

The structure and dynamics of insect community in grasslands can be influenced by grazing management
via altered characteristics of plant community. However, attempts to better understand the complex
relationships among plants, insects, and large herbivores is still hampered largely by the interactive
effects of plants, insects, and large grazers on each other. In this study, we test the hypothesis that the
effect of large herbivores on insect abundance is grazer species-specific and pre-grazing plant diversity-
dependent using an experiment with manipulating four grazing treatments (i.e., control, cattle, goats,
and sheep) at low, intermediate, and high plant diversity levels in a meadow steppe at northeast in China.
We show that grazing significantly increased the abundance of the entire insect community. The
abundance of each insect order responded differently to grazing treatments, with higher abundance of
Orthoptera and Homoptera under sheep grazing, enhanced abundance of Coleoptera and Diptera under
cattle grazing, and reduced Hemiptera abundance, but greater abundance of Lepidoptera under goats
grazing. Thus different treatments profoundly changed insect taxonomic composition. The six most
dominant species (Euchorthippus unicolor, Aelia nasuta, Trigonotylus ruficornis, Curculionidae sp.,
Coccinula quatuordecimpustulata, and Cicadellidae sp.) responded differently to grazing by large
herbivores, with either increased or decreased its abundance. The effects of grazing on insect abundance
were driven by their differential responsive mechanisms for vegetation. More importantly, the effects of
grazing on insect abundance at both order- and species-levels potentially depended on plant diversity
levels of pre-grazing. Our results suggest that different herbivore species should be used in the
background of different plant communities for better conservation of insect community in managed
grassland.
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1. Introduction

Insects are a major but often under-appreciated component of
terrestrial ecosystems (Belovsky and Slade, 2000; Bronstein et al.,
2006; Matt and Charlton, 2006). However, growing evidence
shows that insects are also experiencing local/regional species loss
or even global extinction (Collinge, 2000), and that the diversity of
insects apparently declines even more rapidly than that of
vertebrates and plants (Thomas et al., 2004). Therefore, under-
standing critical factors that determine their diversity and species
composition becomes an urgent task facing ecologists and
conservation biologists. Although many studies have identified a
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range of management factors that could contribute to changes in
insect communities in grassland ecosystems (Kruess and
Tscharntke, 2002a; Batáry et al., 2010), there is a need to integrate
these knowledge into predictive and adaptive ongoing manage-
ment options.

Livestock grazing is a key management tool in grasslands, and
its widespread prevalence has generated great interest in
understanding its ecological effects, especially for insects. Previous
studies show that grazing managements in grasslands can lead to
either lower (Gonzalez-Megias et al., 2004; Joern, 2005; Little-
wood, 2008), or higher insect abundance and richness (Cagnolo
et al., 2002; Ryder et al., 2005; Debano, 2006; Rosa-García et al.,
2009). Such conflicting results might partly derive from the
difference in grazing intensity (Kruess and Tscharntke, 2002b;
Cease et al., 2012), grazing season (Fonderflick et al., 2014), and
grazer species (Dolek and Geyer, 2002). Surprisingly, while most

http://crossmark.crossref.org/dialog/?doi=10.1016/j.agee.2015.07.008&domain=pdf
mailto:wangd@nenu.edu.cn
http://dx.doi.org/10.1016/j.agee.2015.07.008
http://dx.doi.org/10.1016/j.agee.2015.07.008
http://www.sciencedirect.com/science/journal/01678809
www.elsevier.com/locate/agee


246 H. Zhu et al. / Agriculture, Ecosystems and Environment 212 (2015) 245–252
efforts have been devoted to the effects of grazing intensity on
insect community, little attention has been given the effects of
grazer species (Jáuregui et al., 2008). Different large herbivore
species may alter vegetation features due to diet selection and
body size, potentially influencing insect community, because
grazing affect insect community through modifying plant com-
munities (Kruess and Tscharntke, 2002b; Jonas and Joern, 2007;
Zhu et al., 2012; van Klink et al., 2015). Therefore, the resulting
‘species-specific’ of grazing management difficultly renders the
development and application of general management principles
for biological conservation.

Food resources for herbivores are heterogeneously distributed
in most grasslands (Li and Reynolds, 1995; Wang et al., 2014), the
responses of plant community to large herbivores strongly depend
on the distribution of plant resources before grazing (Palmer et al.,
2003; Bakker et al., 2006). The difference in plant species diversity
is a typically important characteristic of heterogeneity, and diverse
plant communities can markedly affect foraging strategies of large
herbivores and their concomitant impacts on the dynamics of
vegetation itself (Bergvall et al., 2006; Miller et al., 2007; Wang
et al., 2011). Our previous work found that complex spatial
neighborhood of several plant species makes the palatable species
for herbivores to less selected, contributing to the maintenance of
plant diversity (Wang et al., 2010). This ‘plant species diversity
disaffinity’ may be an important factor influencing subsequent
herbivores’ impacts on plant community, which, in turn, conse-
quently impacts insect community. Therefore, understanding the
effects of grazing by large herbivores on insect community will
require explicit knowledge of pre-grazing plant diversity levels.

Our previous experimental efforts at the same grassland mainly
focus on the treatment effects on diversity. Zhu et al. (2012)
showed that large herbivores strongly affected insect species
richness by modifying plant structural heterogeneity, which
reversed the positive relationship between plant and insect
diversity. Zhong et al. (2014) found that the positive interactions
between large herbivores and grasshoppers were driven by
differential herbivore foraging preferences for plant resources
that break down the associational plant defense between grasses
and forbs. In contrast, the main goal of this study is to test the
effects of different large herbivore species on insect abundance at
different plant diversity levels. Although most extensive research
on the effects of livestock grazing on grassland insect abundance
has taken place, and has provided valuable insights (Littlewood,
2008; Cease et al., 2012), several important gaps in our knowledge
remain. Because not all species are sensitive to grazing, and the use
of taxonomic hierarchies such as order and species levels could be
advantageous in biodiversity assessments (Williams and Gaston,
1994). Thus, there is a pressing need for studies that examine how
insect community responds to livestock grazing at taxonomic
composition. In this study, as part of a previous, targeted
experiment to identify multiple species interactions (plants,
insects, and large herbivores) under large herbivore grazing at
different plant diversity levels, we examined that the responses of
insect abundance at both order- and species-levels to the
interactive effects of large herbivore grazing and plant diversity
of pre-grazing. Specifically, we test the hypothesis that the effect of
large herbivores on insect abundance is grazer species-specific and
pre-grazing plant diversity-dependent using a field experiment in
a meadow steppe at northeast in China.

2. Methods and materials

2.1. Study site

This study was conducted at the Grassland Ecological Research
Station of Northeast Normal University, Jilin Province, P.R. China
(44�450N, 123�450E). The site is in a meadow steppe region where
mean annual temperature and precipitation are from 4.6 �C to
6.4 �C, and 280–400 mm, respectively. Monthly mean temperature
ranges from �16 �C in January to 25 �C in July, and ninety percent of
the total precipitation is distributed from May to October. Annual
potential evaporation is approximately three times as much as the
mean annual precipitation. Soils are mixed saline and alkaline
(pH 8.5–10.0). The dominant plant species in meadow steppe that
lies in the eastern region of the Eurasian Steppe Zone is perennial
grasses, Leymus chinensis (Wang and Ba, 2008; Gao et al., 2008).
Other species include perennial and annual grasses such as
Phragmites australis, Calamagrostis epigejos and Chloris virgata,
legumes such as Lespedeza davurica, and forbs such as Potentilla
flagellaris, and Artemisia scoparia.

2.2. Experimental design and grazing treatments

To test the interactive effects of large herbivore species and
plant diversity of pre-grazing on insect community, three plant
diversity levels and three single grazer species were selected. In
this study, 9 blocks (each for 0.3 ha in size) with flat topography
and similar soil type were established. The nine blocks investigated
were classified into three plant diversity levels: low (4–5 species),
intermediate (8–9 species), and high (15–17 species) based on
vegetation investigation of pre-grazing, with three blocks (three
replicates) for each plant diversity level. Each block for each plant
diversity level was one plant community, and the plant community
composition (species, and individual number of each plant species)
that was similar with other blocks in same plant diversity level, and
was different from the blocks in other plant diversity levels.
Detailed descriptions of experimental plant diversity treatments of
pre-grazing can be found in Zhu et al. (2012). Grazing treatments
were nested within the block of each plant diversity treatment, and
no grazing and three single grazing treatments with one grazer in
each grazed plot were used. That is, each block was composed of
four plots (each for 0.05 ha in size) enclosed with barbwire.
Neighboring plots within each block were separated by 18–20 m.
The four grazing treatments were assigned randomly to the four
plots in each of the nine blocks as follows: (1) no livestock grazing
(control); (2) grazing by cattle (a hybrid of native and yellow
breed), and two cattle (221 �5.5 kg) per plot (= 7.14 sheep ha�1);
(3) grazing by goats (Liaoning Cashmere breed), and eight goats
(34 �1.6 kg) per plot (= 7.08 sheep ha�1); (4) grazing by sheep
(small-tail Han breed), and eight sheep (33 � 1.6 kg) per plot
(= 7.21 sheep ha�1).

Intermediate grazing intensity (50–65% of the available forage
was removed) was used in all grazed plots. The similar grazing
pressure (sheep unit per hectare) among cattle, goats, and sheep
was gained by calculating the intake and body weight of each
individual of the three grazers. The plots were grazed by livestock
from the second week of July in 2007 and 2008 when new growth
ensured sufficient forage for grazing. Grazing was conducted twice
per day: from 06:00 to 08:00 AM and from 16:00 to 18:00 PM
during their normal grazing time and was terminated when about
60% of the available forage was removed (about 10–15 d within
each month). Large herbivores were not allowed to graze the plots
that were visibly wet or following measurable rain (10 mm).
Vegetation and insects were assessed after 1.5 years of grazing
treatments.

2.3. Vegetation measurements

All plots were sampled in July, August, September, and October
in 2008. Plant species richness, the individual number, height, and
cover of each species were assessed within ten quadrats
(0.25 � 0.25 m) arranged evenly along each of two 20 m cater-



Fig. 1. The effects of grazing treatments (control, cattle, goats, and sheep) on plant
Shannon–Wiener index at low, intermediate, and high plant diversity levels. Values
shown are means � S.E. Letters (a, b; x, y; A, AB, B) indicated significant differences
in plant Shannon–Wiener index among different grazing treatments at low,
intermediate, and high plant diversity levels, respectively (P < 0.05).
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corner transects in each plot. Structural heterogeneity was
estimated as the coefficient of variation (CV) of plant height.
Aboveground plant biomass was measured by collecting plant
materials from five randomly located 0.5 � 0.5 m quadrats per plot.
Plant samples were clipped to 1 cm above the soil surface with
pruning shears. Plants samples were air forced oven-dried for 48 h
at 80 �C, and weighed. Some vegetation attributes, such as plant
species richness, plant cover, plant height, plant structural
heterogeneity, and plant biomass in this study were calculated
in our previous paper (Zhu et al., 2012), and here we did not show
these results. Plant diversity (Shannon–Wiener index) was

calculated as H = �Ss
1ðPi � lnPiÞ, where Pi is the proportion of

individuals represented by species i, and s is the number of plant
species.

2.4. Insect sampling and identification

Insect sampling was carried out four times from July to October
in 2008. We followed sweep net survey method using a light
muslin net (40 cm in diameter) along two 2-m wide and 25-m long
parallel transects to estimate insect species richness and abun-
dance (Evans et al., 1983; Schaffers et al., 2008). These transects
were at least 2 m away from the plot boundary to minimize edge
effect. On each transect 15 sweeps at 1 m interval were performed
above ground level through the vegetation. Each sample consisted
of 30 sweeps and two samples were carried out in each plot to
ensure that those samples were representative of each sampling
date. Insect specimens were collected under favorable monitoring
conditions (sunny days with minimal cloud cover and calm or no
wind), from 09:00 AM to 15:00 PM. In the experimental area, all
grazed plots were visited on the same day and in random order in
each sampling date. The contents of the sweep net were preserved
in bottles containing ethyl acetate.

All collected individuals were sorted into 9 orders: Orthoptera,
Hemiptera, Coleoptera, Diptera, Hymenoptera, Homoptera, Lepi-
doptera, Mantodea, and Neuroptera. And furthermore, all individ-
uals were identified to species, and specimens that could not be
identified to species were separated into recognizable taxonomic
units. Nymphs were not considered due to problems of species
identification (4.72% of overall samplings). Insect abundance, such
as total insects, each order, and each species, was recorded as the
accumulative abundance (excluding nymphs) throughout sam-
pling periods in a given experimental year. The ratio in abundance
of each insect species (all 147 species) was calculated. In this study,
Euchorthippus unicolor (43.9%), Cicadellidae sp. (24.5%), Curculio-
nidae sp. (2.4%), Trigonotylus ruficornis (1.5%), Coccinula quatuor-
decimpustulata (1.5%), Aelia nasuta (0.8%) were relatively dominant
species.

2.5. Statistical analyses

Three-way ANOVAS with a split-plot design were carried out to
test the main and interactive effects of block, plant diversity, and
grazing by large herbivores on the plant Shannon–Wiener index
and insect abundance in experimental year. General Linear Model
(GLM) with a Tukey test was used to examine the statistical
difference in the mean values of the treatments and specific
comparisons between different groups of treatments were
performed using LSMEANS statement of this procedure. Effects
of blocks were tested together with the treatments in all the above
analyses, but they were not discussed in this study due to
insignificant effects on measured variables. Data were further
analyzed the effects of grazing breed using one-way ANOVA within
each plant diversity level. The relationships between plant
Shannon–Wiener index and the abundance of total insects and
the six dominant species were analyzed by using linear regres-
sions. These analyses were performed using SAS version 6.12
(SAS Institute Inc., 1989). Significant level was set at P < 0.05.

The relationship between abundance of each insect order and
vegetation properties were analyzed by multivariate ordination
redundancy analysis (RDA) using the program CANOCO 4.5
(ter Braak and Šmihauer, 1998). The RDA was applied considering
treatment plots as samples, the abundance of insect orders as
species, and plant species richness, the cover and height of plant
community, variation in plant height, plant biomass (these
vegetation data resulted from our previous results, see
Zhu et al., 2012), and plant Shannon–Wiener index, as environ-
mental variables. Forward selection with Monte Carlo permuta-
tions (999 unrestricted permutations) was used to assess the plant
variables showing significant (inflation factor < 20, P < 0.05) on the
variation within the insect order abundance data. Only significant
variables were included in the model, which was tested using an
unrestricted Monte Carlo permutation test (999 permutations).
Insect abundance data were log-transformed prior to analysis.

3. Results

3.1. Effects on plant Shannon–Wiener index

There were significant interactive effects of plant diversity
levels of pre-grazing and large herbivores on the plant Shannon–
Wiener index (F6, 22 = 3.895, P = 0.007), as well as plant diversity
levels of pre-grazing (F2, 22 = 123.71, P < 0.0001) and grazing
treatments (F3, 22 = 25.783, P < 0.0001). Plant Shannon–Wiener
index was higher in grazed plots by cattle and sheep than that in
control and grazed plots by goat at low plant diversity level. It was
also higher in all grazed plots than in control plots at both
intermediate and high plant diversity levels (Fig. 1).

3.2. Effects on insect abundance

Significant interactive effects of plant diversity and large
herbivore species on total insect abundance were detected
(Table 1). At low plant diversity level, total insect abundance
was higher in grazed plots by cattle and sheep than that of control
plots, and was higher in grazed plots by goats than that of other
plots at intermediate plant diversity level, was higher in grazed
plots by goats and sheep than that of non-grazed and cattle grazed
plots at high plant diversity level (Table 1).



Table 1
The effects of block, plant diversity, grazing breed, and their interaction on insect abundance based on the following categories: total insects, Orthroptera, Hemiptera,
Coleoptera, Diptera, Hymenoptera, Lepidoptera, Homoptera, Mantodea, and Neuroptera.

Insect taxa Plant diversity level Grazing breed treatment Effects of

Control Cattle Goats Sheep Block Plant diversity
(PD)

Grazing breed
(GB)

PD*GB

Total insects Low 354.7 � 12.8c 566.7 � 22.3b 477.3 � 23.8bc 722.3 � 44.2a NS *** *** **
Intermediate 680 � 67.1b 679.3 � 31.4b 1093.3 � 42.7a 796 � 63.5b
High 739 � 53.8b 790.7 � 45.8b 1116 � 65.51a 1131 � 91.4a

Orthoptera Low 211 � 7.8b 321.7 � 21.1a 218.7 � 18.3b 327 � 2.6a NS *** ** **
Intermediate 538 � 68.9a 287.7 � 19.1b 339 � 20.6ab 401.3 � 51.8ab
High 623.7 � 49.4ab 516.7 � 48.3b 775 � 69.7ab 842 � 103.5a

Hemiptera Low 21 � 7.9b 53.7 � 6.9a 39.7 � 6ab 28.7 � 2.9ab NS *** * **
Intermediate 15 � 2.7a 20 � 3.5a 23 � 3.6a 29 � 6.3a
High 16.7 � 3.3a 7.7 � 1.5a 15 � 2.1a 7.3 � 1.2a

Coleptera Low 35 � 4.6b 37.7 � 7.7b 71.7 � 8.4a 34.3 � 4.8b NS *** ** **
Intermediate 45 � 6.7b 32.7 � 12.1b 55.3 � 12.4ab 95.7 � 12.3a
High 22 � 3.6a 21 � 4.4a 29.3 � 5.4a 24 � 0.6a

Diptera Low 40.7 � 5.2b 58 � 6.5ab 48 � 3.6ab 64 � 3.5a NS *** *** ***
Intermediate 21.3 � 1.5b 66 � 9.3a 25 � 8.7b 70.3 � 3.8a
High 29.3 � 3.7a 20.3 � 4.5a 29.7 � 6.3a 18.3 � 2.4a

Hymenoptera Low 2 � 0.6a 3.7 � 0.3a 2.7 � 1.4a 4.3 � 0.9a NS NS NS NS
Intermediate 5.7 � 1.8a 2.3 � 0.3a 4.3 � 0.7a 3 � 0a
High 5.7 � 1.2a 2.3 � 1.2a 5.7 � 0.3a 3 � 1.1a

Homoptera Low 35.3 � 0.3b 88.3 � 8.8b 91.7 � 20.8b 260 � 48.6a NS *** *** ***
Intermediate 34.3 � 11.9d 262.7 � 12.8b 642 � 11.9a 190 � 9.4c
High 17.7 � 4.7c 214.3 � 3.7b 252.3 � 2.7a 229 � 14.8ab

Lepidoptera Low 7.7 � 1.2a 2.3 � 1.3b 2.7 � 0.9ab 3 � 1.1ab NS ** ** NS
Intermediate 5.7 � 1.7a 4.3 � 2.2a 4 � 3.1a 4 � 2.1a
High 22 � 6.1a 6.7 � 2.1b 6.7 � 1.4b 6 � 1.5b

Mantodea Low 1 � 0.3a 0.7 � 0.3a 0.7 � 0.3a 1 � 0.3a NS NS NS NS
Intermediate 1.3 � 0.9a 0a 0a 0a
High 0.3 � 0.1a 0a 0a 0.3 � 0.1a

Neuroptera Low 1 � 0.6a 0.7 � 0.3a 1.7 � 0.9a 0a NS NS NS NS
Intermediate 13.7 � 7.8a 3.7 � 1.2a 0.7 � 0.3a 2.7 � 1.4a
High 1.7 � 0.9a 1.7 � 0.9a 2.3 � 1.4a 1 � 0.3a

Note: value was mean � SE; different small letters indicate significant difference among grazing treatments; Significance level: *P < 0.05, **P < 0.01, ***P < 0.001; NS: not
significant (P > 0.05).
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Insect abundance and vegetation relationships were examined.
Total insect abundance was positively related to plant Shannon–
Fig. 2. Relationships between plant Shannon–Wiener index and total insect
abundance in grazing treatments with low, intermediate, and high plant diversity
levels. For each insect species, twelve points in grazing treatment at each plant
diversity level, resulting in n = 36 in three plant diversity levels for linear regressions
analysis (y = 190.551x + 484.76).
Wiener index (Fig. 2). RDA on insect abundance constrained by
vegetation was performed to quantify the effects of vegetation on
variation in abundance of each insect order (Fig. 3 and Table 2).
Fig. 3. Insect taxonomic composition (orders) in relation to grazing and vegetation
environmental variables based on RDA. Significant vegetation variables are shown
(inflation factor <20, P < 0.05).



Table 2
Eigenvalues cumulative variance (%) of species data and species–environment correlation coefficients for the first two axes obtained by RDA using a reduced set of
environmental variables procedure. Both value and significance (after 999 Monte Carlo permutations) for the models are given.

Variables Axis 1 Axis 2 Axis 3 Axis 4 F P

Eigenvalues 0.2312 0.1939 0.0349 0.0138 8.16 0.001
Species–environment correlations 0.7793 0.8814 0.5903 0.4725
Cumulative percentage variance of species data 23.12 42.52 46.01 47.39
umulative percentage variance of species–environment relation 47.89 88.05 95.28 98.15
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Axis 1 explained most of the variation in insect abundance. The
first axis of the RDA was positively correlated with height
(R2 = 0.69, F1, 34 = 12.451, P = 0.001), but negatively related with
plant Shannon–Wiener index (R2 = 0.496, F1, 34 = 26.457, P
< 0.0001), and biomass (R2 = 0.149, F1, 34 = 5.941, P = 0.02). The
RDA second axis was positively correlated with plant cover
(R2 = 0.415, F1, 34 = 24.099, P < 0.0001), height (R2 = 0.322, F1,
34 = 16.121, P < 0.0001), and biomass (R2 = 0.195, F1, 34 = 8.241,
P = 0.007). All the vegetation data together could explain 48.3%
of the variation in abundance of insect orders (F = 9.218, df = 6,
P < 0.0001). Variable explaining the largest statistically significant
amount of variation was plant Shannon–Wiener index (F = 10.352,
df = 6, P < 0.0001). Plant Shannon–Wiener index could explained
the largest statistically significant amount of the variance in insect
orders abundance (18.6%, F = 114.583, df = 6, P < 0.0001).

At the order level, the interactive effects of plant diversity and
large herbivore grazing were found on Orthoptera, Hemiptera,
Coleoptera, Diptera, and Homoptera, but not on Lepidoptera,
Hymenoptera, Mantodea, and Neuroptera. At low plant diversity,
the abundance of Orthoptera and Diptera was higher under cattle
and goat grazing than sheep grazing and control, Hemiptera had
higher abundance under cattle and sheep grazing than goat grazing
and control, Coleoptera abundance was lower in the control, cattle
and goats grazed plots than in sheep grazed plots, Homoptera was
more abundant in the plots grazed by cattle, goats, and sheep
compared to control, and Lepidoptera showed the opposite
patterns (Table 1). At intermediate plant diversity level, Orthoptera
abundance in the control was higher than that of other grazed
plots, Coleoptera abundance was higher in goat grazed plots than
that of other grazed plots, Diptera abundance was lower in grazed
plots by cattle and goats than that of control and sheep, and
Homoptera abundance was lower in sheep grazed plots than that
of other grazed plots (Table 1). At high plant diversity level,
Orthopetra abundance reduced in cattle grazed plots, but
increased in goats and sheep grazed plots, relative to the control,
the abundance of Hemiptera and Lepidoptera were lower under
grazing by cattle, goats, and sheep, but that of Homoptera was
higher compared to control (Table 1).

At the species level, significant effects of plant diversity, grazing
breed, and their interactions were found on the abundance of five
dominant insect species, including E. unicolor, T. ruficornis, A.
nasuta, Curculionidae sp., Cicadellidae sp., but not for C.
quatuordecimpustulata, excluding for plant diversity-effects
(Table 3). The abundance of E. unicolor was higher in the control
Table 3
Results of three-way ANOVA for the effects of Block, plant diversity, and grazing breed an
unicolor,Trigonotylus ruficornis, Aelia nasuta, Coccinula quatuordecimpustulata, Curculion

E. unicolor T. ruficornis A. nasuta 

d.f. F P F P F P

Block 2,24 0.643 0.381 1.251 0.302 1.485 0
Plant diversity (PD) 2,224 44.964 <0.0001 27.635 <0.0001 40.836 <

Breed 3,324 7.222 0.001 6.566 0.002 3.134 0
PD � breed 6,24 4.348 0.004 6.638 <0.0001 6.476 <
than that in grazed plots by cattle and sheep at low plant diversity
level, and was lower than that of grazed plots by sheep at
intermediate plant diversity level and by goats in high plant
diversity level (Fig. 4a). T. ruficornis decreased in abundance in the
grazed plots by goats and sheep at low and by cattle and sheep
intermediate plant diversity levels than that of the control (Fig. 4b).
The abundance of A. nasuta was lower in grazed plots at low plant
diversity, and was higher in grazed plots at intermediate plant
diversity level except for the grazed plots by cattle (Fig. 4c). C.
quatuordecimpustulata was more abundant in grazed plots than
that of the control at intermediate plant diversity level, but was
less in grazed plots by goats and sheep at high plant diversity level
(Fig. 4d). Curcullionoidca sp. had lower abundance in the control
than that of grazed plots (Fig. 4e). The abundance of Cicadellidae
sp. was higher in grazed plots by goats and was lower in grazed
plots by sheep at low plant diversity level, and was higher in grazed
plots by cattle and was lower in grazed plots by goats and sheep at
intermediate plant diversity level, and was higher in grazed plots
by cattle and was lower in grazed plots by sheep at high plant
diversity level (Fig. 4f).

The abundance of E. unicolor and Cicadellidae sp. significantly
increased with increasing plant Shannon–Wiener index (Fig. 4g
and m). The abundance of T. ruficornis and A. nasuta significantly
decreased with increasing plant Shannon–Wiener index (Fig. 4h
and i). However, the abundance of Curculionidae sp. and C.
quatuordecimpustulata was not correlated to plant Shannon–
Wiener index (Fig. 4j and k).

4. Discussion

Although it may be intuitive to assume that the effects of
different large herbivore species on vegetation characteristics
could also be seen at higher trophic levels (Jáuregui et al., 2008),
such cascading effect has rarely been well-quantified. Our results
show that the effects of large herbivores on insect community are
grazer species-specific; and more importantly, depending on plant
diversity of pre-grazing (Table 1 and 3). Consequently, despite our
accumulated knowledge about the role of individual factors such
as grazing management or plant diversity, the lack of clear
understanding on their interactive effects (e.g., plant diversity �
large herbivore species) may have led to coarse predictions about
insect community in the past (Sjödin et al., 2008; Zhu et al., 2012).

Our previous study showed detailed response of overall insect
species richness to large herbivore grazing at different plant
d their interactions on the abundance of six dominant insect species: Euchorthppus
idae sp., Cicadellidae sp.

Curculionidae sp. C. quatuordecimpustulata Cicadellidae sp.

 F P F P F P

.246 0.457 0.623 1.482 0.243 0.086 0.87
0.0001 71.943 <0.0001 5.317 0.012 244.9 <0.0001
.044 6.555 0.002 1.377 0.274 411.63 <0.0001
0.0001 5.078 0.002 2.339 0.064 192.45 <0.0001



Fig. 4. The effects of grazing treatments (control, cattle, goats, and sheep) on insect
abundance at low, intermediate, and high plant diversity levels, and the
relationships between the abundance of each insect species and plant Shannon–
Wiener index in grazing treatments with the three plant diversity levels. (a, g)
Euchorthippus unicolor, (b, h) Trigonotylus ruficornis, (c, i) Aelia nasuta, (d, j) Coccinula
quatuordecimpustulata, (e, k) Curculionidae sp., (f, m) Cicadellidae sp. Values shown
are means � S.E. Small letters (a, ab, b, c; A, AB, B, C, D; x, xy, y, z) indicated
significant differences in insect abundance among different grazing treatments at
low, intermediate, and high plant diversity levels respectively (P < 0.05). For each
insect species, twelve points in grazing treatment at each plant diversity level,
resulting in n = 36 in three plant diversity levels for linear regressions analysis (E.
unicolor: y = 110.49x + 172.4, T. ruficornis: y = �5.62x + 19.74, A. nasuta: y = �5.68x +
14.1, C. quatuordecimpustulata: y = 1.806x + 8.677, Curculionidae sp.: y = �3.13x +
23.009, Cicadellidae sp.: y = 114.9x + 17.2).
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diversity levels (Zhu et al., 2012). In comparison, this study shows
that grazing by large herbivores greatly changed insect abundance
(Table 1), which are consistent with the observations in a semi-arid
grassland (Debano, 2006) and a Montane grassland (Cagnolo et al.,
2002). Generally, large herbivores affect insect community by
modifying vegetation characteristics, especially species richness
(Joern, 2005), structural complexity (Pöyry et al., 2006; KÅrösi
et al., 2012), and productivity (Perner et al., 2005). Whether
grazing alters insect community depends on how herbivores may
influence these vegetation variables. Grazing could reduce plant
cover, height, structural heterogeneity, and biomass (see Zhu et al.,
2012), but these altered vegetation characteristics cannot explain
the variation of insect abundance. This observation differs from
previous studies, where difference in insect abundance is
attributed to alterations in plant productivity and plant structure
(Perner et al., 2005; Pöyry et al., 2006; Woodcock et al., 2009). We
therefore propose that our empirical evidence points to plant
Shannon–Wiener index for the increased insect abundance
following grazing by large herbivores. In our experiment, grazing
by large herbivores increased plant Shannon–Wiener index, which
was perfectly matched by changes in insect abundance (Table 1
and Fig. 1), when a positive relationship between insect abundance
and plant Shannon–Wiener index was found (Fig. 2). This is further
evidenced in our RDA analysis (Table 2 and Fig. 3). Plant Shannon–
Wiener index includes both species richness and evenness
information, and is closely related to spatial heterogeneity of
vegetation (Wang et al., 2014). Higher plant Shannon–Wiener
index induced by grazing may support more insects due to higher
spatial heterogeneity that provide habitat and food resources for
insects.

At the order-level, different insect orders exhibited various
responses to each grazing treatment, which was similar with other
cases where higher numbers of beetles and bugs, and unchanged
abundance of flies and caterpillars in the less-grazing treatments
were found (Dennis et al., 2008), lower numbers of bees and
butterflies were detected (Sjödin et al., 2008). In this study, grazing
had a positive impact on the abundance of Orthoptera, and
Homoptera, and a negative impact on Lepidoptera abundance
(Table 1). Clearly, both insect habits and surrounding environmen-
tal features could affect their responses to grazing (Dennis et al.,
1998; Specht et al., 2008). RDA analysis indicated that Orthoptera
may be affected by changes in plant species richness, and
Lepidoptera and Hymenoptera may be closely correlated with
plant biomass, while other groups including Coleoptera, Diptera,
and Hemiptera seemed to respond mainly to plant structural
characteristics (Fig. 3). Most Orthoptera are herbivores, food
quality may be more important for their development (Berner
et al., 2005), which likely lead to plant Shannon–Wiener might be
more important than plant biomass. In contrast, Lepidoptera and
Hymenoptera were more affected by plant biomass due to their
need for food quantity and insect lifestyles (their larva need
abundant foods for development toward adulthood). However, for
other insect orders, plant community structure may be important
owing to habitat selection, e.g., for oviposition or refuges (Morris,
2000). More evidence of insect responses to grazing is lacking, and
needs to be explored in the future.

At the species-level, grazing strongly affected the abundance of
each insect species, and the effects were grazer-specific (Table 3).
For example, the abundance of E. unicolor and Cicadellidae sp.
increased in grazed treatments (Fig. 4a and f), and show a positive
relationship along with plant Shannon–Wiener index (Fig. 4g and
m). The abundance of T. ruficornis and A. nasuta, two species of
Hemiptera, decreased in grazed plots (Fig. 4b and c), indicating that
the insects would be unable to tolerate such conditions. The
decline in abundance of the two Hemiptera species may be due to
structural variations induced by grazing, but not plant Shannon–
Wiener index, because the coverage and height of plant
community significantly decreased in grazing treatments (Zhu
et al., 2012). The explanations that the abundance of dominant
species of Orthoptera and Hemiptera were affected by grazing
through modifying plant community were consistent with RDA
analysis (Fig. 3). The changes in abundance of Curculionidae sp.
and C. quatuordecimpustulata were not consistent across grazed
plots (Fig. 4d and e), but unfortunately we were unable to identify
the mechanisms. Nevertheless, our results show that not all insect
species are susceptible to grazing by large herbivores, implying
that sensitive insect species would be conserved in grazed
grasslands.
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Results from the study showed that changes in insect
abundance of not all orders may be largely attributed to altered
abundance of dominant species in response to grazing by large
herbivores, rather than the contributions of altered abundance of
each species at the order, such observations indicate that
alterations at order and species levels would be considered for
better conservation of insect diversity in grazed grasslands.
Additionally, we recognize that some caution must be taken with
respect to interpreting our data due to our sweep sampling,
because highly mobile insects such as grasshoppers influence the
abundance at the time of sweeping. While sweep netting does not
sample all insects in the community, community measures
obtained from sweep netting have been shown to be highly
correlated with insects sampled by other methods at grasslands
(Siemann 1998; Haddad et al. 2009), particularly suction sampling
at this experimental site (H. Zhu et al., unpublished data). Despite
the fact that we cannot ascertain the accurate responses of insects
to grazing by large herbivores due to their movements, our data
seem to support the conclusion that grazing treatments have
significant effects on insect abundance over the experimental
periods.

Another finding in this study is that the effects of grazing by
large herbivores on insect abundance depend on plant diversity of
pre-grazing (Table 1 and 3). At low plant diversity level, cattle and
sheep grazing have larger effect than goats, but this trend is not
apparent at intermediate and high plant diversity levels. Due to
differences in diet and body size among cattle, goats, and sheep,
their foraging and trampling have different effects on plant
community (Fig. 1, Zhu et al., 2012), and then could cascade to
insect community (Table 1). The changes in plant communities
under grazing by large herbivores strongly depend on plant
species richness of pre-grazing (Table 1, and see Wang et al.,
2011). Thus, it is clear that the responses of insect community in
grazed grassland ecosystems strongly depend on two major
factors: i.e., large herbivore species and plant diversity of pre-
grazing. The mechanisms underlying the variation in insect
community, however, require further detailed examination and
evaluation. Our results highlight the need for further examing
different taxa in order to obtain a more complete picture of how
grazing impacts invertebrate community, though simultaneous
focus on multi-trophic levels would be helpful (Hartley et al.,
2003; Potts et al., 2009).

5. Conclusions

Our results clearly show interactive effects of large herbivores
(as ecosystem engineers) and plants on insect abundance at both
order and species levels, and indicate an advantage of using
taxonomic hierarchies as well as species richness in assessing the
effects of grazing on invertebrate communities. As our under-
standing of species interactions at multiple trophic levels in
grassland ecosystems (Carvell, 2002) is still weak, our study offers
new insights regarding the important cascading effects involving
three major species groups. For example, the outcome of grazing by
large herbivores on insects clearly depends on the plant diversity of
pre-grazing. In our grassland system, plant resources are highly
heterogeneous, and the responses of insect community are
significantly different across diverse plant communities and under
different managements, especially of grazing by different large
herbivore species. Better understanding the complex relationships
among plants, insects, and large herbivores will facilitate future
efforts to effectively balance the trade-offs between conservation
of plants and insects and animal production to maintain
sustainability in grasslands.
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