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Simple Summary: Mormon crickets (Anabrus simplex) are omnivorous, feeding on plants, fungi, and
insects, including one another. Because insects contain more protein than plants, prey availability
might determine the protein consumed by Mormon crickets. Some grasshoppers co-occur with
Mormon crickets and feed on the same hostplants, but little is known about their interactions. We
hypothesized that if Mormon crickets feed on grasshoppers, then the Mormon crickets’ needs for
alternative protein sources would decline when grasshoppers were more numerous. In addition,
because Mormon crickets with less dietary protein had less immunity, we hypothesized that greater
grasshopper density would enhance Mormon cricket immunity. In a field setting, we varied the
numbers of Mormon crickets from 0 to 20 and the numbers of grasshoppers Melanoplus borealis from
0 to 45 m−2 in 68 1-m2 cages. After one month, we measured Mormon cricket dietary preferences
and immune activity. As predicted, we found that protein consumption from the alternative source
declined as grasshopper density increased, and immunocompetence increased with grasshopper
availability. In addition, plant nitrogen declined with increasing insect density, reinforcing the
importance of predation by Mormon crickets to meet their protein needs. Potentially influencing
management decisions, Mormon crickets affect grasshopper populations, and grasshopper abundance
might be an indicator of Mormon cricket immunity.

Abstract: In addition to feeding on plants, Mormon crickets Anabrus simplex Haldeman, 1852 predate
on invertebrates, including one another, which effectively drives their migration. Carnivory derives
from lack of dietary protein, with Mormon crickets deprived of protein having less phenoloxidase
(PO) available to combat foreign invaders, such as fungal pathogens. Because Mormon crickets
commonly occur with grasshoppers that feed on the same plants, we investigated interactions
between grasshoppers and Mormon crickets, and hypothesized that if Mormon crickets are predatory
on grasshoppers, grasshopper abundance would influence the protein available to Mormon crickets
and their immunity. In a field setting, we varied densities of Mormon crickets (0, 10, or 20 per cage)
and grasshoppers Melanoplus borealis (0, 15, 30, or 45) in 68 1-m2 cages. After one month, we measured
Mormon cricket dietary preferences and PO activity. As predicted, artificial diet consumption shifted
away from protein as grasshopper density increased, and immunocompetence, as measured by
PO activity, also increased with grasshopper availability. Although nitrogen availability in the
vegetation decreased with increasing insect density, predation became an important source of protein
for Mormon crickets that enhanced immunity. Grasshoppers can be an important source of dietary
protein for Mormon crickets, with prey availability affecting Mormon cricket immunity to diseases.

Keywords: katydid; nutrition; omnivory; Orthoptera; predator; prey; rangeland; Wyoming

1. Introduction

Omnivores consume a broad array of animals and plants. In terrestrial environments,
plants, which are relatively dilute in protein, are much more common than the more
protein-rich animals, such that variability in animal prey encounters can result in large
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individual differences in dietary intake. Many phenotypic traits that directly impact fitness,
such as growth [1], immunity [2], body size, aggression [3], strength [4], and locomotor
performance [5], vary with dietary protein. Omnivorous animals as diverse as primates
and bears, ants and Mormon crickets show variation in these traits in association with diet.
Hence, dietary protein is an important constituent of an omnivorous diet. If capable of
encountering and capturing animal prey, omnivores will obtain greater concentrations of
dietary protein from these than from plants.

The omnivorous Mormon cricket Anabrus simplex Haldeman, 1852 (Orthoptera: Tet-
tigoniidae) is well known for its carnivory. In addition to plants and fungi, Mormon
crickets consume invertebrate prey and even cannibalize one another [6,7]. Seeking protein,
cannibalistic Mormon crickets can effectively drive the migration of conspecifics [8]. Flight-
less, Mormon crickets march in dense, uninterrupted bands 1–2 km across [6,9]. Studies
of Mormon crickets and migratory locusts both indicate that coordinated, unidirectional
movement of conspecifics minimizes the chances of being encountered and cannibalized
when the insects achieve sufficient densities [10,11].

Migrating Mormon crickets that lack protein in their diet are also deficient in phenolox-
idase (PO) activity [12], an enzyme involved in the insects’ generalized immune response
to wounding and invasion. Supplementing the diets of migrating Mormon crickets with
protein resulted in increased PO activity and decreased locomotor activity [12]. In captive
Mormon crickets, restricting dietary protein reduces PO activity and makes the insects
more susceptible to fungal attack [13].

If the principal source of protein for Mormon crickets is invertebrate prey, then prey
availability should be an important factor determining PO activity. In nature, Mormon
crickets commonly occur in the same habitat as grasshoppers (Orthoptera: Acrididae)
that feed on the same plants and can reach densities that make them the most common
insect herbivore on rangeland [14]. As a result, they are likely to frequently encounter one
another in nature, and yet, interactions between grasshoppers and Mormon crickets have
not been explored. Several characteristics suggest that Mormon crickets not only compete
for the same host plants, but predate directly on grasshoppers. First, Mormon crickets
hatch earlier in the spring than grasshopper species that do not overwinter as nymphs or
adults, and so they tend to be more developmentally advanced than most grasshopper
species. Second, adults are larger (1–9 g) than most grasshopper species, and so, Mormon
crickets have a size advantage in contests. Third, the earlier spring hatching suggests that
Mormon crickets might be active at cooler temperatures than many grasshopper species,
and this could permit Mormon crickets to seek and capture grasshoppers at times, such as
early in the morning, when the potential prey are unable to bask effectively to elevate their
body temperatures. In this paper, we investigated interactions between Mormon crickets
Anabrus simplex and the Northern grasshopper Melanoplus borealis to test the hypothesis
that grasshopper abundance in a Wyoming mountain meadow increases Mormon cricket
enzymatic-based immunity to infectious diseases.

2. Materials and Methods
2.1. Study Site, Study Organisms, and Cage Trials

The study site was a mountain meadow located on Forest Service Road (FSR) 167
(44◦48′27.049′′ N, 107◦32′32.809′′ W, 2405 m) in the Bighorn Mountains near Burgess Junc-
tion, WY, USA where Mormon crickets and Northern grasshoppers regularly occur in
high densities. The meadow serves as summer pasture for cattle with a variety of grasses
and broad-leaved forbs, such as silky lupine Lupinus sericeus, sticky geranium Geranium
viscosissimum, and mountain yarrow Achillea lanulosa [15]. We constructed 68 1 m2 cages
made of Lumite insect netting (1 m2 × 0.7 m in height, SI Corporation, Gainesville, Georgia)
with 15 cm polyester flaps at the base, which laid flat around the exterior of the cage. Each
cage was pulled onto a PVC pipe frame after clearing the 1 m2 area of insects and spiders,
and the flaps were fastened to the ground with spikes driven through grommet holes and
weighted down with sandbags to seal the cage [16]. Researchers accessed the interior
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through zippers on two sides. Northern grasshoppers were collected within 1 km of the
site. They were sorted at Burgess Junction to remove those younger than 3rd instars, and
then placed into cages at densities of 0, 15, 30, and 45 grasshoppers m−2. Initially, only
grasshoppers were stocked so that any immediate losses were not due to Mormon crickets.
We counted the grasshoppers one week after the initial stocking restocked each cage with a
sufficient number of grasshoppers to return to the treatment density for each cage, and then
introduced the prescribed density of Mormon crickets. Mormon crickets were collected
from the same area and from a meadow on FSR 17 (Paint Rock Road, 44◦27′48.853′′ N,
107◦27′38.279′′ W, 2655 m), which is at approximately the same elevation as the study site
on FSR 167. An equal number of male and female Mormon crickets were added to the
cages at combined densities of 0, 10, and 20 m−2. A total of 48 cages held four replicates of
each density combination. At stocking, Mormon crickets were in the final three immature
stages (5th, 6th, or 7th instar). In order to allow for the removal of Mormon crickets to
evaluate their immunity and diet intake without disturbing the 48 cages described above,
we stocked 20 additional cages: 8 cages with 10 male and 10 female Mormon crickets and
either 0, 15, 30, or 45 northern grasshoppers m−2 (two replicates of each combination), and
12 cages with 5 male and 5 female Mormon crickets and either 0, 15, 30, or 45 northern
grasshoppers (three replicates of each combination). In these 20 cages, we maximized the
effects of the grasshoppers on the Mormon cricket immunity and diet by combining the two
species from the outset. One week after the initial stocking, we counted the grasshoppers
and restocked each cage to its prescribed density. Although Mormon cricket presence in
each cage was verified, they were not restocked.

2.2. Immunity Assays

Approximately one month from the date when the cages were stocked, we drew
hemolymph by puncturing the arthrodial membrane at the base of each insect’s hindleg
with a 26-gauge hypodermic needle. We aimed to collect hemolymph from male and
female Mormon crickets in each density treatment. However, we collected hemolymph
of 27 insects (Table 1) because meadow voles and pocket gophers had compromised the
integrity of most of the cages, allowing Mormon crickets to escape through the holes dug
in the soil. Hemolymph from the wound was collected in a 20 µL capillary, and 8 µL was
diluted 1:50 with cold phosphate buffered saline (PBS) solution to be used in assays of
spontaneous phenoloxidase (PO) and prophenoloxidase (proPO) enzymatic activity and
total hemolymph protein.

Table 1. Sample sizes for the immunity and diet assays.

Mormon Cricket ×
Grasshopper Density Mormon Cricket Sex N-Immunity N-Intake Diet

10 × 15 female 0 1

10 × 30
male 5 5

female 5 4

10 × 45
male 0 1

female 0 2

20 × 15
male 5 5

female 5 5

20 × 30
male 2 4

female 3 5

20 × 45
male 1 5

female 1 3

To assay spontaneous PO activity, we followed the protocols detailed in [12]. Briefly,
samples of thawed hemolymph diluted in PBS were centrifuged and activated with 10 mM
dopamine solution. The plate was loaded into a temperature-controlled Biotek microplate
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reader (25◦ C), and absorbance at 492 nm was read between 5 and 15 min. If sample
absorbance was linearly related with time, we calculated mean V (change in absorbance
min−1). One unit PO activity per mL hemolymph is defined as the amount of enzyme
resulting in a 0.001 increase in absorbance. Prophenoloxidase (proPO), a zymogen of PO,
is activated by chymotrypsin. To measure total PO activity (both PO and proPO), we
dissolved 1 mg alpha-chymotrypsin from bovine pancreas (Sigma, St. Louis, MO, USA) in
1 mL PBS, combined an equal volume of this solution with centrifuged hemolymph in PBS
(1:50), and incubated for 30 min. In the plate wells, we added 5 µL of the incubated solution
to 195 µL 10 mM dopamine. As for spontaneous PO, mean V was calculated from plate
readings between 5–15 min to measure total PO activity in units mL−1 hemolymph. We
measured total hemolymph protein in mg protein mL−1 hemolymph with a Total Protein
Kit, Micro (Sigma) compared to a serial dilution of the human albumin standard.

2.3. Intake Diets

Approximately one month from the date when cages were stocked, we characterized
the intake diets of Mormon crickets in each density treatment (10 or 20 Mormon crickets and
0, 15, 30, or 45 grasshoppers m−2) following the methods of [8]. We prepared a 42% protein
diet consisting of a 3:1:1 mix of casein, peptone, and albumen and a 42% carbohydrate
diet consisting of equal parts of sucrose and dextrin. Both diets contained 54% cellulose
and 1.8% Wesson’s salt mixture and 2.2% vitamins, linoleic acid and cholesterol. In a
free-choice experiment, we aimed to collect five male and five female Mormon crickets
from each density treatment, but due to the loss of most of the Mormon crickets when
cages were compromised, we presented diets to 43 insects (Table 1). The insects were
housed individually with free access to water and 0.75 g of each diet for 24 h. After 24 h,
the diets were removed and replaced with fresh diet, which remained with the insects for
an additional 24 h. Diets were dried and weighed in the lab. The dry masses consumed
from each diet is a measure of the relative intake of carbohydrates and protein over the
first and second 24 h period. Body mass of each cricket was measured with an Ohaus
microbalance. The 10 × 0 male was excluded because a P-diet molded and could not be
weighed accurately; also excluded were a male 20 × 30 and a female 10 × 30, which had
both died before weighing (Supplementary Table S1).

2.4. Vegetation

Near the end of the growing season, approximately two months after the cages were
stocked, we clipped vegetation in a 0.25 m2 area of each of the ten uncompromised cages,
comprising the following treatments one 0 × 0, two 0 × 15, one 0 × 30, two 0 × 45, one
10 × 30, one 20× 15, one 20× 30, and one 20× 45. Above ground vegetation was separated
into forbs and grasses, which were dried and weighed separately (Supplementary Table S2).
Percent nitrogen and carbon in a 150 mg subsample of each vegetation type from each cage
were measured with dry combustion (LECO Corporation, St. Joseph, MI, USA).

2.5. Statistical Analyses

Consumption of protein (P) or carbohydrates (C) during each 24 h period (Table S1)
was normally distributed following square root transformation (Anderson–Darling Good-
ness of Fit Test for day 1, square root P, p = 0.64; day 1, square root C, p = 0.57; day 2,
square root P, p = 0.54; and day 2, square root C, p = 0.11). In a Multivariate Analysis of
Variance (MANOVA) for each day separately, P and C were the dependent variables and
sex, Mormon cricket density (2-levels), grasshopper density (3-levels), and the Mormon
cricket x grasshopper density interaction were the independent variables. For both days,
the interaction was not significant (p > 0.13) and pooled with error.

Spontaneous PO activity (Table S2) was tested for differences between low and high
Mormon cricket densities (10 and 20 m−2, respectively), sex, and the two-way interaction
with analysis of variance (ANOVA). PO was not significantly different from a normal
distribution (n = 27, p = 0.70). Because of empty cells, we ran a separate ANOVA to test
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PO activity for differences among grasshopper densities, sex, and the two-way interac-
tion. Mormon crickets housed with medium and high grasshopper densities (30 and
45 m−2, respectively) were combined for the analysis because there were only two of the
latter. These analyses were repeated for total PO activity, which was normally distributed
(n = 27, p = 0.95), and total hemolymph protein, which was normally distributed following
log transformation (n = 27, p = 0.61).

Biomass of grasses, forbs, and the two combined (Table S3) were not significantly
different from normally distributed (p > 0.18). Differences in total biomass among Mormon
cricket density (three levels) or grasshopper density (four levels) were tested with ANOVA.
Percent nitrogen (N) of forbs and grasses was unrelated within a cage (p = 0.24), and so,
percent N of forbs and percent N of grasses wereassumed to be independent observations.
Percent N and the ratio of carbon to nitrogen (C:N) were normally distributed (p = 0.46,
and p = 0.94, respectively). To determine if percent N of the vegetation changed with MC or
grasshopper density, we regressed percent N on Mormon cricket and grasshopper densities,
separately. We also regressed percent N and C:N on total insect density (Mormon crickets
and grasshoppers combined).

3. Results
3.1. Intake Diets

Neither the density of Mormon crickets nor the density of grasshoppers had significant
effects on square root-transformed P and C consumption during the first 24 h (Table 2,
Figure 1). Sex was a significant factor. For Mormon cricket consumption of square root-
transformed P and C during the second 24 h period, sex and grasshopper density were
significant factors (Table 2). Univariate tests indicated that P consumption was significantly
different between the sexes on day 1 (p = 0.0179), but C consumption did not differ sig-
nificantly (p = 0.0998). On day 2, C consumption did not differ significantly between the
sexes (p = 0.693) or among grasshopper densities (p = 0.392), whereas P consumption was
significantly different between the sexes (p = 0.0031) and grasshopper density (p = 0.002).
Multiple comparisons of the means indicated that the P consumption of Mormon crickets in
a low grasshopper density of 15 m−2 was significantly higher than in grasshopper densities
of 30 or 45 m−2, which did not differ significantly. Body mass did not differ between Mor-
mon cricket stocking densities or grasshopper density (p = 0.86 and p = 0.40, respectively),
but females were significantly larger than males (2.8 g and 2.3 g, respectively, p = 0.0090).

Table 2. Results from MANOVAs of P and C consumption by Mormon crickets on day 1 and day 2
following removal from the caged insect density treatments.

Day Factor F d.f. P

1

Mormon cricket density 1.1 2,34 0.34
Grasshopper density 1.3 4,68 0.27

Sex 5.1 2,34 0.0116
Whole Model 1.9 8,68 0.067

2

Mormon cricket density 0.0 2,34 0.96
Grasshopper density 3.2 4,68 0.0191

Sex 5.1 2,34 0.0118
Whole Model 2.9 8,68 0.0083

3.2. Immunity Assays

The PO titers of Mormon crickets did not vary significantly with sex or Mormon cricket
density (p > 0.80 and p = 0.16, respectively), but did vary significantly with grasshopper
density (p < 0.0088; low: 1100 ± 102, mean ± s.e.; medium + high: 1465 ± 78 units mL−1

hemolymph, Figure 2). Stocking densities of Mormon crickets, grasshoppers, or the sex
of the Mormon crickets did not significantly affect total PO titers (PO and proPO com-
bined; p = 0.70, p = 0.83, and p > 0.20, respectively). Log protein was also unaffected by
Mormon cricket stocking densities, grasshopper density, or sex (p = 0.56, p = 0.078, and
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p > 0.35, respectively). Body mass for the insects in this assay did not differ between
Mormon cricket stocking densities, grasshopper density, and sex (p = 0.24, p = 0.38, and
p = 0.14, respectively).
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densities were not different on day 2, whereas those with low grasshopper densities consumed
more protein on day 2. Data were square root-transformed for statistical analyses. Inset: Northern
grasshopper adult.
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3.3. Vegetation

Total vegetation biomass did not vary significantly with Mormon cricket (p = 0.76) or
grasshopper density (p = 0.86), but the biomass of grasses was significantly greater than
that of forbs, overall (F1,20 = 9.0, p = 0.0070). On average, grasses amounted to 21.1 g and
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forbs to 9.8 g of biomass in each cage. Forb mass tended to decline with the biomass of
grasses (R2 = 0.39, F1,8 = 5.15, p = 0.053). Percent nitrogen did not change significantly with
grasshopper or Mormon cricket density (p = 0.19 and p = 0.10, respectively), but it tended
to decline with total insect density (p = 0.062, Figure 3). As a result, C:N tended to increase
with total insect density (R2 = 0.18, F1,18 = 3.97, p = 0.062).
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4. Discussion

Grasshoppers are a potential source of protein for Mormon crickets on U.S. western
rangelands. We predicted that a decrease in grasshopper availability would result in Mor-
mon crickets that were protein deprived. This prediction was supported by the intake
diet assay, which showed that Mormon cricket preference for a protein diet increased as
the grasshopper density in which they were caged decreased. We also observed Mormon
crickets eating grasshoppers, including one that seized a live grasshopper on a cage wall
and ate it. This makes a seemingly benign relationship between Mormon crickets and
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grasshoppers into a predator–prey antagonism. When sufficiently abundant, Mormon
crickets could serve as an important regulator of sympatric grasshopper populations. Clas-
sic predator–prey dynamics in which the predator population growth and decline lag those
of the prey are theoretically possible for Mormon crickets and their grasshopper prey [17].
However, Mormon crickets may feed on other crawling prey items, such as caterpillars,
beetles, and bugs, which could dampen the influence of grasshopper abundance on that
of Mormon crickets in nature. Plant-feeding by Mormon crickets can further stabilize the
insects’ interactions with prey species [18].

Given that grasshoppers are a source of dietary protein for Mormon crickets, we
predicted that protein-deprived Mormon crickets would have lower immunocompetence.
This prediction was supported by the immunity assay, which showed that Mormon crick-
ets caged with a low grasshopper density had lower PO activity than those with greater
grasshopper numbers. In naturally migrating Mormon crickets, we found that nutrient
availability has important effects on migratory velocity and immunity to disease [5,12].
Greater protein consumption boosts PO activity and the ability to ward off fungal infec-
tion [13,19]. Accordingly, grasshoppers provide an immunity boost to Mormon crickets.
However, it may not only be the grasshopper protein that enhances the immune system.
Grasshoppers may be a source of disease for Mormon crickets, resulting in an induced
immune response of the coinhabiting Mormon crickets. Even without disease transmission,
repeated physical contact can cause prophylactic changes in the immune response [20],
and the Mormon crickets may have responded to higher densities of grasshoppers in the
cage with a prophylactic increase in PO activity, like they respond to higher density of
conspecifics [21]. Nevertheless, the result of this field experiment is consistent with previ-
ous laboratory experiments and field work that indicated that the PO activity of Mormon
crickets is limited by dietary protein.

This research adds to the growing field of nutritional immunity, which focuses specif-
ically on the role of nutrition in tolerance and defense against infections [22,23]. Some
insects increase protein consumption in response to immune challenges [2,24], which may
compensate for proteins lost or enhance the immune response to infection [25]. The PO
cascade serves in hemolymph clotting to stop loss from wounds or to isolate foreign bodies
in a melanic encapsulating coat. Mormon crickets with less protein in their diet have
reduced encapsulation responses in addition to lower PO titers [13].

The omnivorous diet of Mormon crickets also makes them competitors with grasshop-
pers for hostplants. We found that nitrogen availability from the vegetation tended to
decrease with an increase in insect density. The vegetation ranged from 0.8 to 1.7% ni-
trogen or 4.8 to 10.2% protein, which is much less than the 60–68% protein measured in
grasshoppers (dry weights, [26]). Hence, grasshoppers are concentrating the plant protein,
as are Mormon crickets, which are about 58% protein (dry weight, [27]). Greater protein
intake was attainable when Mormon crickets could also feed on the grasshoppers and
cannibalize one another. In a broad survey of North American grasslands [28], the biomass
of omnivorous katydids was proportional to plant biomass, whereas grasshopper biomass
was more closely linked to plant quality. However, with increasing plant biomass, the katy-
dids also consumed more animal protein, which the authors suggest is due to greater prey
abundance and poorer plant quality [28]. Similarly, we found that predation by Mormon
crickets to meet its protein requirements became more predominant when grasshoppers
were more abundant and plant quality was diminished.

In the western U.S., the uptake of soil nitrogen by plants is dependent on rainfall [29].
As a result, periodic drought and episodic rainfall make high protein resources, such
as seeds, flowers, and invertebrate prey, highly variable both temporally and spatially.
Grasshopper abundance might be a useful indicator that co-occurring Mormon crickets
have sufficient protein in their diet, and consequently, elevated PO activity and less suscep-
tibility to entomopathogenic fungus. In contrast, regions with low grasshopper abundance
might have Mormon crickets that are particularly vulnerable to fungal attack [13], which
land managers might take into consideration when applying microbial control agents [30].
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Here we have shown that grasshoppers can be an important source of dietary protein
and serve as a superfood for Mormon crickets, with prey availability affecting Mormon
cricket immunity to disease. Grasshopper abundance could influence Mormon cricket
motility due to the potential role of exercise on Mormon cricket locomotory biomechanics
and the known role of protein in the migratory movement of Mormon crickets [5,8]. Fur-
thermore, the presence of predators has been shown to alter the carbon-to-nitrogen ratios of
grasshoppers and nutrient flow in grassland ecosystems [31–33]. Future work will examine
the long-term effects of grasshopper and Mormon cricket interactions on rangeland plant
community composition and nutrient cycling.

Most research on the effect of predation on immunity focuses on the prey, which
typically suppresses immune function with increased predator density as a part of coping
with the increased stress [34,35]. Much less research has been done on the effect of prey
density on the immunity of the predator [35,36]. To the best of our knowledge, our
manipulation of Mormon cricket and grasshopper densities on a meadow in the Bighorn
Mountains is the first experimental study to investigate the immune response of a predator
with increasing prey densities in an outdoor field setting.

We focused on grasshoppers and Mormon crickets because they are commonly co-
occurring pests that reach outbreak densities on western U.S. rangeland and the exact
nature of their interactions was unknown, but this initial study is only a first step. Mormon
cricket populations differ in aggregation, banding, and movement behaviors [37–39]. When
aggregated into bands, Mormon crickets typically move unidirectionally across the ground
in the early morning, climb vegetation to feed in the late morning, and migrate again in
the late afternoon [6,9]. The flushing and capture of prey on the ground may be an added
benefit of marching in the broad (1–2 km) bands, minimizing the opportunity for prey to
flee the broad band front. At a comparable elevation (2440 m) in northern Colorado [7],
arthropods made up as much as 37% of the Mormon cricket diet (21% dry weight, on
average). Although most of the identifiable parts were from small invertebrates, such as
aphids, ants, and caterpillars, the Mormon crickets were probably not banding. At the
very least, gleaning prey from vegetation when the band is not on the march is another
important source of protein for migrating Mormon crickets. We have shown that Mormon
crickets may provide beneficial services by consuming grasshoppers and other pest species.
However, any benefits of Mormon crickets will need to be weighed against the costs,
including damage to crops and competition with livestock on rangeland [40].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects14110868/s1, Table S1: Consumption of protein and carbohy-
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and Table S3: Above ground vegetation mass and elemental composition.

Author Contributions: Conceptualization, R.B.S. and D.H.B.; methodology, R.B.S. and D.H.B.; formal
analysis, R.B.S.; investigation, R.B.S. and D.H.B.; resources, R.B.S. and D.H.B.; data curation, R.B.S.
and D.H.B.; writing—original draft preparation, R.B.S.; writing—review and editing, D.H.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All relevant data are included as Supplementary Tables S1–S3 in
the paper.

Acknowledgments: We thank the Sheridan District of the USDA-Forest Service for granting permis-
sion to set up the experiment beside their cattle exclosure. We also thank Bruce Shambaugh, Kathleen
King, and the seasonal help at the USDA-Animal and Plant Health Inspection Service-Plant Protection
and Quarantine in Cheyenne, Wyoming for providing assistance with the set up and stocking of
insect cages. We also thank Laura Senior and Nicole Davidson, Biological Science Technicians with
the USDA-Agricultural Research Service, for help with lab and field work. Last but certainly not
least, we thank Fred Vencl for providing valuable comments on an earlier draft of the manuscript.
The USDA is an equal opportunity employer.

https://www.mdpi.com/article/10.3390/insects14110868/s1
https://www.mdpi.com/article/10.3390/insects14110868/s1


Insects 2023, 14, 868 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jauncey, K. The effects of varying dietary protein level on the growth, food conversion, protein utilization and body composition

of juvenile tilapias (Sarotherodon mossambicus). Aquaculture 1982, 27, 43–54. [CrossRef]
2. Lee, K.P.; Simpson, S.J.; Wilson, K. Dietary protein-quality influences melanization and immune function in an insect. Func. Ecol.

2008, 22, 1052–1061. [CrossRef]
3. DeNapoli, J.S.; Dodman, N.H.; Shuster, L.; Rand, W.M.; Gross, K.L. Effect of dietary protein content and tryptophan supplemen-

tation on dominance aggression, territorial aggression, and hyperactivity in dogs. J. Am. Vet. Med. Assoc. 2000, 217, 504–508.
[CrossRef] [PubMed]

4. Phillips, S.M.; Van Loon, L.J.C. Dietary protein for athletes: From requirements to optimum adaptation. J. Sports Sci. 2011, 29,
529–538. [CrossRef] [PubMed]

5. Srygley, R.B.; Lorch, P.D. Weakness in the band: Nutrient-mediated trade-offs between migration and immunity of Mormon
crickets, Anabrus simplex. Anim. Behav. 2011, 81, 395–400. [CrossRef]

6. Cowan, F.T. Life history, habits, and control of the Mormon cricket. Tech. Bull. 1929, 161, 1–28.
7. Ueckert, D.N.; Hansen, R.M. Seasonal dry-weight composition in diets of Mormon crickets. J. Econ. Entomol. 1970, 63, 96–98.

[CrossRef]
8. Simpson, S.J.; Sword, G.A.; Lorch, P.D.; Couzin, I.D. Cannibal crickets on a forced march for protein and salt. Proc. Natl. Acad. Sci.

USA 2006, 103, 4152–4156. [CrossRef]
9. Wakeland, C. Mormon crickets in North America. Tech. Bull. 1959, 1202, 1–77.
10. Bazazi, S.; Ioannou, C.C.; Simpson, S.J.; Sword, G.A.; Torney, C.J.; Lorch, P.D.; Couzin, I.D. The social context of cannibalism in

migratory bands of the Mormon cricket. PLoS ONE 2010, 5, e15118. [CrossRef]
11. Buhl, J.; Sword, G.A.; Simpson, S.J. Using field data to test locust migratory band collective models. Interface Focus 2012, 2, 24.

[CrossRef] [PubMed]
12. Srygley, R.B.; Lorch, P.D.; Simpson, S.J.; Sword, G.A. Immediate protein dietary effects on movement and the generalised

immunocompetence of migrating Mormon crickets Anabrus simplex (Orthoptera: Tettigoniidae). Ecol. Entomol. 2009, 34, 663–668.
[CrossRef]

13. Srygley, R.B.; Jaronski, S.T. Protein deficiency lowers resistance of Mormon crickets to the pathogenic fungus Beauveria bassiana. J.
Insect Physiol. 2018, 105, 40–45. [CrossRef]

14. Branson, D.H.; Joern, A.; Sword, G.A. Sustainable management of insect herbivores in grassland ecosystems: New perspectives
in grasshopper control. BioScience 2006, 56, 743–755. [CrossRef]

15. Hurd, R.M. Grassland vegetation in the Big Horn Mountains, Wyoming. Ecology 1961, 42, 459–467. [CrossRef]
16. Branson, D.H. Drought impacts on competition in Phoetaliotes nebrascensis (Orthoptera Acrididae) in a northern mixed grassland.

Envir. Entomol. 2016, 45, 492–499. [CrossRef]
17. Hassell, M.P. The Dynamics of Arthropod Predator-Prey Systems; Princeton University Press: Princeton, NJ, USA, 1978.
18. Lalonde, R.B.; McGregor, R.R.; Gillespie, D.R.; Roitberg, B.D. Plant-feeding by arthropod predators contributes to the stability of

predator-prey dynamics. Oikos 1999, 87, 603–608. [CrossRef]
19. Srygley, R.B. Selective protein self-deprivation by Mormon crickets following fungal attack. J. Insect Physiol. 2023, 149, 104555.

[CrossRef]
20. Wilson, K.; Thomas, M.B.; Blanford, S.; Doggett, M.; Simpson, S.J.; Moore, S.L. Coping with crowds: Density-dependent disease

resistance in desert locusts. Proc. Natl. Acad. Sci. USA 2002, 99, 5471–5475. [CrossRef]
21. Srygley, R.B. Age- and density-dependent prophylaxis in the migratory, cannibalistic Mormon cricket Anabrus simplex (Orthoptera:

Tettigoniidae). Envir. Entomol. 2012, 41, 166–171. [CrossRef]
22. Miller, C.V.L.; Cotter, S.C. Resistance and tolerance: The role of nutrients on pathogen dynamics and infection outcomes in an

insect host. J. Anim. Ecol. 2017, 87, 500–510. [CrossRef] [PubMed]
23. Cotter, S.C.; Shareefi, E.A. Nutritional ecology, infection and immune defence- exploring the mechanisms. Curr. Opin. Insect Sci.

2022, 50, 100862. [CrossRef] [PubMed]
24. Catalán, T.P.; Barceló, M.; Niemeyer, H.M.; Kalergis, A.M.; Bozinovic, F. Pathogen and diet-dependent foraging, nutritional and

immune ecology in mealworms. Evol. Ecol. Res. 2011, 13, 711–723.
25. Povey, S.; Cotter, S.C.; Simpson, S.J.; Lee, K.P.; Wilson, K. Can the protein costs of bacterial resistance be offset by altered feeding

behaviour? J. Anim. Ecol. 2009, 78, 437–446. [CrossRef]
26. Anand, H.; Ganguly, A.; Haldar, P. Potential value of acridids as high protein supplement for poultry feed. Int. J. Poult. Sci. 2008,

7, 722–725. [CrossRef]
27. DeFoliart, G.R.; Finke, M.D.; Sunde, M.L. Potential value of the Mormon cricket (Orthoptera: Tettigoniidae) harvested as a

high-protein feed for poultry. J. Econ. Entomol. 1982, 75, 848–852. [CrossRef]
28. Welti, E.A.R.; Prather, R.M.; Sanders, N.J.; de Beurs, K.M.; Kaspari, M. Bottom-up when it is not top-down: Predators and plants

control biomass of grassland arthropods. J. Anim. Ecol. 2020, 89, 1286–1294. [CrossRef]
29. Yahdjian, L.; Gherardi, L.; Sala, O.E. Nitrogen limitation in arid-subhumid ecosystems: A meta-analysis of fertilization studies. J.

Arid Environ. 2011, 75, 675–680. [CrossRef]

https://doi.org/10.1016/0044-8486(82)90108-9
https://doi.org/10.1111/j.1365-2435.2008.01459.x
https://doi.org/10.2460/javma.2000.217.504
https://www.ncbi.nlm.nih.gov/pubmed/10953712
https://doi.org/10.1080/02640414.2011.619204
https://www.ncbi.nlm.nih.gov/pubmed/22150425
https://doi.org/10.1016/j.anbehav.2010.11.006
https://doi.org/10.1093/jee/63.1.96
https://doi.org/10.1073/pnas.0508915103
https://doi.org/10.1371/journal.pone.0015118
https://doi.org/10.1098/rsfs.2012.0024
https://www.ncbi.nlm.nih.gov/pubmed/24312729
https://doi.org/10.1111/j.1365-2311.2009.01117.x
https://doi.org/10.1016/j.jinsphys.2018.01.005
https://doi.org/10.1641/0006-3568(2006)56[743:SMOIHI]2.0.CO;2
https://doi.org/10.2307/1932231
https://doi.org/10.1093/ee/nvv225
https://doi.org/10.2307/3546827
https://doi.org/10.1016/j.jinsphys.2023.104555
https://doi.org/10.1073/pnas.082461999
https://doi.org/10.1603/EN11020
https://doi.org/10.1111/1365-2656.12763
https://www.ncbi.nlm.nih.gov/pubmed/28975615
https://doi.org/10.1016/j.cois.2021.12.002
https://www.ncbi.nlm.nih.gov/pubmed/34952240
https://doi.org/10.1111/j.1365-2656.2008.01499.x
https://doi.org/10.3923/ijps.2008.722.725
https://doi.org/10.1093/jee/75.5.848
https://doi.org/10.1111/1365-2656.13191
https://doi.org/10.1016/j.jaridenv.2011.03.003


Insects 2023, 14, 868 11 of 11

30. Mascarin, G.M.; Jaronski, S.T. The production and uses of Beauveria bassiana as a microbial insecticide. World J. Microbiol. Biotech.
2016, 32, 177. [CrossRef]

31. Hawlena, D.; Schmitz, O.J. Herbivore physiological response to predation risk and implications for ecosystem nutrient dynamics.
Proc. Natl. Acad. Sci. USA 2010, 107, 15503–15507. [CrossRef]

32. Hawlena, D.; Strickland, M.S.; Bradford, M.A.; Schmitz, O.J. Fear of predation slows plant-litter decomposition. Science 2012, 336,
1434–1438. [CrossRef] [PubMed]

33. Branson, D.H. Grasshopper feeding preference affects cascading effects of predators on plant biomass in a mixed-grass prairie.
Food Webs 2022, 31, e00224. [CrossRef]

34. Adamo, S.A.; Easy, R.H.; Kovalko, I.; MacDonald, J.; McKeen, A.; Swanburg, T.; Turnbull, K.F.; Reeve, C. Predator exposure-
induced immunosuppression: Trade-off, immune redistribution or immune reconfiguration? J. Exp. Biol. 2017, 220, 868–875.
[PubMed]

35. Hasik, A.Z.; Tye, S.P.; Ping, T.; Siepielski, A.M. A common measure of prey immune function is not constrained by the cascading
effects of predators. Evol. Ecol. 2021, 37, 13–30. [CrossRef]

36. Jiménez-Cortés, J.G.; Serrano-Meneses, M.A.; Cordoba-Aguilar, A. The effects of food shortage during larval development on
adult body size, body mass, physiology and developmental time in a tropical damselfly. J. Insect Physiol. 2012, 58, 318–326.
[CrossRef]

37. Lorch, P.D.; Gwynne, D.T. Radio-telemetric evidence of migration in the gregarious but not the solitary morph of the Mormon
cricket (Anabrus simplex: Orthoptera: Tettigoniidae). Naturwissenschaften 2000, 87, 370–372. [CrossRef]

38. Lorch, P.D.; Sword, G.A.; Gwynne, D.T.; Anderson, G.L. Radiotelemetry reveals differences in individual movement patterns
between outbreak and non-outbreak Mormon cricket populations. Ecol. Entomol. 2005, 30, 548–555. [CrossRef]

39. Bailey, N.W.; Gwynne, D.T.; Ritchie, M.G. Are solitary and gregarious Mormon crickets (Anabrus simplex, Orthoptera, Tettigoniidae)
genetically distinct? Heredity 2005, 96, 166–173. [CrossRef]

40. Cowan, F.T.; Shipman, H.J. Quantity of food consumed by Mormon crickets. J. Econ. Entomol. 1947, 40, 825–828. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11274-016-2131-3
https://doi.org/10.1073/pnas.1009300107
https://doi.org/10.1126/science.1220097
https://www.ncbi.nlm.nih.gov/pubmed/22700928
https://doi.org/10.1016/j.fooweb.2022.e00224
https://www.ncbi.nlm.nih.gov/pubmed/28011823
https://doi.org/10.1007/s10682-021-10124-x
https://doi.org/10.1016/j.jinsphys.2011.11.004
https://doi.org/10.1007/s001140050743
https://doi.org/10.1111/j.0307-6946.2005.00725.x
https://doi.org/10.1038/sj.hdy.6800704
https://doi.org/10.1093/jee/40.6.825

	Introduction 
	Materials and Methods 
	Study Site, Study Organisms, and Cage Trials 
	Immunity Assays 
	Intake Diets 
	Vegetation 
	Statistical Analyses 

	Results 
	Intake Diets 
	Immunity Assays 
	Vegetation 

	Discussion 
	References

