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Abstract

Feeding habits and competitive interactions among dominant grass-
hopper species in the Xinjiang grasslands (China) were studied under
natural conditions through microscopic analyses of insect crop con-
tents. Sex-specific and interindividual differences in feeding habits and
interspecific competition were investigated. Analyses of ecological niche
width and overlap revealed potential competition among grasshoppers.
The results showed significant difference in the sex-specific variations in
the feeding habits of the seven grasshoppers; sex-specific variations in
feeding range and preferred plants were observed, with females feeding
more extensively on host plants, and female and male adults choos-
ing to feed on different plant species. Individuals of all seven grasshop-
pers showed different degrees of dietary variance, with oligophagous
grasshoppers (Oedaleus decorus males, Dericorys annulata, and Bryodema
gebleri males) showing a smaller degree of individual dietary variance
than polyphagous grasshoppers (Oedipoda caerulescens, Calliptamus coe-
lesyriensis females, Calliptamus barbarus, and Notostaurus albicornis); Cal-
liptamus coelesyriensis and Notostaurus albicornis showed the greatest in-
dividual variance in their diets. Oedaleus decorus, Bryodema gebleri, and
Calliptamus barbarus consumed primarily Poaceae and exhibited varying
foot-plant choice. For example, Oedaleus decorus was observed to have
high- preference feeding for Poa annua, Bryodema gebleri for Stipa capil-
lata, and Calliptamus barbarus for Setaria viridis. Dericorys annulata fed
primarily on Amaranthaceae, Notostaurus albicornis fed primarily on
Poaceae and Amaranthaceae, and Oedipoda caerulescens fed primarily on
Asteraceae. Calliptamus barbarus exhibited strong interspecific competi-
tion with Oedaleus decorus and Calliptamus coelesyriensis, and Bryodema
gebleri demonstrated the strongest interspecific competition with all six
other species. Considering the influence of sex on interspecific competi-
tion among grasshoppers enhances our understanding of interspecific
competitive relationships.
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Introduction

Grassland ecosystems are among the most significant on Earth
(Nan 2022) and provide essential benefits for human welfare and
economic growth (WRI 1986). In China, grasslands cover approxi-
mately 40% of the land area and are therefore a dominant fea-
ture of the national landscape. The northern grassland ecosystems
of China play crucial roles in maintaining the region’s environ-
ment and supporting diverse plant and animal species (Kang et
al. 2007); they also contribute to socio-economic development.

Xinjiang, located in the western part of China’s northern grass-
lands, has a grassland area of 57.7 million hectares, making it
the region with the third-largest area of grasslands in China. The
province is among those with the richest grassland resources in
China (Muhetaer 2000). Grasshoppers are important components
of grasslands, as they compete with domestic animals for food
resources and affect the productivity of grasslands (Kang et al.
2007). In China, grasshoppers are considered significant pests af-
fecting agriculture and livestock production. Grasshoppers, along
with droughts and floods, are known to cause major natural disas-
ters in the agricultural and livestock production in China (Zhang
2011). Thus, studying the food-plant choices of grasshoppers may
aid in the development of ecological management methods for
preventing grasshopper infestation. For example, such methods
could include growing plants that grasshoppers do not prefer to
feed on in areas prone to grasshopper plagues (Zhang et al. 2020).

Several dominant species of grassland grasshoppers, includ-
ing Oedaleus decorus, Oedipoda caerulescens, Bryodema gebleri,
Calliptamus coelesyriensis, Calliptamus barbarus, Dericorys annulata,
and Notostaurus albicornis, have been identified in Xinjiang (Chen
1981). Investigating their feeding habits may facilitate the develop-
ment of more precise and effective grasshopper control strategies.
Analysis of the trophic ecological niche of grassland grasshoppers
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is essential for understanding the structure, diversity, and stability
of grasshopper communities (Kang and Chen 1994a).

Food preference plays a crucial role in determining herbivores’
diets and spatial distributions (Ibanez et al. 2013a). Various re-
search methods have been used to study grasshopper feeding, in-
cluding direct observation, analyzing carbon isotope ratios (Fry et
al. 1978), microscopic analyses of feces/frass (Tyrkus and Gang-
were 1970), microscopic analyses of crop contents (MACC) (Ueck-
ert and Hansen 1971, Joern 1979, Joern 1983, Kang and Chen
1994b), and DNA barcoding techniques (Ibanez et al. 2013a, Mc-
Clenaghan et al. 2015). Among these methods, MACC remains a
commonly used approach in grasshopper feeding analysis because
of its precision, efficiency, low cost, and simplicity of use (Gall et
al. 2003, Liu et al. 2007, Wang and Ma 2009, ElEla et al. 2010).

Research on grasshopper species using MACC has been con-
ducted in Inner Mongolia (Kang and Chen 1994a, b), Gansu (Liu
et al. 2007), and Zhejiang (Wang and Ma 2009) in China. How-
ever, Xinjiang, where approximately one-sixth of all known grass-
hopper species in China are found, remains understudied. Moreo-
ver, previous studies using caging methods have only sporadically
investigated the seven grasshopper species studied herein. For
example, Wang (2007) examined the feeding habits of Oedaleus
decorus, Calliptamus coelesyriensis, and Bryodema gebleri (Wang
2007), whereas Huang (1995) explored the food-plant species for
Oedaleus decorus and Bryodema gebleri (Huang 1995). However, the
caging method used in those studies can be influenced by the level
of observed detail and observation time, potentially resulting in
significant errors in experimental data. This method often captures
artificial forced feeding rather than the independent selection of
food by grasshoppers in their natural environment, thereby inac-
curately representing grasshoppers’ feeding behavior.

Insects exhibit distinct patterns of host-plant feeding that vary
between the sexes and among individuals (Schoonhoven et al.
2005). To analyze the adaptive feeding behavior of herbivorous in-
sects in heterogeneous environments, it is necessary to understand
the variation in the feeding strategies of herbivorous insects in re-
lation to feeding preferences based on sex (Unsicker et al. 2008).
Although experimental evidence has revealed dietary disparities be-
tween males and females (Maklakov et al. 2008, Ng et al. 2019), em-
pirical support in natural settings remains deficient (Lan et al. 2021).
It is commonly assumed that individuals are often specialized and
that population-level polyphagy in many insect species is a result
of specialization on many different resources by individuals within
the population (Singer 1983, Via 1984, Halima et al. 1985, Braker
1987, Howard et al. 1994). There have been few studies on the indi-
vidual feeding patterns of polyphagous Orthopteran insects (How-
ard 1993, 1995, Howard et al. 1994); in particular, inter-individual
grasshopper feeding characteristics are unknown, and resolution of
this issue will contribute to the understanding of generalized feeding
patterns in the context of Orthopteran evolution (Howard 1995).

In this study, the grasshoppers were collected in July of 2018,
and predation observations and analysis were conducted from
2019-2022. We hypothesized that the magnitude of inter-individu-
al feeding differences is related to the range of grasshopper feeding.
For this reason, we selected three oligophagous grasshoppers and
four polyphagous grasshoppers known to be present in Xinjiang,
China, investigated their feeding status under natural conditions,
and utilized crop inclusion microanalysis to study the feeding dif-
ferences between the two sexes in each species and among individu-
als and species. We also analyzed the feeding frequency, ecological
niche width, and degree of overlap to clarify the feeding status of
the sexes, individuals, and species among the seven grasshoppers..

Materials and methods

Study site and species.—Based on an examination of the grass-
lands in the Bozhou region of Xinjiang, China, we selected six
natural grassland study sites that are not artificially managed.
Collecting was done in the summer of 2018. In each sample plot,
a net was swung 100 times in each of four directions (east, south,
west, and north); each net was spaced 2 m apart. We identified
grasshoppers visually, and 10 females and 10 males of each spe-
cies were randomly selected and collected for crop inclusion
microanalysis. The present study reports on grasshoppers from
seven species belonging to two families (Acrididae and Deri-
corythidae) and three subfamilies (Oedipodinae, Calliptaminae,
and Gomphocerinae) of the Acrididae. The species collected
were Oedaleus decorus, Oedipoda caerulescens, and Bryodema gebleri
from the Oedipodidae; Calliptamus coelesyriensis, and Calliptamus
barbarus from the Calliptaminae; Dericorys annulata from the De-
ricorythidae; and Notostaurus albicornis from the Gomphoceri-
nae. Table 1 provides details of the vegetation growth found at
the collection sites. We used visual estimation to record vegeta-
tion cover in six sample plots and designated the species of the
community that was the most numerous, the largest in size, and
had the greatest impact on the habitat as the dominant species
in the community.

Dietary analysis.—The experiment was conducted using adult
grasshoppers immediately killed with a 75% ethanol solution and
transported to the laboratory. Microscopic analysis of the grass-
hoppers’ crop contents was then conducted to determine food
choices. By comparing the plant fragments collected from the
crops with those obtained from voucher specimens collected in
the study area (Liu et al. 2007), we were able to identify the food
plant species that had been consumed.

Data analysis.—The relative frequency of feeding (RFN) was calcu-
lated using Li's (1983) measure:

X
(REN), = S

where X is the number of times in which a plant is found in an in-
dividual insect’s anatomical samples and > x is the total number of
times in which all plants are found in an individual insect’s crop.

Grasshopper feeding was classified into four categories accord-
ing to RFN values: RFN > 0.5 was considered “high-preference
feeding,” RFN of 0.5-0.25 was considered “preference feeding,”
RFN of 0.25-0.024 was considered “seldom feeding,” and RFN <
0.024 was considered “occasional feeding.” The degree of grass-
hoppers’ preference for feeding on plants was defined accordingly
(Lietal. 1983).

To determine species niche breadth, we used Levin’s measure
(1968):

1
B=
> P

where B represents Levin's measure of food niche breadth and
p, denotes the proportion of the food i consumed by a species
among all foods consumed.

We used Schoene’s measure (1970) to calculate species niche
overlap:

1
Cp=1- 5 Zj |pi}'_phj|
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Table 1. Basic information on insect sources (gathered in 2018).

Grasshoppers Plants
Family Subfamily Species Collection site Relative  Acquisition Dominant Non-dominant species Vegetation
(city) abundance time species cover of the
in the point  (Y.M.D) point (%)
Acrididae Oedipodinae Oedaleus decorus Ku Si Mu Qie Ke 68.2% 2018.7.26  Seriphidium Anabasis sp., Nanophyton erinaceum, Stipa  45%-50%
(Germar, 1825) (Bole) borotalense capillata
Bryodema gebleri Tuo Si 34.13% 2018.7.31  Nanophyton Anabasis sp., Astragalus membranaceus, 15%-20%
(Fischer von Gou (Wenquan) erinaceum, Carex sp., Nanophyton erinaceum,
Waldheim, 1836) Seriphidium Peganum harmala, Polygonum aviculare,
borotalense Stipa capillata
Oedipoda caerulescens ~ Xiao Hai Zi 13.4% 2018.7.25 Caragana sinica, — Achillea millefolium, Artemisia frigida, 75%-80%
(Linnaeus, 1758) (Jinghe) Festuca ovina, Artemisia sieversiana, Avena sativa,
Stipa capillata, Berberis amurensis, Cirsium arvense,
weeds Cirsium arvense, Inula rhizocephala,
Juniperus sabina, Leontopodium
leontopodioides, Neotrinia splendens, Poa
annua, Polygonum aviculare, Setaria viridis,
Taraxacum mongolicum, Urtica fissa
Calliptaminae  Calliptamus Xiaoyingpan 1 43.82% 2018.7.24  Seriphidium Atraphaxis spinosa, Ceratocarpus arenarius, ~15%-20%
coelesyriensis Giglio-  Ranch (Bole) borotalense Lactuca tatarica, Peganum harmala, Poa
Tos, 1893 annua
Calliptamus barbarus ~ Ranch No. 1, 21.02% 2018.7.24  Seriphidium Caragana sinica, Ceratocarpus arenarius, 15%-20%
(Costa, 1836) Qingxiang, borotalense Nanophyton erinaceum, Peganum harmala,
Yamatan (Bole) Poa annua, Setaria viridis
Gomphocerinae Notostaurus Ranch No. 1, 41.42% 2018.7.24  Seriphidium Caragana sinica, Ceratocarpus arenarius, 15%-20%
albicornis Qingxiang, borotalense Nanophyton erinaceum, Peganum harmala,
(Eversmann, 1848) Yamatan (Bole) Poa annua, Setaria viridis
Dericorythidae Dericorys annulata Alashankou 39.37% 2018.7.23  Anabasis cretacea, Bassia prostrata, Haloxylon ammodendron, — 10%-15%
(Fieber, 1853) Reservoir Kali collinum, Krascheninnikovia ceratoides, Neotrinia
(Alashankou) Seriphidium splendens, Stipa capillata, Suaeda glauca

borotalense

where C, represents the degree of niche overlap between species i
and h, P, is the number of times in which plant i is found among
all anatomical samples of insect species j, and P, is the number of
times in which plant i is found among all anatomical samples of in-
sect species k. C,, varies from 0 to 1, with O representing no overlap
and 1 representing complete overlap; C, > 0.6 is generally consid-
ered biologically significant (Colwell 1971, Li Yunkai et al. 2021).
Overlap among food ecological niches was defined by two or
more species with similar ecological niches sharing or competing
for common resources while living in the same space. The degree
of niche overlap was expressed by the C, index (Colwell 1971).

Statistical analysis.—We used SPSS (version 19; SPSS Inc.) on a per-
sonal computer for all statistical analyses. To test whether male and
female grasshoppers differ in feeding ecology, we performed a mul-
tivariate analysis of variance (MANOVA) with sex as the sole factor
and host plant as the dependent variables (Vincent 2006). We used
Kendall's coefficient of concordance to test for differences in feed-
ing among grasshopper individuals (Howard 1995). We performed
analysis of variance (ANOVA) on the width of ecological niches
and used a t-test to investigate differences between the sexes.

Results and analysis

Dietary composition.—The seven grasshopper species had ingested a
total of 33 distinct botanical species (Figs 1, 3). Notably, Notostau-
rus albicornis showed the greatest breadth of food sources, consum-
ing 15 species; in contrast, Dericorys annulata consumed only five
species. Poaceae, Fabaceae, Asteraceae, and Amaranthaceae were
consumed by nearly all grasshoppers across the seven families,
whereas Nitrariaceae, Caprifoliaceae, and Tamaricaceae were con-
sumed by only one or two grasshopper species (Figs 2, 3). Among

the 33 host plants, we identified five plants (Poa annua, Setaria vir-
idis, Caragana sinica, Stipa capillata, and Seriphidium borotalense) fed
on by five or six grasshopper species; in contrast, six plants (Festuca
ovina, Suaeda glauca, Ceratocarpus arenarius, Anabasis cretacea, Bassia
prostrata, and Artemisia sieversiana) were fed on by three grasshop-
per species. The remaining 22 plant species were consumed by
only one or two grasshopper species (Fig. 3).

Food preference.—Sex variation. As indicated in Figs 1, 2, we ob-
served little difference in the diets between sexes for Oedaleus
decorus, Dericorys annulata, Oedipoda caerulescens, and Notostaurus
albicornis. However, two significant differences in dietary compo-
sition were observed between sexes for Calliptamus coelesyriensis,
Calliptamus barbarus, and Bryodema gebleri. First, females of these
species consumed more host plant species than males; for exam-
ple, Bryodema gebleri females consumed plants from 11 species
across five families, whereas males consumed only seven species
across three families. Similarly, Calliptamus coelesyriensis females
consumed plants from eight species across five families, whereas
males consumed plants from only two species in two families.
Finally, Calliptamus barbarus females consumed plants from nine
species across four families, whereas males consumed plants from
seven species across four families. Second, the main plants con-
sumed by each sex varied among species. Bryodema gebleri females
fed primarily on Amaranthaceae (46.50%), whereas males favored
Poaceae (93.12%); Calliptamus coelesyriensis females fed primarily
on Nitrariaceae (57.33%), whereas males fed predominantly on
Amaranthaceae (56.25%); and Calliptamus barbarus females con-
sumed primarily Poaceae (82.44%), whereas males consumed pri-
marily Amaranthaceae (56.20%).

Significant differences in high-preference feeding on plants
between male and female adults were observed in the seven
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O. decorus B. gebleri O. caerulescens

Fig. 1. Number of plants fed on by seven grasshopper species.

grasshopper species (Fig. 3). For example, Oedaleus decorus females
showed high-preference feeding on Poa annua (REN = 0.51, as be-
low) and did not feed on Stipa capillata, whereas opposite findings
were observed for males, which showed high-preference feeding
on Stipa capillata (0.76) but not on Poa annua. Similarly, Oedipoda
caerulescens females exhibited high-preference feeding on Artemi-
sia scoparia (0.72) but did not feed on Artemisia sieversiana, where-
as males displayed opposite behavior, in which they preferred to
feed on Artemisia scoparia (0.38) and Artemisia sieversiana (0.25).
Among the other species, Calliptamus coelesyriensis females showed
high-preference feeding on Peganum harmala (0.57), whereas
males preferred feeding on Ceratocarpus arenarius (0.56). In addi-
tion, Calliptamus barbarus females showed high-preference feeding
on Setaria viridis (0.57), whereas males showed high-preference
feeding on Ceratocarpus arenarius (0.56). Finally, Notostaurus albi-
cornis females preferred feeding on Bassia prostrata (0.36), whereas
males preferred feeding on Anabasis cretacea (0.27).

Through MANOVA on the REN of botanical specimens con-
sumed by both sexes of grasshoppers, it was established that
Oedaleus decorus females fed significantly more strongly on
Psathyrostachys juncea and Poa annua than their male counterparts
(P = 0.002, 0.000 < 0. 01), and females fed significantly less on
Stipa capillata than their male counterparts (P = 0.000 < 0.01).
Bryodema gebleri females fed significantly more strongly on Suae-
da glauca than males (P = 0.004 < 0.01), but significantly less on

Amaranthaceae Asteraceae Caprifoliaceae

100% 1
90% A
80% A
70% A
60% A
50% A

40% -

Percentage of each family

30% A

20% A

10% 4
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? & 8 &4

B. gebleri

s &S £

O. decorus

3 R&d

O. caerulescens

C. coelesyriensis

9

C. barbarus D. annulata N. albicornis

Stipa capillata than males (P = 0.000 < 0.01). Oedaleus caerulescens
females fed significantly more strongly on Artemisia scoparia than
males (P = 0.009 < 0.01), and females fed significantly less on Ar-
temisia sieversiana than males (P = 0.005 < 0.01). Calliptamus coe-
lesyriensis females fed significantly more strongly on Caragana sinica
and Peganum harmala than males (P = 0.007 < 0.01 and P = 0.026
< 0.05, respectively) but significantly less on Ceratocarpus arenarius
than males (P = 0.000 < 0.01). Calliptamus barbarus females fed sig-
nificantly more on Setaria viridis than males (P = 0.009 < 0.01) but
significantly less on Festuca ovina, Ceratocarpus arenarius and Cara-
gana sinica than males (P = 0.035 < 0.05 and P = 0.002, 0.002 < 0.
01, respectively). Dericorys annulata females fed significantly less
on Bassia prostrata than males (P = 0.042 < 0.05). Notostaurus albi-
cornis females fed significantly more on Bassia prostrata than males
(P = 0.006 < 0.01) but significantly less on Ceratocarpus arenarius,
Stipa capillata and Seriphidium borotalense than males (P = 0.026,
0.020 < 0.05 and P = 0.003 < 0. 01, respectively).

Interindividual variation. The individual feeding habits of the sev-
en species of grasshoppers are shown in Fig. 5. As shown in Fig. 4,
the P values for the seven species of grasshoppers were all great-
er than 0.05, indicating that there was no significant consistency
among individuals. This means that there are different degrees of
feeding differences among the individuals of the seven species of
grasshoppers: the P values of the seven species of grasshoppers

Fabaceae Nitrariaceae Poaceae Tamaricaceae

? 3 *&d

N. albicornis

3 &3
C. barbarus

8 2&d

D. annulata

3 &S 2

C. coelesyriensis

Fig. 2. Percentage of each host plant family eaten by the seven grasshopper species.
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Fig. 3. Relative feeding frequency (RFN) of seven grasshopper species on plants, showing different feeding levels. The absence of circles
means that the plants are not eaten. After the grasshoppers’ species names, F = female, M = male and A= female+male. The horizontal

bars separate distinct taxonomic groups of plants.
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Fig. 4. Differences in individual feeding habits of seven grasshopper species according to Kendall’s coefficient of concordance. Note:
Kendall values range from 0 to 1; the smaller the value, the greater the variability. P value less than 0.05 represents consistency

were in the range of 0.080-0.999. Individual feeding differences
among the three oligophagous grasshoppers (Oedaleus decorus
males, Bryodema gebleri males, and Dericorys annulate males and
females) are smaller, and their Kendall values ranged from 0.116
to 0.175, which are all larger than those of the four polyphagous
grasshoppers (Oedipoda caerulescens, Calliptamus barbarus, Notostau-
rus albicornis, and Calliptamus coelesyriensis females). The greatest
individual differences among the seven grasshopper species were

found in Notostaurus albicornis and Calliptamus coelesyriensis, as
these two grasshoppers had the smallest Kendall values (which can
also be seen as a greater variety of colors in Fig. 5). For example,
among females, Calliptamus coelesyriensis had the smallest Kendall
value of 0.037, and among males, Notostaurus albicornis had the
smallest Kendall value of 0.047 (Fig. 4). As shown in Fig. 5, there
were oligophagous individuals among polyphagous grasshoppers
and monophagous individuals among oligophagous grasshoppers.
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Fig. 5. Interindividual feeding variation in seven grasshopper species (one Oedaleus decorus male and one Calliptamus coelesyriensis male
each had no food in their crop, so only nine are shown feeding).
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Table 2. Overlap of the ecological niches of seven grasshopper species by sex.

O. decorus B. gebleri O. caerulescens C. coelesyriensis C. barbarus D. annulata N. albicornis
? 3 ? 3 ? 3 ? 3 ? 5] ? 3 ? 3
O. decorus Q 0.16 0.07 0.07 0.14 0.19 0.18 0.00 0.19 0.14 0.00 0.00 0.18 0.11
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B. gebleri Q 0.11 0.13 0.29 0.18 0.00 0.07 0.19 0.02 0.19 0.28 0.14
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O. caerulescens ?Q [056 o024 o004 0.1 0.10 000 000 003 008
3 0.23 0.00 0.12 0.09 0.00 0.00 0.05 0.12
C. coelesyriensis Q 0.46 0.17 0.17 0.00 0.00 0.08 0.21
3 012 | 056 | 000 000 000 012
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Fig. 6. Ecological niche widths in seven grasshopper species according to sex. Note: t-tests were conducted for each sex in each grass-
hopper species. One or two asterisks indicate a significant difference at P < 0.05 or P < 0.01, respectively.

Dietary specialization. Insects exhibit different degrees of specializa-
tion in their feeding habits, ranging from monophagy to oligophagy
to polyphagy. In this study, it was found that whether Oedaleus de-
corus, Bryodema gebleri, and Calliptamus coelesyriensis were oligopha-
gous or polyphagous depended on their sex: females showed poly-
phagous behavior while males showed oligophagous behavior. The
rest of the grasshoppers showed the same behavior in males and fe-
males; for example, Dericorys annulata was oligophagous and Oedip-
oda caerulescens, Calliptamus barbarus, and Notostaurus albicornis were
polyphagous (Fig. 1). Among the oligophagous grasshoppers, male
Oedaleus decorus (98.11%) and Bryodema gebleri (93.12%) consumed
primarily Poaceae, whereas Dericorys annulata (99.17%) fed primar-
ily on Amaranthaceae (Fig. 2). Notostaurus albicornis, one of the poly-
phagous grasshoppers, had the broadest feeding range, feeding on
15 plant species from four families, whereas Calliptamus coelesyriensis
had the narrowest range, feeding on only eight species from five fam-
ilies (Fig. 1). The seven grasshopper species in this study consumed
a variety of plant families. For example, Oedaleus decorus, Bryodema
gebleri, and Calliptamus barbarus consumed mainly Poaceae; Dericorys
annulata fed primarily on Amaranthaceae; Notostaurus albicornis fed
on both Poaceae and Amaranthaceae; Oedipoda caerulescens fed pri-
marily on Asteraceae; and Calliptamus coelesyriensis fed primarily on
Nitrariaceae (Figs 2, 3). Among the three grasshopper species that
consumed primarily Poaceae, we observed differences in the specific

plant species preferred. For example, we observed high choice for
Oedaleus decorus feeding on Poa annua (REN = 0.55, as below), Bryo-
dema gebleri feeding on Stipa capillata (0.55), and Calliptamus barba-
rus feeding on Setaria viridis (0.55) (Fig. 3).

Niche analysis.—Sex variation in ecological niches. Next, we per-
formed t-tests to determine the ecological niche widths of male and
female grasshoppers across seven locations. Only Oedaleus decorus,
Bryodema gebleri, Oedipoda caerulescens, and Calliptamus coelesyrien-
sis displayed a notable variance in sexual dimorphism. The feeding
ecological niches of female Oedaleus decorus and Calliptamus coe-
lesyriensis were significantly wider than those of their male coun-
terparts (P = 0.019, 0.037 < 0.05), and for female Bryodema gebleri,
the niche was highly significantly wider than for their male coun-
terparts (P = 0.004 < 0.01), whereas the male feeding ecological
niches of Oedipoda caerulescens were highly significantly wider than
those of the females (P = 0.006 < 0.01) (Fig. 6). Most of the overlap
of ecological food niches among the seven grasshoppers are not
highly differentiated (i.e., there is no significant potential for com-
petition). For example, the ecological niche overlap between the
seven grasshopper species ranged from 0 to 0.56, and only the eco-
logical niche overlap between males of Bryodema gebleri and males
of Oedaleus decorus was relatively high (C, = 0.76 > 0.6), which may
indicate a potential competitive relationship (Table 2).

JOURNAL OF ORTHOPTERA ResEArRcH 2024, 33(T)



164

J.-L. REN, W.-]. KANG, J.-X. LI, X. JIN, K.-X. LI AND L. ZHAO

Comparison of ecological niches. Among the seven grasshop-
per species, Notostaurus albicornis and Oedaleus decorus exhibited
significantly greater niche widths (P < 0.05), measured at 5.22
and 4.02, respectively (Fig. 7). In contrast, Oedipoda caerulescens
and Dericorys annulata had significantly narrower niche widths
(P < 0.05), measured at 2.49 and 1.22, respectively. Meanwhile,
no significant differences were observed (P > 0.05) in the niche
widths of Bryodema gebleri, Calliptamus barbarus, and Calliptamus
coelesyriensis. As can be seen in Table 3, the overlap of ecologi-
cal food niches among the seven species of grasshoppers was low,
with values ranging from 0 to 0.31, indicating that none of the
seven species of grasshoppers had any obvious potential competi-
tive relationship with another. The highest food ecological overlap
was 0.31 between Calliptamus barbarus and Oedaleus decorus, and
the lowest food ecological overlap, between Dericorys annulata and
Oedipoda caerulescens and Calliptamus coelesyriensis, was 0. Over-
all, Calliptamus barbarus had a stronger potential for competition
with the other six grasshoppers, and its ecological overlap with
the other grasshoppers ranged from 0.10 to 0.31, while Dericorys
annulata had almost no potential competition with the other six
grasshoppers, and its ecological overlap with other grasshoppers
was 0.00-0.09.

Discussion

Herein, we present the results of using MACC to examine sex-
specific, interindividual, and interspecies differences in dietary
patterns in seven grasshopper species present in the Xinjiang
grasslands. Previously, it was reported that Oedaleus decorus and
Bryodema gebleri were oligophagous and Calliptamus coelesyriensis
was polyphagous. In the present study, we found that whether
Oedaleus decorus, Bryodema gebleri, and Calliptamus coelesyriensis are
oligophagous or polyphagous depends on their sex, such that the
females are polyphagous and the males are oligophagous, which
has not been reported previously. There were significant sex differ-
ences in the feeding habits of the seven grasshoppers, and females
displayed a greater tendency to consume more host plant species
than males. In addition, adults displayed sex-specific differences
in high-preference food sources. Individuals of all seven grasshop-
pers showed different degrees of dietary variance, with oligopha-
gous grasshoppers (Oedaleus decorus males, Dericorys annulata, and
Bryodema gebleri males) showing a smaller degree of individual
dietary variance than polyphagous grasshoppers (Oedipoda caer-
ulescens, Calliptamus coelesyriensis females, Calliptamus barbarus,
and Notostaurus albicornis) and Calliptamus coelesyriensis and Notos-
taurus albicornis showing the strongest individual variance in their
diets. Oligophagous individuals were present in polyphagous
grasshoppers (Oedaleus decorus females, Calliptamus coelesyriensis
females, Oedipoda caerulescens females, and Notostaurus albicornis
females); monophagous individuals were present in oligophagous
grasshoppers (Oedaleus decorus males, Bryodema gebleri males, Cal-
liptamus coelesyriensis males, and Dericorys annulata).

Host plant preference.—In a study on the dietary habits, trophic
specialization, and degree of trophic specialization exhibited by
65 species of grasshoppers in the lower Volga River region of Rus-
sia, Savitsky (2010) concluded that Oedaleus decorus, Calliptamus
coelesyriensis, and Notostaurus albicornis are oligophagous, whereas
Oedipoda caerulescens and Calliptamus barbarus are polyphagous. In
this study, we found that the degree of trophic specialization of four
species of grasshoppers—Oedaleus decorus males, Calliptamus coe-
lesyriensis males, Oedipoda caerulescens, and Calliptamus barbarus—

was consistent with that found in Stavitsky’s (2010) study, but
the degree of trophic specialization of Calliptamus coelesyriensis
females and Notostaurus albicornis were completely opposite:
Calliptamus coelesyriensis females and Notostaurus albicornis were
polyphagous. In Central Asia, Calliptamus coelesyriensis feeds on
plants belonging to the Asteraceae and Amaranthaceae, such as
Artemisia terrae-albae, Artemisia sublessingiana, wormwoods from
the Asteraceae, and perennial saltworts from the Amaranthaceae.
Notostaurus albicornis feeds on wormwoods (Artemisia terrae-albae
and Artemisia sublessingiana) from the Asteraceae, Poa bulbosa and
Carex physodes from the Poaceae, and Strigosella africana from the
Brassicaceae (Serkova 1958, 1961, Soyunov 1997). Consequently,
we inferred that both Calliptamus coelesyriensis and Notostaurus al-
bicornis exhibit polyphagous feeding habits that are characteristic
of insects that feed on plants across multiple families. Savitsky
(2010) narrowly defined these two grasshoppers as oligophagous
for selectively feeding on plants from one or two families or on
plants from both families in the same habitat. Our results con-
trast with those of Savitsky owing to differences in the criteria
for defining the degree of diet feeding. In addition, our findings
revealed that Notostaurus albicornis has a more extensive feeding
range than previously appreciated: in our study, it fed on 15 plant
species from four families, notably Poaceae (Aristida adscensionis)
and Amaranthaceae (Anabasis cretacea and Bassia prostrata), many
of which have not previously been reported. Although Dericorys
annulata’s feeding habits have yet to be reported, a comparison
with its parent-relative Dericorys tibialis (Pallas 1773) indicated
identical feeding habits; for example, Dericorys tibialis feeds pri-
marily on Anabasis aphylla of the Amaranthaceae but also feeds on
Salsola verrucosa, Petrosimonia brachiata, and Suaeda sp. (Li and Xia
2006, Savitsky 2010). We found that none of the seven species of
grasshoppers primarily selected plants that were dominant in their
habitats and that their feeding on plants did not depend exclu-
sively on the relative abundance of plants in their habitats, which
is indirect evidence that grasshoppers are actively selecting food.
Grasshoppers more closely related often exhibit more similar
feeding habits (Savitsky 2010). Huang (1995) observed that grass-
hoppers from the subfamily Catantopinae feed primarily on dicot-
yledons, whereas some species from the subfamily Oedipodinae
consume both dicotyledons and monocotyledons. Within the Cal-
liptaminae and Dericorythidae, Calliptamus barbarus, Calliptamus
coelesyriensis, and Dericorys annulata demonstrate varying choices
for plant types (dicotyledons and monocotyledons). Specifically,
Calliptamus coelesyriensis and Dericorys annulata feed primarily on
dicotyledons: Calliptamus coelesyriensis consumes mainly Nitrari-
aceae, whereas Dericorys annulata consumes mainly Amaranthaceae.
The exception to this pattern is Calliptamus barbarus, which feeds
predominantly on monocotyledons (Poaceae). This finding may
be attributable to differences in sex and geographic location. Our
research indicates that Calliptamus barbarus females consumed pri-
marily monocotyledons from the Poaceae, whereas males tended
to feed on dicotyledons from the Amaranthaceae and Nitrariaceae.
In Central Asia, the insect feeds mostly on dicotyledonous plants
(Lehr 1962, Stoliarov 1979, Soyunov 1997), whereas in Russia
it feeds on both dicotyledonous and monocotyledonous plants
(Chernyakhovskii 1968). At different sites, the feeding choices of
Calliptamus barbarus were consistent at the plant family level and
varied at the species level, which may be related to different feeding
strategies in different habitats. Differences in vegetation composi-
tion among habitats and differences in nutrient content of the same
species in different habitats affect grasshoppers’ feeding choices
(Meriem et al. 2021, Pitteloud et al. 2021, Konig et al. 2022).

JOURNAL OF ORTHOPTERA REsEARCH 2024, 33(1)



J.-L. REN, W.-J. KANG, J.-X. LI, X. JIN, K.-X. LI AND L. ZHAO

165

Table 3. Overlap in the food ecological niches of seven grasshopper species.

O. decorus B. gebleri O. caerulescens C. coelesyriensis C. barbarus D. annulata N. albicornis
0. decorus o 0.15 0.14 0.01
B. gebleri 0.16 0.09
O. caerulescens 0.00 0.08
C. coelesyriensis 0.00 0.15
C. barbarus 0.01 0.18
D. annulata - 0.09
N. albicornis 0 0.31
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Fig. 7. Ecological niche widths for seven grasshopper species. Note: Data are shown as mean + SD. Different letters indicate significant
differences (P < 0.05), according to Duncan’s new multiple range method.

Our findings, combined with previous findings on grasshop-
per feeding patterns, indicate that Oedaleus decorus exhibits a high-
preference feeding on Poaceae (Poa annua) (Huang 1995, Wang
2007), Calliptamus barbarus has high-preference feeding on Poaceae
(Savitsky 2010), whereas Oedipoda caerulescens shows high-prefer-
ence feeding on Asteraceae (wormwoods) (Savitsky 2010) and was
shown to feed on many families, including Asteraceae, Apiaceae,
Rosaceae, Fabaceae, Caryophyllaceae, Crassulaceae, Brassicaceae,
Poaceae, and Lamiaceae in Europe (Meriem et al. 2021, Pitteloud et
al. 2021, Konig et al. 2022). Moreover, the high-preference feeding
habits of Calliptamus coelesyriensis and Bryodema gebleri differ sig-
nificantly. For example, Calliptamus coelesyriensis has been shown
high-preference feeding on Asteraceae (Wang 2007, Savitsky 2010),
whereas the present study indicates high-preference feeding on Ni-
trariaceae (Peganum harmala). Similarly, Bryodema gebleri has been
shown high-preference feeding on Boraginaceae (Huang 1995);
however, we observed high-preference feeding on Poaceae (Stipa
capillata). We suggest three possible causes for these differences. The
first potential cause may be differences in research methods: Wang
(2007) and Huang (1995) both used the caging method, which en-
tails passive and non-selective feeding of grasshoppers, but the pre-
sent study used the MACC method, which involves naturally selec-
tive feeding. The second possibility is differences in feeding habits
across geographical locations: Huang's study was conducted in Ba-
likun, which is in Xinjiang’s Hami region, whereas our research was
conducted in Bole in the Bozhou region of Xinjiang. Plant compo-
sition/species at each sampling site may have a strong influence on
the selection of host plants by orthopteran insects (Meriem et al.
2021, Pitteloud et al. 2021, Konig et al. 2022). The third possibility
is that Calliptamus coelesyriensis may feed on Peganum harmala for
hydration purposes: grasshoppers tend to feed on water-rich plants
during the dry season to replenish their fluids (Ohabuike 2009).

We observed significant differences in the feeding habits of the
sexes. We speculate that these differences might be attributable to
the heavier body weight of female grasshoppers as well as their
choice for laying eggs on the ground, thus resulting in the ten-
dency of adult females to move along the lower parts of plants
or on the ground surface more frequently than males (Yan and
Chen 1997). The differences in feeding range and plant preference
were reflected in the sex-specific of the three grasshopper species
studied. Specifically, females consumed more host plant species
than males, and adult males and females had different high-pref-
erence feeding plants. These findings are consistent with those of
previous studies; for example, females of Cornops aquaticum have a
wider feeding range, feeding on six species of plants, while males
feed on five species of plants (Capello et al. 2011). Female Romalea
microptera tend to feed on Spartina alterniflora (Poaceae), where-
as males prefer Sesbania macrocarpa (Fabaceae) (Vincent 2006);
Oedaleus decorus females exhibit a preference for Leymus chinensis
over Artemisia frigida, whereas males prefer Artemisia frigida over
Leymus chinensis (Qin 2016); females of Ageneotettix deorum and
Phoetaliotes nebrascensis have a greater preference for proline-rich
food sources (Behmer and Joern 1994); and male Oedaleus senega-
lensis show a preference for host leaves while females prefer host
maize ears (Boys 1978). These feeding choices may reflect adapta-
tions to physiological needs, as males require high-fat foods for
flight and females require high-protein foods for ovarian devel-
opment (Schoonhoven et al. 2005). Thus, female grasshoppers
must consume adequate nutrition to support their reproductive
activity, particularly ovarian growth, potentially accounting for the
observed differences in feeding habits between the sexes (Behmer
and Joern 1994). Furthermore, females may require greater food
intake than males to fuel their metabolic needs owing to their
larger size (Ueckert and Hansen 1971).
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Considerable interindividual variation in feeding on host plants
exists among insects (Schoonhoven et al. 2005). Many authors
argue that individuals are often specialized and that population-
level polyphagy in many insect species is a result of specialization
on many different resources by individuals within the population
(Singer 1983, Via 1984, Halima et al. 1985, Braker 1987, Howard
et al. 1994). Our experimental results are not consistent with this
view: among polyphagous grasshopper species, most individuals
are also polyphagous, and only a small number of oligophagous
individuals exist. For example, among the seven species, Oedaleus
decorus had the most oligophagous individuals, accounting for
50%, and the remaining polyphagous grasshoppers had oligopha-
gous individuals in the range of 0-30%. In this study, it was found
that all seven species of grasshopper had different degrees of in-
dividual feeding differences, and the degree of individual feeding
differences was related to the feeding range, with three species of
oligophagous grasshoppers—Oedaleus decorus males, Dericorys an-
nulate, and Bryodema gebleri males—having fewer individual feed-
ing differences, and five species of polyphagous grasshoppers—
Oedipoda caerulescens, Calliptamus coelesyriensis, Calliptamus barbarus,
Notostaurus albicornis, and Bryodema gebleri females—having more
differences. Calliptamus coelesyriensis and Notostaurus albicornis ex-
hibited greater differences than the others, which is consistent with
our hypothesis. According to Howard (1995), Melanoplus differen-
tialis and Schistocerca albolineata, which are polyphagous grasshop-
pers, exhibit variations in interindividual plant choice, degree of
choice, and food range. Howard (1995) also found that environ-
mental heterogeneity is primarily responsible for these interindi-
vidual feeding variations, although the order of encounters, sup-
plemental resource consumption, and intrinsic feeding traits are
also influencing factors (Howard 1995). The reasons and mecha-
nisms underlying the variability in dietary choice among these five
omnivorous grasshopper species have not yet been established.
Interindividual variation resulting from genetic polymorphisms,
developmental plasticity, and elevated interindividual phenotypic
and genetic variation can promote the ecological and evolution-
ary success of populations and species amid environmental change
(Forsman and Wennersten 2016). More variable populations are
less susceptible to environmental fluctuations, exhibit lower popu-
lation size fluctuation, have higher establishment success rates and
larger distribution ranges, and are less prone to extinction (Forsman
and Wennersten 2016). Therefore, Calliptamus coelesyriensis and No-
tostaurus albicornis, the most environmentally adapted among the
seven grasshopper species investigated, may serve as valuable ex-
perimental models for investigating the relationship between inter-
individual variations and environmental adaptation.

The feeding habits of grasshoppers are related to the insect’s
body (the grasshopper itself) and the plant. Where genetic varia-
tion in the insect body itself determines its feeding choices (How-
ard 1993), grasshoppers have well-defined nutritional requirements
in terms of carbohydrate, protein, and water intake (Simpson et al.
2004). As a result, they develop the cognitive ability to taste and
learn how to select foods accurately (Bernays and Bright 2005). They
show distinct preference for foods containing different nutrients
(Behmer and Joern 2008), and feeding on these appropriate foods
improves grasshopper adaptation (Simpson et al. 2004), allowing
them to survive and reproduce successfully. The influences of plants
are manifested in physical characteristics, chemical characteristics,
and phylogenetic relationships, whereas physical characteristics are
manifested in leaf toughness and leaf epidermal hairs; the toughness
of plant leaves can limit grasshopper feeding, nutrient uptake, and,
ultimately, growth (Ibanez et al. 2013b). For example, unidirectional

epidermal leaf hairs guide small herbivores away from the plant’s
meristematic tissues so that valuable parts of the plant are less dam-
aged (Karban et al. 2019). In addition, the chemical characteristics of
plants contain nutrients and secondary compounds that vary from
plant to plant, and grasshoppers feed selectively in order to balance
nutrients and reduce the intake of secondary compounds (Rapport
1980, Nik et al. 2021). Thus, plant phylogeny interacts with other
factors to shape the specialization of herbivore communities (Konig
et al. 2022), which influences grasshopper feeding.

Grasshopper feeding choice is a complex behavior composed
of many factors, and this study provides a view of the feeding sta-
tus of only seven grasshopper species in a particular habitat and
environment under natural conditions, rather than demonstrat-
ing intrinsic differences in the plant-food preference of species.
Therefore, future studies should examine the feeding of grasshop-
pers in different habitats and at different altitudes and latitudes
in order to analyze intrinsic feeding patterns of host-plant use of
grasshoppers. To accurately characterize the diet of Orthoptera, a
large number of individuals and interspecies must be analyzed,
and it is necessary to pay attention to the obvious differences in
plant consumption between males and females.

Potential intraspecific and interspecific competition.—Two grasshop-
per species that come from the same locations and have similar
feeding tendencies may engage in intense competition (Liu et al.
2007). In this study, we observed that interspecific competition
among grasshoppers correlated with sex. Specifically, four species
of grasshopper (Bryodema gebleri, Oedaleus decorus, Calliptamus
coelesyriensis, and Calliptamus barbarus) showed greater ecological
niche overlap among males than any other group of species, sug-
gesting that these four species have the most similar host plant
composition. Calliptamus barbarus exhibited strong interspecific
competition with Oedaleus decorus and Calliptamus coelesyriensis,
and these three species often coexist in the same habitat. Liu et
al. (2007) examined three grasshopper species in Gansu and de-
termined that intraspecific competition is restricted primarily by
nutritional inadequacy, whereas interspecific competition is in-
fluenced mainly by environmental conditions and grasshoppers’
adaptation to these conditions (Liu et al. 2007). The present study
constitutes a preliminary analysis of the ecological niches of grass-
hoppers and reveals potential competitive associations. In future
research, we plan to perform deeper investigations into the symbi-
otic conditions of grasshoppers, including sex, density, and food,
to account for their competitive relationships.
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