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Abstract

Solitarious phase locusts are cryptic animals and usually seek shelter in plants. This trait was thought
to be a specific antipredator strategy associated with the solitarious phase. However, information on
preferences for particular shelter plants and sheltering behavior remains limited. In the present study,
small-scale field observations were conducted to investigate the sheltering behavior of the solitarious
phase of the desert locust, Schistocerca gregaria, in relation to plant species and size. A spiny plant,
Fagonia arabica, and two spineless plants, Nucularia perrini and Stipagrostis plumosa, were identi-
fied at the survey site. Although the size of F. arabica did not differ significantly from that of the two
other plant species, almost all the solitarious locusts used F. arabica for shelter. Locusts were found
on a majority (78%) of the individual F. arabica examined, but the number of sheltering locusts var-
ied. The F. arabica plants with locusts were significantly larger than those without. A positive corre-
lation was found between the total number of sheltered locusts (nymphs and adults) per individual
plant and the plant size (m3). The same tendency was observed for nymphs and adults alike. The local
densities (no. of sheltered locusts / plant size (m?)) remained constant over a range of plant sizes.
These results might indicate that solitarious locusts selected their shelter plant based on its species
and size. Because F. arabica is a spiny plant, we concluded that solitarious locusts use not only visu-

al but also physical defense mechanisms as antipredator strategies.
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Introduction

Antipredator adaptations in animals have evolved to
maximize the prey’s probability of survival. Locusts and
grasshoppers have developed visual, chemical and physi-
cal defenses against predators to reduce the risk of mor-
tality®3%%, Desert locusts, Schistocerca gregaria For-
skal, show density-dependent phase polyphenism in
behavioral, morphological and physiological characteris-
tics?237, These density-dependent changes are common-
ly assumed to be adaptations®. In S. gregaria, phase-re-

lated differences are also found in antipredator strategies,
which are closely linked to host plants. When gregarious
3rd-instar nymphs feed on a toxic plant, Hyoscyamus mu-
ticus, their conspicuous body coloration functions as a
warning coloration***. Due to the uniform body color-
ation of gregarious locusts and the fact that they move in
dense groups during the day, their visual and chemical
defenses are probably advantageous in serving to de-
crease the rate of attack by predators'>?*33%, In contrast,
solitarious-phase nymphs show body color polyphen-
ism?%, They display various body colors, including
green, yellow, brown, beige and black, and varying black
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patterns that serve as camouflage in their natural envi-
ronment. In general, polymorphic preys suffer less preda-
tion than single-morph species at a particular density’.
Furthermore, solitarious locusts are nocturnal and shelter
in plants during daytime'**. These cryptic morphologi-
cal and behavioral characteristics related to the shelter
plants used by solitarious locusts undoubtedly reduce the
risk of detection by predators. Although the visual and
physical roles of shelter plants have been frequently men-
tioned!>!332 little is known about the relationships be-
tween the sheltering behavior of solitarious locusts and
shelter plants®.

Although Schistocerca gregaria is well known as a
polyphagous insect, its host plant preference is phase-de-
pendent'®422, The host plant preference of gregarious lo-
custs is also broader than that of solitarious locusts. Gre-
garious locusts form aggregations. In contrast, solitarious
locusts avoid one another and may therefore find it diffi-
cult to locate a suitable unoccupied host plant. If solitari-
ous locusts have a strong preference for particular shelter
plants and are attracted to the same high-quality (e.g.
size, toughness, structure) shelter, their local density
would increase and produce gregarization, even at a low
population density. Indeed, if food plants are patchily dis-
tributed, the local locust density increases, which then
leads to gregarization®!3!>1%18.2532 = Accordingly, we hy-
pothesized that solitarious locusts utilize a specific plant
species as a shelter and are more strongly attracted to a
shelter of high rather than low quality. This hypothesis
should be tested in the field at a site where several palat-
able plant species co-occur within the plant community.
During a field survey in one of the major breeding and re-
cession areas of the desert locust in Mauritania®?, we
found a site suitable for addressing this problem within a
natural desert locust habitat. In this study, we investigat-
ed the shelter utilization pattern of solitarious locusts on
a fine scale after identifying the locust behavioral phase.
The purpose of the investigation was to understand the
relationship between solitarious locusts and the plant
community.

Materials and methods

1. Study area

Mauritania, in West Africa, represents an important
area in which gregarization occurs within the recession
zone of the desert locust’?. The study site (N20°36’,
W15°36’) is located in northwestern Mauritania near Ta-
ziast. It is a vast plain with various cover types, including
dunes and rocks, relatively inaccessible and with no per-
manent human population. The area’s three dominant
plant species include a spiny plant, Fagonia arabica (Zy-
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gophyllaceae), and two spineless plants, Nucularia per-
rini (Chenopodiaceae) and Stipagrostis plumosa (Poace-
ae). The plant species included in this study were
identified according to Barry and Celles>® as perennials,
occurring in discontinuous patches. A field survey was
conducted in April 2011.

2. Sampling regime

Overnight observations were conducted from 22:00
to 02:00. The survey sites were randomly chosen from
the area where the three dominant plant species co-oc-
curred and a total of twenty-five belt transects (2 x 50 m)
were conducted within the survey area. In the present
study, locust perching or moving inside plants was re-
garded as using a sheltering behavior, according to Uva-
rov?®. To determine the relationship between plant size
and the number of locusts sheltered, all three dominant
plant species present within the belt transects were ob-
served. The locusts found on each plant were recorded
and collected by hand. Body coloration of the nymphs
collected was recorded, as will be described later. To de-
termine the plant size, the maximum length, width and
height was measured for each bush (maximum length x
width x height, m?®) with a tape measure. The percentage
of ground surface covered by plants within the belt tran-
sects was calculated from data derived from twenty-five
belt transects. These coverage for F. arabica, N. perrini
and S. plumosa at the survey site were 10.56%, 6.22% and
3.63%, respectively.

3. Nymphal body coloration

The nymphs of S. gregaria show body color poly-
phenism?3¢, To determine the phase state of the locusts
observed at this site, the body coloration of all collected
nymphs was examined. The collected nymphs were then
assigned to green, brown or yellow color types based on
the background color of the body. The insects were also
categorized in three grades based on the intensity of the
black patterns on the head and according to the classifi-
cation of Maeno and Tanaka®.

4. Behavioral phase state

It has frequently been argued that solitarious locusts
are nocturnal and avoid each other?*®. To quantify the
behavioral phase, two factors in particular, grouping be-
havior and the distance between locusts, are frequently
used"!”?°, Based on this information, we categorized the
position of the locusts on a plant in terms of two classes:
1) the locusts remained within one body length of one an-
other or 2) the locusts remained multiple body length
from one another.
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5. Statistical analysis

Chi-squared, Wilcoxon rank sum and Fisher PLSD
tests were performed with Stat View software (SAS Insti-
tute, Inc.) to analyze significant differences among locust
colors, locust instars, plant species and plant sizes. To an-
alyze the relationship between F. arabica plant size and
the number of sheltered individual S. gregaria, we used
Poisson regressions with the R software®. We then want-
ed to evaluate if some specific plants had higher or lower
numbers of locusts than a random Poisson process depen-
dent on plant size. To do so, we drew 10,000 replicates of
Poisson random numbers according to the adjusted re-
gression models and compared the distribution of these
random points with the observed data.

Results

A total of 137 locusts (45 adults, 78 last-instar
nymphs, 12 L-1 (one instar before the last nymphal in-
star) nymphs, 2 L-2 nymphs (two before the last instar))
were found on plants at the study site. No individuals
were found within a distance of one body length of other
individuals (n = 137). This result indicated that the be-
havioral traits of these locusts were not typical of the gre-
garious or transient phase. In nymphs, a significant dif-
ference in the frequency of background color was found

Sheltering Behavior of Locusts

between the females and males (y>-test; P < 0.001), but al-
most all the nymphs displayed either the green or brown
body color typical of the solitarious phase (Table 1). No
nymphs developed the high-intensity black patterns char-
acteristic of the typical gregarious phase (Table 1). Based
on body coloration and inter-individual distances, the
nymphs observed at this survey site were identified as be-
ing in the solitarious phase.

Although F. arabica did not differ significantly in
size from the two other plant species (Fig. 1; Fisher PLSD
test, P > 0.05), almost all the nymphs and adults were
found on F. arabica (Fig. 2). No locusts were found on S.
plumosa, No significant difference between the nymphs
and adults was found in the percentage of locusts occur-
ring on F. arabica (y*-test, P > 0.05). Among the F. ara-
bica surveyed, a majority of plants (78%) sheltered lo-
custs.

The number of locusts per individual F. arabica var-
ied from 0 to 16 (Fig. 3). Interaction between the plant
size and the number of locusts was also observed on indi-
vidual plants. Bushes with locusts were significantly
larger than those without (Fig. 4; Wilcoxon rank sum test,
z =-5.704, P < 0.001). A significant positive correlation
was also found between the size of an F. arabica plant
and the total number of locusts on it (Fig. 5a; n = 54; Pois-
son regression: z value = 17.98, P < 0.001). The same ten-

Table 1. Percentages of different background colors and black pattern grades of the heads of
different nymphal instars in field-collected Schistocerca gregaria

Nymphal Female Males
instars Background body coloration Background body coloration

Green Brown  Yellow n Green Brown  Yellow n
Last 33 4 1 38 11 25 4 40
L-1 3 0 0 5 4 0 9
L-2 0 0 2 0 0 0
Total 38 4 1 43 16 29 4 49
(%) 88.4 9.3 23 327 59.2 8.2

Black pattern grades Black pattern grades
1 2 3 1 2 3

Last 35 3 0 38 32 8 0 40
L-1 1 0 0
L-2 2 0 0 2 0 0 0 0
Total 39 4 0 43 39 10 0 49
(%) 90.7 9.3 0.0 79.6 20.4 0.0

Grade 1, no or few black patterns; grade 3, intensive black patterns; grade 2, intermediate between
grades 1 and 3 (Maeno & Tanaka, 2007). The nymphal instars are designated as L-1 and L-2 and indicate
one and two instars, respectively, before the last nymphal instar.
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Fig. 1. Plant size of the three dominant plant species,
Fagonia arabica, Nucularia perrini and Stipagrostis
plumosa, at the study site
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Each box plot displays the median value with the
ends of the boxes representing the 25" and 75" per-
centiles and the ends of the lines representing the
10 and 90™ percentile values respectively. Each
circle shows the individual data points. Different
letters indicate significant differences at P < 0.05
(Fisher PLSD test). Numbers in parentheses indi-
cate sample sizes.
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Fig. 2. Percentage of nymphs and adults of Schistocerca
gregaria sheltered by Fagonia arabica (open) or
Nucularia perrini (slash)
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No locust was found on Stipagrostis plumosa.
Numbers in parentheses indicate sample sizes. NS
indicates no significant difference between nymphs
and adults based on an y>-test at 5%.

dency was observed for nymphs alone (Fig. 5b; n = 54;
Pearson regression: z value = 12.11, P < 0.001) and less
strongly for adults alone (Fig. 5c; n = 54; Pearson regres-
sion: z value = 1.75, P = 0.08). The local densities on each
individual F. arabica plant (number of sheltered locusts /
plant size (m?®)) were unrelated to the plant size (Pearson
correlation; » =-0.034, n =42, P = 0.829).
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Fig. 3. Frequency of individual Fagonia arabica with
different numbers of sheltered Schistocerca
gregaria individuals
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Fig. 4. Plant size of Fagonia arabica without or with
multiple locusts

Each box plot displays the median value with the
ends of the boxes representing the 25" and 75" per-
centiles and the ends of the lines representing the
10" and 90" percentile values respectively. Each
circle shows individual data points. Wilcoxon rank
sum test; *** P < (0.001. Numbers in parentheses
indicate sample sizes.
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Fig. 5. Relationship between Fagonia arabica plant size
and the number of sheltered individual Schistocerca
gregaria (a), only nymphs (b) or only adults (¢c)

Black lines are Poisson regression lines adjusting a
log (No.) ~Size model passing through the origin.
Gray lines are 99% confidence intervals from
10,000 replicates of Poisson random numbers ac-
cording to the adjusted models. No point falls out-
side these intervals. A random Poisson process in-
fluenced by plant size is therefore sufficient to
explain the numbers of individuals occurring on
each F. arabica. See text for detailed statistical re-
sults.
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Discussion

Solitarious locusts are camouflaged and show poly-
morphic body coloration in their habitat and in the host
plants that they use for shelter. These cryptic characteris-
tics have been widely recognized as a visual defense used
to avoid detection by predators”?*2?*3°, The present study
focused on the use of shelter by solitarious locusts and
identified another aspect of the physical antipredator
strategy in terms of a link between plant species and
quality.

The host plant preference of solitarious locusts has
been considered narrow relative to that of gregarious lo-
custs!®!4, The present field survey confirmed that the soli-
tarious locusts showed a strong shelter plant preference,
although the use of all three dominant plant species for
food has been known?’. Although the morphological
characteristics of the N. perrini and S. plumosa bushes
apparently made these plants suitable for use as shelter
and food>, F. arabica was exclusively chosen by the soli-
tarious locusts. In the present study, environmental fac-
tors, such as weather and the abundance of predators,
were not considered as playing a role in the shelter choice,
because the observations were conducted at the same
place and time. Because F. arabica has many spines on
its stems, the solitarious locusts are likely to have used F.
arabica as shelter against predators. In this area, jerboas
(Jaculus jaculus), lizards (Acanthodactylus dumerili) and
birds (Cursorius cursor) are the main potential predators
of the solitarious locusts. The spines of F. arabica appar-
ently prevent predators from foraging within these bush-
es. In fact, it was difficult to collect locusts without using
thick gloves. A physical rather than a visual antipredatory
strategy appears advantageous for nocturnal solitarious
locusts. In addition to cryptic body coloration and behav-
ior, shelter preference can be advantageous to solitarious
locusts. By choosing F. arabica as a food plant, these lo-
custs decrease the probability of attack by predators. It is
possible that the strong host plant preference of solitari-
ous locusts reflects not only palatability but also shelter-
ing behavior. However, no information about this hypoth-
esis is currently available.

The understanding of the biological factors involved
in outbreaks and swarm formation in locusts requires
studies on different spatial scales, from micro to mac-
ro*8!11123 The current study was performed on a macro
scale, ranging from individual plants to a limited area of
natural habitat and revealed a detailed examination of the
relationship between solitarious locusts and plant quality.
Although the survey area was very limited, the study re-
sults suggested that the plant size influenced the shelter-

343



K.O. Maeno et al.

ing behaviors of the solitarious locusts. The observations
made during the study indicated that relatively small F.
arabica bushes were randomly distributed at the site but
that such bushes were avoided by the locusts, whereas the
larger bushes attracted more locusts. During the day, sol-
itarious locusts seldom walked on the ground and tended
to remain within the shelter of an F. arabica bush if ap-
proached by observers. It was difficult to find and collect
locusts if their shelter plant was relatively large. The im-
portance of shelter quality has been documented in ar-
thropods'®. Based on these observations, we speculated
that the small F. arabica could not function as a shelter.
Solitarious locusts might therefore select their shelter
plants not only according to plant size but also according
to plant species. It is interesting to note how solitarious
locusts determine the quality of a potential shelter plant.
Knowledge of the mechanism controlling the sheltering
behavior of the desert locust not only allows us to predict
the distribution pattern of locusts but also to attract them
to a particular place to facilitate the application of control
measures. Such information can be a key factor in devel-
oping novel methods to control locust outbreaks.

A patchy distribution of vegetation often causes lo-
cal gregarization®!>1"182532  Based on previous observa-
tions, we hypothesized that high-quality shelter plants
also attracted more solitarious locusts than poor-quality
plants. As expected, large shelter plants attracted more
locusts than small plants. However, the solitarious locusts
adjusted their local population densities to maintain low
densities at each bush, regardless of the size of the shelter
plant. The maximum number of sheltered locusts found
on a single bush was 16. However, this bush was also the
largest found to contain locusts, hence the local density
of locusts remained low. This ability to regulate the local
population density might function to maintain the char-
acteristics of the solitarious phase. The shift from the sol-
itarious to the gregarious phase might begin beyond a
critical threshold in population density®. Although it is
highly probable that such shift may begin within the host
plants, it remains unknown whether it occurs in high- or
low-quality shelter plants. This type of information is im-
portant to gather for understanding the process of
gregarization.

In Mauritania, several species of Fagonia are dis-
tributed over the recession area, but these plants do not
occur in certain areas. Additional large-scale surveys are
necessary to better understand the relationship between
desert locusts and plants.
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