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Abstract
Introduced ecosystem engineers are expected to have extensive ecological impacts on a broad range of resident biota by alter-
ing the physical–chemical structure of ecosystems. Livestock that are potentially important introduced ecosystem engineers 
in grassland systems could create and/or modify habitats for native plant-dwelling insects. Yet, there is little knowledge 
of how insects respond to engineering effects of introduced livestock. To bridge this gap, we tested how domestic sheep 
affects the behavior and abundance of a native grasshopper Euchorthippus unicolor at both low (11.8 ± 0.4 plant species per 
plot) and high (19.8 ± 0.5 plant species per plot) diversity sites. Results found grasshoppers shifted their resting and feeding 
locations from the upper to the intermediate or low layers of vegetation, and fed on more plants species following livestock 
engineering effects. In the low plant diversity habitats, grazing caused grasshoppers to increase switching frequency, spend 
more time searching for host plants, and reduce time spent feeding, but had opposite effects on all the three behaviors in the 
high-diversity habitats. Moreover, grazing engineering effects on behavioral changes of grasshoppers were potentially related 
to their abundance. Overall, this study highlights native insect species’ behavior and abundance in responses to introduced 
ecological engineers, and suggests that ecosystem engineers of non-native species have strong and important impacts extend-
ing beyond their often most obvious and frequently documented direct ecological effects.

Keywords Abundance · Behavioral activity · Grasshoppers · Introduced ecosystem engineers · Livestock grazing · Plant 
species diversity

Introduction

Because the majority of grasslands globally are used for 
livestock grazing (Suttie et al. 2005), livestock are influen-
tial and have spatially- and temporally-extensive effects on 
ecological structure of native communities, such as plant 
community composition (Waldram et al. 2008; Eldridge 
et al. 2016; Coggan et al. 2018). Thus, livestock, due to 
their high abundance and novel disturbance (Jones et al. 
1994), are potentially important introduced ecosystem engi-
neers, although they have usually been considered agents of 
anthropogenic disturbance. Such engineering effects have 
the potential to cascade to plant-dwelling insects, including 
grasshoppers that are primary consumers in grassland sys-
tems (Zhong et al. 2017; Gardiner 2018). Livestock grazing 
has been shown to both increase and decrease grasshopper 
abundance in different grasslands (Huntzinger et al. 2008; 
Davidson et al. 2010; Welti et al. 2019; Zhu et al. 2020a), 
and these contrasting results likely arise from the complex 

Communicated by Diethart Matthies.

Deli Wang and Venuste Nkurunziza contributed equally to this 
work.

 * Hui Zhu 
 zhuh824@nenu.edu.cn

1 Institute of Grassland Science/School of Environment, 
Northeast Normal University, Key Laboratory of Vegetation 
Ecology, Ministry of Education, Changchun 130024, Jilin, 
China

2 Department of Biology, San Diego State University, 
San Diego, CA 92182, USA

3 School of Life Sciences, Northeast Normal University, 
Changchun 130024, Jilin, China

http://orcid.org/0000-0003-0348-5560
http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-021-04880-4&domain=pdf


1008 Oecologia (2021) 195:1007–1018

1 3

relationships between grazing, habitat structure, and the 
behaviors of grasshoppers that influence their fitness, like 
feeding, thermoregulation, and migration (Gardiner 2018; 
Zhu et al. 2020b). For insects, vegetation structure and 
microclimatic conditions play a central role in regulating 
their behavioral traits (Clissold et al. 2013; Ibanez et al. 
2013; Knolhoff and Heckel 2014), and livestock grazing 
is expected to have extensive ecological impacts on these 
characteristics by altering the physical–chemical structure of 
grassland (Wang et al. 2019; Filazzola et al. 2020), thereby 
changing the behavioral activities of resident grasshoppers. 
Furthermore, behavioral responses can drive abundance 
changes (Zhu et al. 2020b), so understanding the effects of 
livestock as introduced ecosystem engineers on grasshopper 
behavior may inform their population dynamics (Song and 
Feldman 2013; Zhong et al. 2017), and also help to better 
identify the general impacts of introduced ecosystem engi-
neers on native species.

Ecosystem engineers are often native species that alter the 
physical structure of their habitats in ways that impact other 
organisms with which they share their habitats (Jones et al. 
1994). These impacts can be variable with space and time 
(Hastings et al. 2007) and occur from negative to positive 
effects (Sanders and van Veen 2011; Wetzel et al. 2016). 
Numerous empirical studies on the effects of various ecosys-
tem engineers have been accumulated across different terres-
trial and aquatic ecosystems (Romero et al. 2015). However, 
25 years since the concept of ecosystem engineering was 
formalized, there is still a controversy about the appropriate 
use of the term. Some researchers argue that essentially most 
organisms may act as ecosystem engineers at least in certain 
phases of their life, consequently highlighting introduced 
or invasive ecosystem engineers (Crook 2002; Guy-Haim 
et al. 2018). Recently, ample emphasis on introduced eco-
system engineering in the literature has focused on quanti-
fying direct or indirect effects on other native species (Feit 
et al. 2020; Ross et al. 2020). Moreover, growing evidence 
has shown that ecosystem engineers can have powerful 
influences over other species’ abundances and distributions 
(Griffen et al. 2017; Coggan et al. 2018). Indeed, these spe-
cies’ initial responses to altered environmental conditions 
induced by ecosystem engineering are often behavioral 
changes (Huey et al. 2003; Haram et al. 2018) that may 
relate to their abundance. Despite the ubiquity of introduced 
ecological engineers and potential for better understanding 
their influences on the resident organisms, there is critical 
need for the knowledge of how behavioral activities link 
species abundance to introduced ecological engineers (Shi 
2013; Haram et al. 2018). This is particularly important if 
adaptive behavior allows individuals to cope with novel and 
changing environments (Snell-Rood 2013; Zhu et al. 2020a).

Plant species are heterogeneously distributed in most grass-
lands (Collins and Xia 2015), and such variation in vegetation 

properties may modify the engineering effects of introduced 
livestock. Foraging strategies of large herbivores vary with 
this spatial heterogeneity such that grazers may be less likely 
to select palatable species that occur in diverse communities 
(Wang et al. 2011). This “plant species diversity disaffin-
ity” may be a central factor influencing grazers’ subsequent 
engineering impacts on plant communities. Previous research 
has shown that the effects of large herbivore grazing on plant 
community composition strongly depend on plant productiv-
ity (Bakker et al. 2006), and plant species diversity (Liu et al. 
2015). Thus, understanding introduced grazers’ engineering 
effects may depend on the context of a heterogeneous plant 
community. However, whether and how plant species diversity 
modifies engineering effects driven by introduced livestock 
on grasshopper behavioral activity linking to abundance have 
not been investigated. In fact, behavioral studies of insect 
responses to grazing and plant community structure are rela-
tively rare.

Here, we designed a field experiment to address how intro-
duced ecosystem engineers can alter behavioral responses 
of resident grasshoppers, and in turn link to their abundance 
in a grassland system. Our previous studies found that the 
introduced ecosystem engineers (livestock) mediate trophic 
strength among spiders–grasshoppers–plants via trait-medi-
ated interaction (Zhong et al. 2017), and furthermore demon-
strated that introduced different livestock assemblages alter 
grasshopper behavior and abundance (Zhu et al. 2020b). In this 
study, we manipulated grazing by sheep, an introduced herbi-
vore ecosystem engineer, and studied behavior and abundance 
of native grasshoppers within two contrasting plant commu-
nities that differ in their plant species diversity in a meadow 
steppe. To achieve this goal, our experimental design inte-
grated microcosm experiments with a complementary large-
scale field experiment. We first executed a small-scale (cage) 
microcosm experiment to examine the effects of sheep grazing 
engineering on grasshopper behavior and explore plausible 
mechanisms underlying engineering effects through vegetation 
structure and microclimate. We then developed a large-scale 
(plot) grazing experiment to determine how large herbivores 
affect grasshopper abundance. Specifically, we examine (1) 
how the introduced ecosystem engineers influence the habitat 
selection and foraging strategy of grasshoppers, and further 
link to grasshopper abundance; and (2) whether and how such 
engineering effects of the introduced livestock on grasshoppers 
are dependent on plant species diversity.

Materials and methods

Study site

The study was conducted at the Grassland Ecological 
Research Station of Northeast Normal University, Jilin 
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Province, P. R. China (44° 45′ N, 123° 45′ E). This experi-
mental site is characterized by a semiarid continental 
monsoon climate, with cold, dry winters, and warm, rainy 
summers, and with mean annual temperature and precipi-
tation range from 4.6 to 6.4 °C, and 280–400 mm during 
the recent decades, respectively (Zhu et al. 2014). The site 
is in a meadow steppe region where soils are mixed saline 
and alkaline (pH 8.5–10.0). The experimental site lies in the 
eastern region of the Eurasian Steppe Zone. The vegetation 
type in meadow steppe is dominated by the grass Leymus 
chinensis (Trin.) Tzvel. (Wang et al. 2017). Other plant spe-
cies include the grasses Phragmites australis (Cav.) Trin. ex 
Steud., Calamagrostis epigejos (L.) Roth, Chloris virgata 
Sw., and the forbs Artemisia scoparia Waldst. et Kit., and 
Kalimeris integrifolia Turcz. Ex DC.

Study organisms

Domestic livestock are introduced worldwide in grasslands, 
and northeast fine-wool sheep (Ovis aries subsp.) are the 
dominant introduced grazers that are regularly grazed in this 
study region. They prefer to consume forb species such as 
A. scoparia and K. integrifolia (Zhong et al. 2014), but will 
also consume grasses when forbs are scarce. Grasshoppers 
are a primary consumer in this grassland habitat, with the 
specialist species (mainly feeding on grass species) Euchor-
thippus unicolor (Ikonnikov) being the most abundant.

Experimental design

Two sites differing in plant species diversity (low and high, 
Fig. S1A) were chosen in 2008. The productivities of the two 
sites were similar, but plant diversity significantly differed 
between the low (11.8 ± 0.4 plant species per plot) and high 
(19.8 ± 0.5 plant species per plot) plant diversity sites (for 
detailed information see Table S1 and Liu et al. 2015 for 
plant species list). The distance between the two sites was 
about 140 m. Within each site, three blocks with similar 
topography and plant community composition were selected. 
Each block was then divided into two plots that were ran-
domly assigned a grazing treatment for each plot: ungrazed 
or grazed. There were 12 plots total, with three replicates for 
each of four experimental treatments: ungrazed + low spe-
cies plant diversity; ungrazed + high plant species diversity; 
grazed + low plant species diversity; and grazed + high plant 
species diversity. Each plot was 25 m × 25 m in size. Neigh-
boring plots within each block were separated by 18–20 m.

The grazing treatment consisted of allowing 16 2-year-old 
sheep (body weight 32.0 ± 1.8 kg) which fed until approxi-
mately 50% of above-ground plant biomass was removed 
in each plot. This stocking rate corresponds to a moderate 
grazing intensity (Liu et al. 2015). Grazing occurred from 
June–August in 2009, and sheep were rotated through the six 

plots that were randomly assigned to the grazing treatment 
(2 plant diversity sites × 2 grazing treatments × 3 replicates). 
During each month, every plot was grazed for 2 days, for a 
total of 6 days of grazing over 3 months. Grazing took place 
from 06:00 to 08:00 and from 16:00 to 18:00 each day.

Behavioral observation of grasshoppers

To examine the behavioral responses of grasshoppers to 
the introduced livestock engineering, microcosm experi-
ments were conducted following grazing treatments. Two 
cylindrical cages (2.0 m in diameter and 1.5 m in height, 
wrapped with aluminum mesh, 5 mm × 5 mm mesh size) 
were installed at 5 m apart on each plot (Fig. S1D), for a 
total of 24 cages. The location of the cages was chosen so 
that the vegetation within each cage was representative of 
the plot. The bottom of the cage was dug into the ground 
approximately 10 cm to prevent grasshopper escape. Twelve 
adult grasshoppers (female:male = 1:1) were caught from 
the surrounding area for use in the observation study. All 
adult grasshoppers were identified based on their crossvein 
(Ren 2001). Twelve grasshoppers were randomly divided 
into four groups of three individuals. These groups were 
then randomly allocated to four cages. Each grasshopper was 
marked with a dot of red paint on the thorax and abdomen to 
aid in tracking the targeted grasshopper during observation 
(Fig. S1E).

Behavioral observation was conducted August 7–20, 2009 
after these sheep were removed. Shortly before observations 
began, invertebrates were removed from the plot using a 
D-Vac suction cleaner (John W. Hock Company, Florida, 
USA) to eliminate possible interactions with other herbi-
vores during observations. Grasshoppers were then added 
to the cage and left to settle for 30 min before observations 
began. All grasshoppers were observed for 8 h from 09:00 
to 17:00 during sunny (no or little cloud cover, and no wind) 
days. Grasshopper behavioral activities were observed and 
recorded simultaneously by 12 observers, with 1 observer 
responsible for tracking each grasshopper, for a total of 2304 
observer-hours. To minimize human disturbance, the observ-
ers were at least 2–3 m from the focal cages. Behavioral 
activities were recorded using a voice recorder (Lenovo 
B316+) (Zhong et al. 2017; Zhu et al. 2020b): (1) locomot-
ing time, (2) feeding time, and (3) resting time. Additionally, 
vegetation heights were designated prior to the observation 
period as follows: low (0–20 cm), middle (20–40 cm), and 
high (more than 40 cm). The observers also recorded rela-
tive plant height for each behavioral activity. After obser-
vation, grasshoppers were captured and placed in a small 
cage (20 cm in diameter, 15 cm in height), secured with 
muslin, and left overnight with no supplementary food to 
be used the next day. Grasshoppers that died overnight were 
replaced with new individuals. The following variables were 
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analyzed: relative time spent feeding and resting in each stra-
tum, total feeding time, the number of plant species fed on 
by grasshoppers, time spent consuming each plant species, 
time spent switching host plants, and the number of switches 
between host plants. Each cage was one replicate, with the 
average of the three grasshoppers used for each response 
variable, and the average of the two cages per plot was used 
for further analysis.

Vegetation and microclimate measurements

Before behavioral observation of grasshoppers, vegetation 
and microclimate in cages were measured. Plant species 
richness, height, and cover of each species were recorded in 
three quadrats (0.5 m × 0.5 m in size for each) within each 
cage. Aboveground plant biomass was sampled from one 
randomly located 0.5 m × 0.5 m quadrats per cage, dried 
for 48 h at 80 °C, and weighed. Plants were divided into 
two different functional groups: grasses and forbs. Because 
grasses are the food for these grasshoppers, and whole plant 
communities are their physical habitat, we also examined the 
treatment-effects on both whole plant communities (using 
plant height, cover and biomass all plant species) and the 
grass or forb subsets alone. Plant samples from the three 
quadrats of each cage were pooled, and the average of the 
two cages in each plot was used for further analysis.

Solar radiation and air temperature at the height of 30 cm 
from the ground where insects often occur were measured 
using a light illuminometer (TES-1339, Taishi Instrument, 
Ltd., Taiwan, accuracy ± 0.1  lx) and a Thermo-Hydro 
recorder (TES-1360A, Taishi Instrument, Ltd., Taiwan, 
accuracy ± 0.01 °C), respectively. Six points per measure-
ment were conducted in each cage. The average from six 
points on sampling date was calculated prior to analysis, and 
the average of the two cages per plot was used for further 
analysis.

Grasshopper sampling

A plot-scale experiment also was conducted for examining 
the engineering effects of livestock on grasshopper abun-
dance. Grasshoppers were sampled along four 25 m tran-
sects spaced 6 m apart in each plot (Zhu et al. 2015, 2017). 
The samples were carried out three times from late July to 
August 2009, between 09:30 and 15:30 h under sunny and 
light or no wind conditions on each sampling date. Each 
sampling consisted of 20 sweeps, and two samplings were 
carried out on each plot to ensure that those samples were 
representative of each sampling date. The contents of the 
sweep nets were killed in bottles containing ethyl acetate. 
All plots were visited in a random order on each sampling 
date. The cumulative abundance of grasshoppers (both 

nymphs and adults were included) of each plot was calcu-
lated throughout sampling periods prior to analysis.

Data analyses

Assumptions of normality and heterogeneity were checked 
using the Kolmogorov–Smirnov test prior to analyses, and 
log transformations were used before analyses in this study. 
All statistical analyses were performed using R version 
3.2.4 (R Development Core Team 2016). For the micro-
cosm experiment, we first examined how plant diversity, 
grazing, and their interaction affect vegetation properties, 
microclimate, and behavioral activities of grasshoppers. 
We used linear mixed effects models in the nlme package 
(Pinheiro et al. 2018), with grazing treatment, plant diver-
sity, and their interaction as fixed factors, and block as ran-
dom factor. Next, we determined whether these effects were 
related to habitat selection by examining the amount of time 
grasshoppers spent feeding and resting in each vegetation 
stratum. We used similar mixed models, but with stratum 
(high, intermediate, low, and ground) and its interactions 
included. For the large-scale experiment, we used the same 
linear mixed effects models in the nlme package to test the 
effects of plant diversity, grazing, and their interaction on 
grasshopper abundance, with grazing treatment, plant diver-
sity, and their interaction as fixed factors, and with block 
as a random factor. We compared these response variables, 
including vegetation, microclimate, and foraging behavior of 
grasshoppers among treatment combinations, and time spent 
resting and feeding in each vegetation stratum using F-tests 
with anova () command in R. Fixed factors were evaluated 
using F-tests, and means were compared using Tukey tests 
with lsmeans package (Lenth 2016). All mean comparisons 
were considered significant at p ≤ 0.05.

Results

Effects on plant community structure 
and microclimates in microcosm experiments

Vegetation height, cover, and biomass were influenced by 
both grazing and plant diversity (Table S1). Plant height in 
ungrazed plots at the low plant species diversity site was 
over 30% higher than that of other treatments (Fig. 1A), and 
this pattern was true for both grass height and forb height. 
Grazing reduced plant cover, especially in the high-diversity 
grassland site (Fig. 1D), and this effect mostly occurred via 
reductions in forb cover (Table S1, Fig. 1F). In grazed plots, 
grass cover at the low plant species diversity site was sig-
nificantly lower than that of the high plant species diversity 
site. Forb cover in ungrazed plots was significantly higher 
than that of grazed plots at both low and high plant species 



1011Oecologia (2021) 195:1007–1018 

1 3

diversity sites (Fig. 1E). Similarly, grazing significantly 
reduced plant biomass (Table S1), particularly at the high-
diversity site (Fig. 1G) where there was a large impact on 
forb biomass (Fig. 1I). Grass biomass in ungrazed plots at 
low plant species diversity site was significantly higher than 
that of other treatments (Fig. 1H). Large herbivores did not 
affect plant species diversity, but grazing also affected solar 
radiation and air temperature (Table S2); solar radiation in 
ungrazed plots was significantly lower than that of grazed 
plots at both low and high plant species diversity sites, as 
was air temperature (Fig. S2).

Habitat selection by grasshoppers when feeding 
and resting in microcosm experiments

There was a significant three-way interaction between 
plant diversity, grazing treatment, and plant stratum on 
time spent resting, indicating that sheep grazing caused 
changes in grasshopper resting behavior that depended 
on surrounding plant diversity (Table  S2). In both 

environments, grazing caused E. unicolor to shift from 
resting in upper and intermediate strata to intermediate and 
lower strata (Fig. 2A, B), and this effect was stronger at 
the low plant diversity site, where grasshoppers spent the 
majority of their time in the higher layer under ungrazed 
conditions, but largely abandoned this layer after grazing. 
E. unicolor did not rest on the ground in ungrazed plots, 
but rested on the ground in the grazed plots with both low 
and high plant species diversity sites.

Grazing caused similar shifts in the time E. unicolor 
spent feeding in different strata, but this effect did not 
significantly differ by plant diversity (i.e., the three-way 
interaction was not significant, Table S2). As when rest-
ing, grasshoppers spent most of their feeding time in the 
upper stratum at the low-diversity site in the absence of 
grazing, but spent more time in the intermediate and low 
layers of vegetation when plots were grazed (Fig. 2C). In 
the high plant species diversity site, effects on feeding 
times were similar although the magnitude was somewhat 
weaker (Fig. 2D).

Fig. 1  The effects of grazing by large herbivores on vegetation struc-
ture and plant biomass at both low and high plant diversity levels. 
Plant height (A–C), plant cover (D–F), and plant biomass (G–I). Val-

ues are means ± SE of all plots in each treatment (n = 3). Different let-
ters indicate significant differences among treatment combinations in 
each panel (p ≤ 0.05)
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Effects on foraging behavior of grasshoppers 
in microcosm experiments

Grazing increased the number of plant species fed on by 
E. unicolor in both the low and high plant diversity sites 
(Table S1, Fig. 3A). Plant species diversity and grazing had 
interactive effects on time spent feeding by grasshoppers. 
In plots with low plant species diversity, overall time spent 
feeding by E. unicolor was significantly lower in grazed 
plots, but was greater in plots with high plant species diver-
sity (Fig. 3B).

Plant species diversity and sheep grazing had a signifi-
cant interactive effect on time spent switching host plants 
and the number of host plant switches by the grasshoppers 
(Table S1). In plots of low plant species diversity, E. uni-
color spent less time switching host plants and switched 
more frequently in ungrazed plots than in grazed plots 
(Fig. 3C, D). However, in plots of high plant species diver-
sity, the pattern was reversed and E. unicolor spent more 
time switching host and switched more frequently in the 
ungrazed versus grazed plots.

Effects on grasshopper abundance in large‑scale 
experiments

There was a significant interaction between plant diver-
sity and grazing on abundance of E. unicolor (Table S1). 
Grazing reduced abundance in plots of low plant species 

diversity, but increased abundance in plots with high plant 
species diversity (Fig. 4). Overall grasshoppers were more 
abundant in the high plant diversity site.

Discussions

As introduced ecosystem engineers in grassland systems, 
livestock affect vegetation structure (Hope et al. 1996; Col-
lins and Calabrese 2012), and shape food webs (Korösi et al. 
2012; Allan et al. 2014). In this study, we found that intro-
duced livestock can drive grasshoppers to shift their habitat 
selection and foraging behavior in response to engineering 
effects, and such effects depend on grassland plant species 
diversity. Additionally, behavioral changes of grasshoppers 
are potentially related to grasshopper abundance. These find-
ings contribute to new evidence that domestic livestock, as 
introduced ecosystem engineers, can modify behavior and 
abundance of native species via influences on physical habi-
tat and food resources (Haram et al. 2018).

Ecological engineering effects on grasshopper 
behavioral activity

Grasshoppers showed varied preferences for habitat selec-
tion following sheep grazing (Fig. 2). First, Euchorthippus 
unicolor shifted their resting and feeding locations from the 
upper layer to the intermediate or lower layers of vegetation 

Fig. 2  Time spent resting (A, 
B) and feeding (C, D) within 
different vegetation layers 
under grazing treatments and 
low and high plant diversity 
levels. Vegetation layers are 
defined as high (vegetation 
more than ≥ 40 cm in height), 
intermediate (20–40 cm), and 
low (0–20 cm). Values shown 
are means ± SE of all plots in 
each treatments (n = 3). Means 
with different letters indicate 
significant differences in time 
spent resting or feeding between 
different vegetation layers 
within each grazing treatment 
and plant species diversity level 
(p ≤ 0.05)
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in response to grazing engineering, and this shift generally 
was more pronounced in the low plant species diversity site 
(Fig. 2). Such habitat selection is most likely based on the 
trade-offs that grasshoppers face among food acquisition, 
body temperature, and predation risk (Pitt 1999). First, due 
to sheep grazing, plant tissue in the upper vegetation was 
removed (Fig. 1), which leads to reduced food resources 
for grasshoppers (Moreau et al. 2003). Second, a decline 
in plant height and cover could increase solar radiation and 
air temperature (Fig. S2), forcing grasshoppers to select the 

lower layers of vegetation to maintain optimal body tem-
perature (Harrison and Fewell 1995). Third, some studies 
have shown that prey will relocate in their habitat to avoid 
predation risk in a changing environment (Long et al. 2017), 
and the upper layer in the ungrazed treatments was more 
structurally complex than that of grazed treatments (Wood-
cock et al. 2007). Grasshoppers modify their habitat selec-
tion for resting and foraging in the presence of predators 
(Schmitz et al. 2008), so the shifts in resting and feeding 
strata may be a response to increased predation risk in a 
simplified canopy. These shifts are underscored by the fact 
E. unicolor was observed resting on the ground in grazed 
plots but not ungrazed plots.

Behavioral shifts in response to the effects of ecologi-
cal engineering extended to grasshopper diet and host plant 
choice as well (Gribben et al. 2009). E. unicolor increased 
their diet breadth by feeding on more plant species after 
sheep grazing in both low and high plant species diversity 
sites (Fig. 3). However, foraging time and host switching 
by grasshoppers were strongly dependent on plant species 
diversity when sheep were present. In the environments 
with low plant species diversity, plant communities were 
dominated by a few (4–5) grass species, and sheep feed on 
some grasses due to lower biomass of forbs that sheep prefer 
(Zhong et al. 2014). However, these grasses are the pre-
ferred host plants of E. unicolor. Consumption of a relatively 
small portion of these grasses by sheep may have limited 
grasshopper food choices, which led to changes in foraging 
behavior. Thus, the introduced grazers forced E. unicolor to 

Fig. 3  Number of plant species 
fed on by grasshoppers (A), 
time spent feeding by grasshop-
pers (B), time spent switching 
host plants (C) and the number 
of switches by grasshoppers (D) 
within the ungrazed and grazed 
treatments at low and high plant 
species diversity levels. Values 
are means ± SE. of all plots in 
each treatment (n = 3). Differ-
ent letters indicate significant 
differences among treatment 
combinations in each panel 
(p ≤ 0.05)

Fig. 4  The effects of sheep grazing on grasshopper abundance at 
both low and high plant diversity levels. Values are means ± SE. of 
all plots in each treatment (n = 3). Different letters indicate significant 
differences in grasshopper abundance (p ≤ 0.05)
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reduce their total feeding time and spend more time switch-
ing between other plants to find alternative hosts (Fig. 3). 
But in the plant community with high species diversity, 
sheep mainly consumed forbs (Fig. 1), which likely made 
it easier for grasshoppers to find and exploit their preferred 
host plants. Thus, E. unicolor spent more time feeding on 
their preferred grasses, and reduced their switches between 
plants (Fig. 3).

Additionally, plant quality, especially plant nitrogen, is 
an important factor for influencing insect feeding behavior 
because of herbivores’ protein needs (Rode et al. 2017). Pre-
vious studies demonstrated that sheep grazing decrease the 
N content of grasshoppers’ main food resources (Zhu et al. 
2019, 2020a), but this may actually be beneficial to their 
foraging because nitrogen enrichment often is detrimental 
to grasshopper fitness (Ebeling et al. 2013). Nonetheless, the 
reduction in grasshopper feeding time following grazing at 
low plant diversity is difficult to explain. The mechanism 
for how plant nitrogen affects grasshopper foraging, as well 
as fitness, needs to be further explored, particularly in the 
context of complex plant communities. Therefore, these 
results indicate that grasshoppers show variable behavioral 
responses to introduced livestock. However, this study did 
not consider the difference between females and males that 
have different body size and energy requirements (Foresman 
2018), and the knowledge of sex-specific responses could 
help explain behavioral responses.

Ecological engineering effects on grasshopper 
abundance

Behavioral responses have been proposed as a mechanism 
contributing to population stabilization that provides struc-
ture to food webs (Valdovinos et al. 2010; Grether et al. 
2017). Our results showed that introduced ecosystem engi-
neers drive grasshoppers to reduce their total feeding time 
and spend more time switching host plants in a low-diver-
sity site compare to high plant diversity site. The increased 
effort to search for food in a less suitable foraging environ-
ment may suppress performance (Pfisterer et al. 2003) as 
grasshoppers increased energy expended to find suitable 
resources. Additionally, time spent feeding by grasshoppers 
declined after grazing, suggesting that there were real limits 
on insects’ performance. Moreover, frequent host switching 
adds more risk for grasshoppers because of the possibil-
ity of detection by predators, such as spiders (Barton et al. 
2009). Such foraging behaviors may have negative effects 
on individual fitness, consequently reducing the grasshopper 
population (Fig. 4). In contrast, grasshoppers in high-diver-
sity plant communities tended to switch plants frequently in 
the absence of grazing, but grazing caused them to reduce 
this behavior and spend a greater amount of time feeding. 
In addition to increased food acquisition, this could have 

reduced risk of predation (Schmitz 2008). The efficiency of 
these altered foraging behaviors likely allowed grasshoppers 
to increase performance, leading to the high abundance that 
we documented in grazed high plant diversity grasslands 
(Fig. 4). Thus, sheep grazing may also have generated engi-
neering effects on grasshopper abundance through behavio-
ral changes (Zhu et al. 2020a) that, importantly, varied with 
plant diversity contexts (Fig. 5).

Introduced ecosystem engineers as potential drivers 
for grasslands

Ecosystem engineers have been defined as organisms that 
directly or indirectly control the availability of resources for 
other organisms by causing physical state changes in biotic 
or abiotic materials (Jones et al. 1997; Romero et al. 2015). 
In grasslands, wild animals, such as bison in North Ameri-
can prairies or megaherbivores in African savannahs, are 
considered as key drivers that modify other native species’ 
habitats and alter their behavior, and thereby influencing 
the characters of the systems (Knapp et al. 1999; van der 
Plas and Olff 2014; Barry et al. 2019). However, in many 
grassland ecosystems, wild animal population declined due 
to hunting and habitat loss (Ceballos and Ehrlich 2002). 
Domestic livestock, primarily cattle or sheep, replaced 
herds of wild animals as they were introduced in ranching 
for meat production (Thornton 2010). The similarities and 
differences between wild animals and domestic livestock are 
often discussed and debated among conservation biologists 
and ecologists (Allred et al. 2013). Compared with native 
wild herbivores, introduced livestock also not only affect 
the physical properties of habitats, but also modify multi-
trophic diversity, and even shape biotic interactions (Zhong 
et al. 2017; Wang et al. 2019). In our experiment, livestock 
grazing is demonstrated to drive grasshopper behavior and 
abundance, and these engineering effects strongly depend on 
grassland plant diversity. Both this experiment and previous 
studies indicated that introduced livestock can be a strong 
driver of grassland ecosystem properties. The initial defini-
tion of ecosystem engineers by Jones et al. (1994) emphasize 
the temporal and spatial scale of engineering effects, and 
the consequences for densities of native species. Livestock 
grazing occurs over extended periods of time, often continu-
ously, and across sufficient areas to create new habitats or 
modify ecosystem features (Eldridge et al. 2016; Filazzola 
et al. 2020). Even the relatively short-term grazing treat-
ments and limited replications (three plots for grasshopper 
abundance and six cages for grasshopper behavior) in our 
study were sufficient to detect livestock impacts. Clearly, the 
engineering effects of livestock on insect herbivore behav-
ior and populations have the potential to shape grassland 
ecosystems, but this will require scaling up from our small-
scale, short-term microcosm experiment to larger temporal 
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and spatial scales relevant to domestic grazer management 
and policy. This may help ecologists and rangeland scientists 
think of livestock not just as an instrument of anthropogenic 
disturbance (e.g.,Kati et al. 2012; Lightfoot 2018), but as 
community members in a human-modified ecosystem whose 
ecological interactions are as diverse and context-dependent 
as those of native grazers, with potential conservation value 
through their ecosystem engineering effects (Steffen-Dewen-
ter and Tscharntke 2002; Woodcock et al. 2005).

Conclusions

Introduced ecosystem engineers can significantly modify 
the diversity and functioning of ecosystems (Romero et al. 
2015). Specifically, our results have shown that grasshop-
pers change their behavior following to engineering effects 
from sheep grazing, and the direction and impacts of these 

behavioral changes depended on surrounding plant com-
munity diversity. These behavioral changes likely were 
linked to negative effects of introduced grazers on grass-
hopper abundance in a low plant diversity environment, 
in contrast to a high plant diversity environment where 
grasshopper abundance benefited from grazing engineer-
ing. Therefore, ecosystem engineering theory should 
incorporate behavioral changes as a response to ecologi-
cal engineers because such change can affect population 
sizes and dynamics of those organisms, with potential 
consequences for multispecies interactions with other 
community members (Griffen et  al. 2017; Wright and 
Gribben 2017). Moreover, the engineering effects of intro-
duced domestic livestock in grasslands have historically 
been considered as anthropogenic disturbances, rather than 
the impacts of widespread (albeit non-native) member of 
grassland communities and ecosystems. Our results sug-
gest that the introduction of such non-native species can 

Fig. 5  Conceptual model for engineering effects of vertebrates her-
bivores (sheep) on arthropod herbivores (grasshoppers) under two 
contrasting grassland plant communities (low and high plant spe-
cies diversity). At low plant species diversity, sheep have to con-
sume grasses, which leads to a decline in food resources and lower 
structural complexity for grasshoppers, a reduction in foraging time 
(indicated as a red solid arrow), and increases in host plant switch-
ing frequency to find suitable grass to consume (indicated as a blue 
solid arrow). Such behavioral changes lead to a lower food intake 
and higher predation risk, which reduce population size of grasshop-

pers. Under high plant species diversity, sheep prefer to graze forbs, 
resulting in a greater availability of host plants for grasshoppers, an 
increase in foraging time (indicated as a blue solid arrow), and a 
decrease in host plant switching frequency (indicated as a red solid 
arrow). These behaviors increase food intake and reduce predation 
risk, which increase population size of grasshoppers. Thus, there is 
a negative effect of sheep grazing engineering on grasshoppers at low 
plant species diversity (red dashed-line) and a positive effect at high 
plant species diversity (blue dashed-line)
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have important indirect effects on abundance of native spe-
cies via behavioral changes.
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tary material available at https ://doi.org/10.1007/s0044 2-021-04880 -4.
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