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Heavy Livestock Grazing Promotes
Locust Outbreaks by Lowering Plant
Nitrogen Content
Arianne J. Cease,1* James J. Elser,1* Colleen F. Ford,1 Shuguang Hao,2
Le Kang,2* Jon F. Harrison1*
Current paradigms generally assume that increased plant nitrogen (N) should enhance herbivore
performance by relieving protein limitation, increasing herbivorous insect populations. We show,
in contrast to this scenario, that host plant N enrichment and high-protein artificial diets decreased
the size and viability of Oedaleus asiaticus, a dominant locust of north Asian grasslands. This locust
preferred plants with low N content and artificial diets with low protein and high carbohydrate
content. Plant N content was lowest and locust abundance highest in heavily livestock-grazed
fields where soils were N-depleted, likely due to enhanced erosion. These results suggest that
heavy livestock grazing and consequent steppe degradation in the Eurasian grassland promote
outbreaks of this locust by reducing plant protein content.
lant nitrogen (N) content has long been
linked to the performance and dynamics of
herbivorous insects (1). Most nitrogen in
plants is in the form of protein, and current paradigms generally assume that increased plant N
content will enhance herbivore performance by
relieving any constraints on growth and reproduction due to limitations of available protein (2).
Because plants in many terrestrial ecosystems
are N-limited (3), it is often assumed that primary
consumers would be as well (2). However, studies
performed on the basis of the geometric framework (4) have shown that many animals have
specific dietary intake targets for protein, carbohydrates, and other nutrients. Interestingly, such
studies have found that excess protein decreased
life span in fruit flies (5) and that herbivores and
omnivores (including humans) will overeat carbohydrates but are unlikely to overeat protein
(6). Thus, animals may sometimes be impaired by
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ingesting excess protein (7). Indeed, the Australian plague locust, Chortoicetes terminifera
(Acrididae: Oedipodinae), grew slowly on one
host plant because it obtained excess protein relative to carbohydrate (8). Given that humans have
substantially altered ecosystem N cycling through
fossil fuel combustion, agricultural fertilizer application (9), and domesticated animal production (10), they may also affect insect dynamics in
unexpected ways by altering plant nitrogen supplies. Understanding these anthropogenic impacts
is critical to developing sustainable land management practices that minimize economically damaging insect outbreaks.
Oedaleus asiaticus (Acrididae: Oedipodinae)
is a nonmodel [e.g., (11)], economically damaging locust of the north Asian steppe (12, 13), part
of the largest grasslands in the world (Fig. 1A).
We examined the effects of increases in the N
content of host plants due to fertilization inputs
of 175 kg N ha−1 year−1 on growth and viability of this locust in both laboratory and field cage
experiments (14). This level of N addition is
similar to the fertilization rates of most crops
(15). We then used artificial diets varying in their
protein:carbohydrate ratio to assess effects on
dietary preference and growth rates.
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In contrast to the existing paradigm of limitation of insects by low content of plant protein,
our results show that N fertilization and highprotein artificial diets can have consistent negative effects on the performance of the locust.
Survival decreased strongly with N fertilization
in the field (Fig. 1B). The decreased survival of
O. asiaticus in N-fertilized field plots could have
been due to many possible consequences of fertilization, such as changes in plant structure or
chemical content, species composition, predators,
or microclimate. However, results from lab experiments that controlled for these factors indicated that growth rate, size, and development rate
were all reduced when locusts were fed N-fertilized
plants (Fig. 1C), indicating that the field survival results were due to effects associated with
plant N status. Furthermore, when offered complementary artificial diets [e.g., (16)], locusts
selectively consumed a protein:carbohydrate ratio of 0.5, which most correlated with maximal
survival (Fig. 1, D and E). Performance (growth
rate × survival) was significantly reduced when
locusts were confined to artificial diets with a
protein:carbohydrate ratio above 1:1 (Fig. 1E),
consistent with the hypothesis that the mechanism by which N fertilization reduces survival
of this locust in the field is elevation of plant
protein content.
In addition, plant N content was closely associated with the relative amounts of different
food plants consumed when locusts were offered
a palette of the six most common local plants collected from unfertilized plots (five grasses and
one sedge) (Fig. 2A). Indeed, contrary to expectations from protein-limitation paradigms, Stipa
grandis, the grass with the lowest N content, was
the most highly consumed over 36 hours [a period
long enough for locusts to take multiple meals and
regulate nutrient intake on the basis of internal
conditions (17)]. Direct behavioral observations
confirm that low-N S. grandis was the most highly consumed plant under field conditions (18).
We compared food selection over 8 hours between N-fertilized and unfertilized S. grandis,
using dried, ground leaves to control for toughness and water content (8, 19). Locusts strongly
favored unfertilized S. grandis leaves over S. grandis
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collected from N-fertilized plots (Table 1). N fertilization increased the protein content of S. grandis
(Table 2), suggesting that the negative effects of
N fertilization are due to changes in the protein:
carbohydrate ratio away from the intake target of
O. asiaticus (20), although it is also possible that
N fertilization increased the concentration of
N-rich alkaloids or other allelochemicals (21).
In Inner Mongolia, a primary outcome of
heavy livestock grazing is the loss of topsoil and
organic N due to erosion, resulting in plants with
a low N content (10). Grazing also results in a
shift in the balance between S. grandis and Leymus
chinensis, with S. grandis becoming more prevalent in heavily grazed fields (13). [Note, however, that there was always a substantial biomass of
each species available across our study sites and
field cages (table S1).] Together, these grasses comprise roughly 80% of the above-ground biomass
in the Inner Mongolian grasslands (22); thus, a
large locust outbreak must depend on one or, more
likely, both of these grasses during its development.
Consistent with a population-level impact of
sheep grazing on locust abundance via effects on
plant N content, locust density was highest in
heavily grazed pastures dominated by plants with
the lowest N content (Fig. 2B). Furthermore, locusts preferred low-N S. grandis collected from
heavily grazed pastures over S. grandis from ungrazed plots (on the basis of paired-choice comparisons involving either fresh leaves or dried,
ground leaves, to control for toughness and water
content) (Table 1). Although the field measurements of locust abundance did not control for other possible effects of livestock grazing [e.g., shifts
in predator communities, microclimate, sward structure, plant secondary chemicals, and landscape
patchiness (23)], these data are consistent with the
hypothesis that the high densities of O. asiaticus
on the heavily grazed plots are due to this locust’s
preference for low-N plants and its improved growth
and survival on such plants.
The hypothesis that low plant N can stimulate
locust outbreaks is also supported by observations
that O. asiaticus population explosions occur
exclusively in pastures heavily grazed by livestock (24). Our data are in accordance with work
showing that some North American Acrididae
species (grasshoppers and locusts) also prefer
low-N plants, likely due to their long-term adaptation to N-limited grassland environments
(25). There is mounting evidence that N excess,
rather than N limitation, is a critical nutritional
factor regulating plant-insect interactions, especially for grasshoppers (8, 26) and other herbivores that have evolved to exploit a relatively
poor autotroph nutrient base in nature.
Our results fit well with the emerging paradigm that related animal species can vary dramatically in intake targets and performance
responses to dietary variation. Seven cogeneric
grasshopper species from one community were
tested and all but two had unique target intake
ratios, which suggests that each species may fill a
unique nutritional niche and that species with ex-
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treme intake targets might be most sensitive to
environmental variation (27). The lowest protein:
carbohydrate intake target observed was 0.7, similar to what has been reported for the migratory
locust (L. migratoria), which shares a subfamily
with Oedaleus (28). We found that O. asiaticus
had a protein:carbohydrate intake target of 0.5
(Fig. 1D), lower than any grasshopper previously
studied (21). This finding may explain why dramatic, damaging population outbreaks of O. asiaticus

occur in association with changes in land management (in this case, grazing intensity).
Our results strongly suggest that heavy livestock grazing promotes outbreaks of this locust
by shifting plant nutrient content toward lower
N conditions favorable to O. asiaticus. Although
the precise physiological mechanisms by which
high plant N exerts negative effects on this locust
in the field remain to be elucidated, data from our
artificial diet studies strongly suggest that protein

Fig. 1. (A) Our field site is located in
northeast China near the Inner Mongolia
Grassland Ecosystem Research Station in
the Xilin River Basin. This region is representative of the Eurasian steppe grassland and is characterized by Leymus- and
Stipa-dominated plant communities (22).
Rapid steppe degradation (29) has led to reduced biodiversity, decreased productivity and, in some cases,
desertification (30), likely due to anthropogenic factors, especially livestock grazing (31). N fertilization of
field plots negatively affected O. asiaticus, (B) reducing survival in field cages and (C) growth, size, and
development rates when reared in the laboratory (on L. chinensis from these plots). All comparisons were
made using Student’s t tests; data for proportion surviving in field cages were arcsine transformed
before analysis (*P < 0.05, **P ≤ 0.01, ***P ≤ 0.001). In artificial diet studies of field-collected animals,
(D) locusts given pairs of diets complementary in their protein:carbohydrate ratios—7:35 and 35:7
(square) or 7:35 and 28:14 (triangle)—ate similar amounts of carbohydrate and protein (multivariate
analysis of covariance: Wilks’ lambda = 0.95, F2,29 = 0.72, P = 0.50; initial locust mass covariate means,
244 mg). Locusts fed nonrandomly to achieve a target protein:carbohydrate intake of ~0.5. (E) Locusts
had 100% survival when fed artificial diets with a 0.5 protein:carbohydrate ratio, the same ratio they
selected when given a choice. Survival rate was lowest (68%) in the highest protein diet. Overall performance (i.e., growth rate × survival) decreased above and below a protein:carbohydrate ratio of 1:1
(analysis of covariance: F4,68 = 8.85, P < 0.001; initial locust mass covariate means, 136 mg).
Fig. 2. (A) The percentage of consumption of each
plant species (see SOM for how this was calculated)
was negatively related to the percentage of N of
that species (N was measured in leaf blades). Locusts were concurrently offered leaf blades from
each of the six most common plants for 36 hours.
1, S. grandis; 2, Carex korshinskyi; 3, Agropyron
cristatum; 4, Cleistogenes squarrosa; 5, L. chinensis;
6, Achnatherum sibiricum. Darkened squares are
the two most common plants, each responsible for
~40% of aboveground biomass. Remaining species
make up <5% each of aboveground biomass. (B)
O. asiaticus was most abundant in heavily grazed
fields where the N content of S. grandis was lowest
during an outbreak year (2009); collected from large
(>20 ha) and adjacent pastures [analysis of variance
(ANOVA): F3,16 = 64.95, P < 0.001]. The ungrazed
field has been fenced and protected since 1979;
adjacent fields have been grazed at relatively constant
levels for >5 years. Grazing level was determined by
differences in ground cover and aboveground biomass [e.g., (12)]. Each observation represents the number of
O. asiaticus collected in sweep-net samples from a given pasture and the percentage of N of a concurrently
collected composite of above ground S. grandis leaves from a 1-m2 quadrat (inset) (ANOVA: F3,12 = 14.81,
P < 0.001). Letters indicate differences using Scheffe’s post hoc comparison tests.
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Table 1. Nitrogen enrichment of field plots decreased the palatability of S. grandis (the preferred host
plant), and heavy grazing increased palatability in paired-choice tests using either dried/ground (8-hour
assay) or fresh leaves (single-meal assay, average percentage of leaf area consumed).
Treatment
(S. grandis)

Number
of wins

Amount
consumed

Chi- squared P

Unfertilized
Fertilized

18
7

13.8 T 2*
8.6 T 2*

<0.01

Heavily grazed
Ungrazed

9
3

4.1 T 1*
2.9 T 1*

0.01

Heavily grazed
Ungrazed

8
3

28 T 7†
15 T 5†

0.03

Ground leaf

Fresh leaf

Table 2. Nitrogen enrichment of field plots increased the N content (percentage of dry mass) and protein
content (percentage of dry mass) of S. grandis and L. chinensis. All comparisons were analyzed using
Student’s t tests after arcsine transformation of proportional data.
Nutrient

Unfertilized

N-fertilized

%C
%N
% protein
Protein/N ratio

46
1.4
4.3
3.1

T
T
T
T

0.8
0.05
0.5
0.4

46
2.4
11.1
4.6

%C
%N
% protein
Protein/N ratio

46
1.8
8.7
4.9

T
T
T
T

1
0.08
1
0.5

46 T 0.8
2.9 T 0.1
11.9 T 1
4.2 T 0.4

T
T
T
T

0.8
0.06
1.8
0.7

P

S. grandis
0.77
24
<0.001 24
<0.01
24
0.10
24
L. chinensis
0.99
24
<0.001 24
0.03
23
0.37
23

excess is playing a role. Furthermore, these findings reinforce the realization that differential responses of herbivore species to plant nutrient
content can structure herbivore communities
(27), providing new insights that may improve
livestock and fertilization management strategies to limit the occurrence of economically
damaging locust outbreaks.
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Depth Perception from Image Defocus
in a Jumping Spider
Takashi Nagata,1* Mitsumasa Koyanagi,1† Hisao Tsukamoto,1 Shinjiro Saeki,2 Kunio Isono,2
Yoshinori Shichida,3 Fumio Tokunaga,4 Michiyo Kinoshita,5 Kentaro Arikawa,5 Akihisa Terakita1†
The principal eyes of jumping spiders have a unique retina with four tiered photoreceptor layers,
on each of which light of different wavelengths is focused by a lens with appreciable chromatic
aberration. We found that all photoreceptors in both the deepest and second-deepest layers contain
a green-sensitive visual pigment, although green light is only focused on the deepest layer. This
mismatch indicates that the second-deepest layer always receives defocused images, which contain
depth information of the scene in optical theory. Behavioral experiments revealed that depth
perception in the spider was affected by the wavelength of the illuminating light, which affects the
amount of defocus in the images resulting from chromatic aberration. Therefore, we propose a
depth perception mechanism based on how much the retinal image is defocused.
isual systems that accurately and reliably
judge distance or depth are valuable. A
wide variety of animals, including humans,
perform this task with binocular stereoscopic
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depth perception (1). Two types of monocular depth
cues also provide absolute depth perception in
some animals: accommodation (i.e., focal adjustment) in chameleons and other vertebrates (2, 3)
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