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Male mating harassment may occur when females and males do
not have the same mating objectives. Communal animals need to
manage the costs of male mating harassment. Here, we demonstrate
how desert locusts in dense populations reduce such conflicts
through behaviors. In transient populations (of solitarious mor-
phology but gregarious behavior), we found that nongravid females
occupied separate sites far from males and were not mating,
whereas males aggregated on open ground (leks), waiting for
gravid females to enter the lekking sites. Once a male mounted a
gravid female, no other males attacked the pair; mating pairs were
thereby protected during the vulnerable time of oviposition. In
comparison, solitarious locusts displayed a balanced sex ratio in
low-density populations, and females mated irrespective of their
ovarian state. Our results indicate that the mating behaviors of
desert locusts are density dependent and that sex-biased behavioral
group separationmay minimize the costs of male mating harassment
and competition.
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The maintenance of animal societies depends on conflict
management (1–3). Sexual interaction among group mem-

bers frequently causes competition and male mating harassment
(4). Males typically attempt to maximize fitness by fertilizing as
many females as possible (5). Consequently, females are fre-
quently harassed by males, with severe male–male competition
(6). Communal animals need to manage the costs of male mating
harassment as well as male–male competition.
The operational sex ratio (OSR) is usually biased toward

males because males tend to recover their reproductive state
faster than females (7). Male-biased OSRs cause male–male
competition, leading to intense sexual coercion of females by
males (i.e., male mating harassment). This phenomenon reduces
female fitness by increasing the risk of predation (8) and injury
(9). In such cases, a sexually antagonistic coevolution, or “arms
race,” of male persistence versus female resistance may occur.
This is termed “sexual conflict” (10, 11). Sexual conflicts occur
when females and males do not have the same mating objectives
(12, 13). However, this phenomenon generates substantial costs,
resulting in the loss of energy, time, and mating chance (14). It
may also increase predation risk (12), which may negatively in-
fluence population dynamics (15). Exaggerated arms races may
be counterproductive for communal animals. OSR theory pro-
poses the following simple solution for how animals can resolve
these opposing forces: females should live separately from males
to prevent male mating harassment (16). According to this theory,
nongravid females should occupy sites without males (“time out”),
whereas females that are gravid and ready for oviposition should
enter male-biased groups (the mating pool) for mating and
oviposition (“time in”). In some species, males may form leks

(i.e., aggregations), where they engage in competitive displays to
entice visiting females that seek partners for copulation (2, 4,
17). The evolutionary mechanism explaining these paradoxical
lekking behaviors remains controversial (2, 17). Several competing
and nonexclusive models have been proposed by considering various
factors including predation risk, habitat fragmentation, resource
distribution, and male mating harassment (18). In some cases, males
are directly or indirectly evaluated based on their quality by females
investing in mate choice (17, 18). However, information about
whether this system has evolved in communal animals is limited,
especially for species with density-dependent behaviors. Here,
we explored how the desert locust, Schistocerca gregaria, resolves
male mating harassment and male–male competition in the field.
Desert locusts change from solitary to group life plastically;

that is, they change from an initial “solitarious phase,” during
which they do not aggregate, to a “gregarious phase,” during
which they form swarms that migrate long distances (19, 20).
This extreme phenotypic plasticity (termed phase polyphenism)
depends on local population density (21, 22), and the associated
behavioral and physiological traits may change quickly during the
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life cycle (23, 24). A behavioral difference is measurable within
1 h and almost completed within 4 h (23). In contrast, other traits
such as adult morphometric ratios do not change after adult
eclosion. Thus, solitarious-phase looking adult locusts may be-
have as typical gregarious locusts [referred to as transient (25) or
gregarious-behaving locusts; for an explanation of terms, see
Study Animal and Terms Used to Describe Populations]. For
gregarious-behaving locusts, little is known about how nongravid
females prevent mating harassment by males. Although the de-
sert locust is a major pest in over 60 countries in Africa and Asia
(26), its mating strategies and management of male mating ha-
rassment at the group level remain unclear (19, 27).
During field observations over 9 y in the Sahara Desert of

Mauritania, we noticed biased sex ratios of sexually mature
groups of desert locusts during the transition from the solitarious
to the gregarious phase. In female-biased groups, most females
were single (i.e., not guarded by a male), whereas most females
were mated in male-biased groups. Researchers previously
reported that sexually mature swarms tend to split after ovipo-
sition but frequently rejoin when they resume migratory flight
between successive oviposition cycles (27). These fragmentary
observations were consistent with the “group separation” mating
system predicted by the OSR theory (16). Based on these ob-
servations and theory, we hypothesized that sexually mature,
gregarious-behaving desert locust females and males occupied
separate areas (depending on the state of ovarian development)
to prevent male mating harassment and to offset costs of
male–male competition in mating with gravid females.
We tested this hypothesis by surveying gregarious-behaving

populations of desert locusts in the field and by conducting
parallel laboratory experiments. Because mating systems vary
depending on population density (28), we also examined the
mating system of solitarious-phase locusts in low-density populations.
Here, we show how desert locusts use a previously unrecognized
density-dependent “group separation” mating system to manage
male mating harassment and competition without losing
sociability.

Results
During field surveys performed in September through December
2012 to 2019, characteristics and behavioral measurements of 11
transient and 3 solitarious reproducing populations were collected.
Five swarming, gregarious, nonreproducing populations were
measured to compare adult morphometrics. These morphom-
etric analyses indicated that the transient gregarious-behaving
populations were formed by originally solitarious adults that
grew at a low population density during the nymphal stage (SI
Appendix, Fig. S1).

Sex Ratios, Mating States, and Ovarian Development. To verify the
existence of mature sex-biased groups, we measured sex ratios in
different life stages: the sex ratio was balanced in hatchlings
(percentage of female: mean ± SE; 48.1 ± 1.4, from n = 17 egg
pods; total: n = 1,043 hatchlings) and the last instar stage (49.9 ±
1.1% females, from n = 8 night-roosting plants; total: n = 958
hoppers) of transient populations. For solitarious population, sex
ratio was balanced for hatchlings (48.3 ± 1.9, from n = 27 egg
pods; total: n = 1,413 hatchlings), sexually immature adults
(40.0 ± 8.2% females, from n = 28 night-roosting plants; total:
n = 45 locusts), and mature populations (SI Appendix, Table S1).
However, it substantially varied among the sexually mature
transient groups (Fig. 1 A and B and SI Appendix, Table S1). Of
the 11 groups, seven formed “leks” with significantly male-biased
sex ratios (Table 1 and SI Appendix, Table S1). These seven
male-biased lekking groups contained a higher proportion of
mating males and females than the nonlek outside groups (Table 1).
The other four sites had a female-biased sex ratio, with almost no
mating activity, which was consistent with our separation hypothesis.

According to the OSR theory, nongravid females should re-
main outside leks whereas gravid females should enter leks. To
determine whether this behavior was exhibited by gregarious-
behaving females, we first examined the daily ovarian develop-
mental rate (i.e., developing oocytes within the ovaries during
oogenesis) under laboratory conditions. By dissection, we then
determined the ovarian states of females from lek and nonlek
sites. Fig. 2A shows oocyte development in group-reared (gre-
garious phase) females during the reproductive cycle under
laboratory conditions. The oocytes grew daily. In the females
collected from leks and immediately examined, some mating
females had small oocytes (<3.2 mm, 7.1%, n = 141, Fig. 2C)
that corresponded to the size of oocytes just after oviposition;
however, most females had mature eggs (chorionated) in the
terminal oocytes or oviducts that were equivalent to the size of
laid eggs (Fig. 2 B and C; t test, t = −1.55, f = 2.41, P > 0.05). In
comparison, nonmating females outside leks had oocytes of
various sizes, which corresponded to oocytes that had been de-
veloping for 0 to 4 d (Fig. 2D). Oosorption bodies were found in
all females in the lekking groups (100%, n = 141) and in most
females in the female-biased group (96.8%, n = 95), indicating
that they had laid eggs at least once before. Egg size was sig-
nificantly smaller in solitarious females (mean ± SE = 6.79 ±
0.02; n = 600) than in gregarious-behaving females in the field
(7.77 ± 0.01; n = 940) (Fig. 2 B and F; t test, t = −45.44, f =
2,064.7, P < 0.001) as we previously observed with laboratory-
incubated females (24). In contrast, neither mating nor single
solitarious locusts showed a clear pattern in oocyte size (Fig. 2 G
and H), and most females had already laid eggs at least once
(oosorption bodies found in 85.4% of single females, n = 89; and
in 92.5% of females in mating pairs, n = 40). This result indicates
that mating by solitarious-phase females was unrelated to the
maturity of their oocysts.

Diel Changes in Mating States in Lekking Sites. Males in lekking
groups aggregated on the ground and remained there during
the day (Fig. 1B). When the ground temperature was near 50 °C,
the males minimized their exposure to radiation by orienting
themselves parallel to the sunrays and straightening their legs
and thereby lifting their bodies from the ground (Fig. 1C). With
high midday temperatures, some males sheltered in the shade or
perched on vegetation to avoid overheating. When a flying gravid
female landed on the ground in the middle of a lek, many males
immediately approached (Fig. 1D) and attempted to mount the
female; this sometimes resulted in a tumbling ball of fighting
males, with the female in the middle. One male eventually
mounted and paired with the female. Once a male mounted a
female, no other male attacked them, and they began to copu-
late. The winning male remained on the female’s back after
copulation and guarded her. Such pairs tended to move to the
shade to avoid overheating (Fig. 1E). Around dusk, when the
temperature dropped, many pairs aggregated, and the females
oviposited in a group (Fig. 1 F and G).
To assess mating dynamics in lekking sites, we observed diel

changes in the sex ratio, number of females and males, and
mating activity at four sites (Fig. 3). The number of females
entering leks increased, and the sex ratios were almost equal
after dusk (Fig. 3 A and C). This resulted from a decrease in the
number of males because the males that could not mate moved
to night-roosting plants after dusk (Fig. 3 B and D). The number
of mating pairs increased, with pairs aggregating with each other,
and the females then began to oviposit near the lekking sites
(Fig. 1G and SI Appendix, Fig. S2). Most females were mate
guarded by males during oviposition (2012: 100%, n = 74; 2013:
98.9%, n = 437; 2016a: 100%, n = 24; 2016b: 96.9%, n = 1,056).
Males that guarded ovipositing females repelled any approach-
ing ground-wandering males by kicking with their hind legs and
successfully protected their mating partners from rivals (100%,
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n = 100). Oviposition was mostly completed by early morning,
but some females continued ovipositing until the following after-
noon. After oviposition, the pairs separated, and both sexes flew
elsewhere. Thus, lekking and oviposition sites were temporary.

Mating Avoidance Experiment. To test whether females could
physically prevent unnecessary mating attempts by males, females
with oocytes of various sizes were housed with males in a small
cage where their mating state (either single or pair) was
recorded after 24 h under laboratory conditions. Some females
rejected approaching males by kicking them with their hind legs
or jumping, but males frequently chased the female and con-
tinuously attempted to mate. Mate-guarding males managed to
stay on the mated females by hooking onto the female thorax
using the fore- and midleg claws (Fig. 4 A and B). Most females
were ultimately mounted by males. Although the percentage of
mating was significantly lower in females immediately after

oviposition (day 0) (Fig. 4C; post hoc Fisher’s exact test after
Bonferroni correction, P < 0.05), most females were mounted
by males irrespective of the state of ovary development under
laboratory conditions.

Does Mate Guarding by Males Impair Fleeing Performance of Females?
To examine how mate guarding by males interferes with female
attempts to flee from predators, fleeing behavior in response to
predatory stimuli was recorded in a lek site (Fig. 5). Most single
males and females flew in response to approaching simulated
predatory stimuli, whereas most mate-guarding males remained on
their mates, exhibiting no defensive responses. The copulating females
were physically constrained by guarding males. Therefore, the females
continuously jumped but could not fly from the chasing predatory
stimuli until the males disengaged and then they immediately flew
away. The mate-guarding males managed to stay on the mating
females during the escaping jumps by hooking onto the female

Fig. 1. Mating systems of sexually mature, transient (gregarious-behaving) desert locust adults. (A) Nongravid females outside a lek. (B) Males aggregating
on the hot ground (lek) and waiting for incoming gravid females during the day, (C) by raising their bodies off the ground and orienting the body axis parallel
to the sunrays. (D) Males approaching an incoming female (black arrow) and fighting for possession of the female at the onset of pairing. (E) Mating pairs
tended to move to the shade at midday and (F) to aggregate near leks near dusk. (G) Group oviposition after dusk.
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thorax using fore- and midleg claws. As a result, the escape time
after the first predatory response was significantly slower for cop-
ulating pairs than for single individuals (Fig. 5, Tukey–Kramer
Honestly Significant Difference [HSD] test, P < 0.05). A similar
trend was observed for postcopulatory guarding pairs (Fig. 5);
however, the escape time was significantly faster than that for
copulating pairs (Tukey–Kramer HSD test, P < 0.05).

Discussion
The results of this study supported our hypothesis that sexually
matured, ovary-developing, nongravid gregarious-behaving fe-
males occupied areas outside lek sites and were singles (not
mating), whereas gravid females entered leks to mate. This
“group separation” mating system, which was predicted by the
OSR theory (16), allows gregarious-behaving locusts to reduce
male mating harassment (i.e., the costs of male mating attempts)
and male–male competition. Our study therefore provides in-
sight into how social conflicts can be behaviorally managed by
communal animals. Mating systems are shaped by various com-
ponents, including sex-specific benefits, sexual conflicts, OSR,
sperm competition, mate guarding, mate choice, habitat, pop-
ulation density, mobility, and antipredatory strategies (4). In the
following sections, we will discuss how the desert locust mating
system mitigates conflicts during mating events.

When Females Go Their Own Way. The most important finding of
the present study was that gregarious-behaving locusts formed
female- or male-biased groups. These biased sex ratios were
behaviorally generated by sexually mature locusts because the
sex ratio was otherwise equal throughout the developmental
process. Males aggregated and formed lek-like groups on the
open ground and almost all mating events occurred there. Sim-
ilar male-biased groups have been previously documented in
other sexually mature, gregarious-phase populations of desert
locusts (29, 30). However, leks and female-biased groups were
not previously documented. Our dissections revealed that most
females in leks were gravid (or had just oviposited), whereas
most females outside the leks had developing ovaries. Our
morphological studies of ovaries revealed that most females
found in both sites had already laid eggs at least once. Our be-
havioral observations also showed that the sex ratios in lekking
sites ranged from being extremely male-biased to almost equal
during the course of a day. Roffey and Magor (27) reported that
swarms of gregarious locusts often break up as they mature but
frequently rejoin when they resume migratory flight between
successive cycles of oviposition. However, the latter authors did
not clarify the ecological significance of these phenomena. These

phenomena can be explained by considering our findings on the
“group separation” mating system.
We also found that the mating strategy is different for solita-

rious populations of the desert locust: the sex ratio was balanced
in low-density populations of solitarious locusts, and solitarious
females mated irrespective of their ovary development. Addi-
tionally, we observed that gregarious-behaving females produced
larger eggs than solitarious ones, which agreed with a recent
laboratory study showing that individually reared solitarious fe-
males increased egg size in response to crowding even in the late-
adult stages (24). These results demonstrate that the desert lo-
cust flexibly alters both the reproductive and mating strategies in
response to population density.

Advantages of Group-Separation Mating Systems. Some animals use
the “group separation” mating system through aggregations of
males, that is, leks (17, 18). Males aggregate at species-specific
sites and wait for gravid females to arrive and mate. The pecu-
liarity of the desert locust within the “group separation” mating
system is that females, when in the gregarious phase, also create
groups. This “group separation” helps to reduce costs and has
two advantages for them: 1) nongravid females can prevent un-
necessary male mating harassment, and 2) males only approach
gravid females, which reduces the time required for mate
searching and guarding.
Using small cages in our laboratory experiments, we confirmed

that most females were physically unable to prevent repeated
male sexual coercion. Some females tried to retreat from
approaching males by kicking them with their hind legs, as pre-
viously observed (28, 31); however, most females were ultimately
mounted by males. Therefore, if sexually mature females and
males live together as a group, females would incur substantial
costs in terms of mating harassment from males. In water
striders, grasping and antigrasping morphological traits have
coevolved as an arms race (14). Our results tend to show that
mating behaviors coevolved due to sexual conflicts (12) in desert
locust. Further evolutionary studies are needed to confirm this.
Although male–male competition may be high in leks, males

are more likely to encounter gravid females that will soon lay
eggs in leks rather than outside leks. Desert locust females are
polyandrous (30), and the sperm of the last copulated male is
used for fertilization (32). It is therefore adaptive for a male to
exhibit postcopulatory guarding to ensure paternity. Gregarious
desert locust males have also been reported to release a
courtship-inhibition pheromone (phenylacetonitrile) to prevent
other males from attempting to court mated females (33). This
chemical-dependent mate guarding apparently reduces unnec-
essary male–male competition (4).

Table 1. Locust density, sex ratio, and mating activity in lek sites versus other sites of transient (gregarious-behaving) and solitarious
locust populations

Presence
of Total Sex ratio

Year
Population

type leks
female and male

density Female density Male density
(% of

females)
Mating female

(%)
Mating male

(%) n

2016 Transient Lek sites 0.688 ± 0.032 c 0.049 ± 0.022 a 0.639 ± 0.021 b 7.2 ± 4.2 a 96.6 ± 5.0 c 8.2 ± 4.0 a 65
2016 Transient Outsides 0.438 ± 0.041 b 0.41 ± 0.028 b 0.028 ± 0.028 a 86.3 ± 5.3 c 0 a 0 a 40

2013 Solitarious None 0.021 ± 0.037 a 0.012 ± 0.025 a 0.010 ± 0.025 a 54.7 ± 4.8 bc 3.6 ± 6.4 a 2.2 ± 6.8 a 50
2018 Solitarious None 0.039 ± 0.019 a 0.020 ± 0.013 a 0.019 ± 0.013 a 53.8 ± 2.5 b 26.9 ± 2.7 b 29.6 ± 2.8 b 193
2019 Solitarious None 0.021 ± 0.070 a 0.013 ± 0.048 a 0.009 ± 0.047 a 60.7 ± 9.1 bc 11.1 ± 11.3 ab 16.7 ± 13.3 ab 14

Densities are numbers/m2; sex ratio is the number of females/number of females + males.
Mating is the percentage of locusts mating. Values are means ± SE, and means in a column followed by different letters are significantly different

according to the Tukey–Kramer HSD test. n = 7 in lek sites; n = 4 in other sites. The percentage data were arc-sine transformed before analysis.
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Phase Polyphenism and Lekking System Evolution. Because the un-
derstanding of phase polyphenism evolution is still incomplete
(22) and because sexual conflict may be a major evolutional
driver shaping any mating system (11, 12), theories about the
evolution of lekking behavior could increase our understanding
of the reasons for the composite plastic changes in locusts. This

is particularly true because mating behavior can be involved in
speciation (34).
Among the competing and nonexclusive models that have

been proposed to explain the evolution of lekking behavior (18),
four are relevant for the desert locust: 1) hotspots, 2) female
mate choice, 3) predation risk, and 4) black hole. The “hotspot”
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model predicts that females might be attracted to leks because
lekking sites contain important resources (e.g., food and nesting
sites), leading males to encounter the highest number of females
in leks (35). In lekking insects, leks are commonly found near
oviposition sites used by females (17). We also observed this
trend for transient desert locusts: males formed leks on the open
ground, and fertilized females laid eggs in lekking sites within 1
d. For oviposition, desert locust females oviposit in moist sandy
soil, which is necessary for embryonic development (25). Lekking
males that prefer areas with humid soils may have been selected
for. Further field work could elucidate whether the capacity of
males to detect the best egg-laying area is selected by females.
The “female mate choice” model assumes that receptive fe-

males may gain direct or indirect benefits from the opportunities

that leks provide in terms of mate choice (4, 36). Female mating
rejection via kicking may serve as a direct mate choice in the
desert locust (31). Males display certain competitive behaviors
that are selected by females, such as endurance (4). Thus, leks
are frequently used for indirect mate choice (37). We observed
male locusts on the hot ground in leks, with ground temperatures
greater than lethal body temperatures (>50 °C), whereas other
males sheltered in the shade or vegetation to avoid overheating.
Males that are able to remain on such hot ground are likely to be
healthy and of high quality. The arrival of females during the
afternoon, after several hours of very hot ground conditions,
potentially represents an indirect selection of males; that is, fe-
males may indirectly use heat endurance as a form of mate
choice. During winter when temperatures are cooler, copulation

A

B

C

D

Fig. 3. Diel changes in the mean numbers of (A) females and (B) males, as well as the percentages of (C) females and (D) mating males of sexually mature,
transient (gregarious-behaving) desert locust adults in lek sites within a transect (50 m2). Values are means ± SE.

CA

B

Fig. 4. Tip of the male foreleg (A) and midleg (B) that hook onto the mounted female’s thorax, and mate receptivity of group-reared desert locust females as
related to ovarian state: that is, days after oviposition (C). Under natural conditions, almost all transient females with mature eggs were mate guarded,
whereas most nongravid females were not guarded. In C, values are means, and means with different letters are significantly different at P < 0.05 (post hoc
Fisher’s exact test after Bonferroni correction). Numbers above bars represent sample sizes.
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and oviposition show no clear patterns (30). Diel changes in the
mating activity of grasshoppers might be associated with indi-
vidual thermoregulation (38). If seasonal patterns of lekking
behavior exist, it would support the inference that this “female
mate choice” is an important aspect of desert locust mating
behavior.
The “predation risk” model may also explain why receptive

females may be attracted to leks. The assumption here is that
leks are probably the safest places for females (4, 39). Because
desert locust adults can quickly flee in response to a predation
threat (40), predation risk is unlikely to be important before
mating. However, mating and ovipositing pairs likely experience
a high predation risk. We showed that male mate guarding im-
pairs escape by females. Individuals living in groups of conspe-
cifics could reduce the risk of predation via dilution effects (41).
Therefore, lekking may have evolved in grasshoppers displaying
density-dependent phase polyphenism to facilitate synchronous
mating and oviposition in a group, which dilutes predation
risk (42).
Finally, the “black hole” model assumes that females ran-

domly enter leks mainly to reduce male mating harassment that
could occur in the absence of lekking (18, 42, 43). This model is
supported by our observations of harassment under laboratory
conditions, that is, females may favor males displaying lekking
behaviors to reduce the harassment that can be observed if there
is no physical separation. However, male mating harassment
could be critical for ovipositing females in leks. If an ovipositing
female becomes entangled in a male–male struggle, she could be
injured and fail to oviposit (44). Postcopulatory mounting is
common in polyandrous animals (4). Desert locust females are
not required to mate repeatedly to ensure fertilization, because
females can store sperm (45). This raises the question of why
gregarious-behaving females mate just before oviposition. As

previously described, gregarious males produce courtship-
inhibition pheromones, which reduce male–male competition
(33) but which may also function as bodyguards for ovipositing
females. Thus, by accepting mate guarding by males, gravid fe-
males gain various benefits, including avoiding further male
mating harassment and achieving safe oviposition. The mate-
guarding male also benefits because his sperm is used for fer-
tilization (32). Therefore, the gregarious forms of locusts may
have found an evolutionary positive feedback loop by selecting
mate-guarding and lekking behaviors that reduce male mating
harassment and male competition. In many other lekking spe-
cies, neighboring lekking males and even nonlekking intruders
enter lekking male territories and disrupt courtships (17). The
chemical defense system of desert locusts could play, on the
contrary, an important role in the lekking system (33).

Importance and Efficacy of Day Spraying of Sexually Mature Locusts.
Our findings could be used to develop strategies to reduce desert
locust outbreaks. Preventive controls of the desert locust rely on
spraying pesticides (46). Gravid females are the most important
target of such sprays. While the mechanism underlying group
oviposition remains unclear, leks of yellow males could be used
to predict the location of group formation sites. Although
ground and aerial control operations have been mainly carried
out during the day when males aggregate on the ground, control
should probably be implemented at night when large numbers of
gravid females will aggregate at the lek site (please see also SI
Appendix, Fig. S3 and explanations). Furthermore, if gravid fe-
males can be artificially attracted to predefined sites by using
pheromone(s), novel environment-friendly control techniques
could be developed (47, 48). Future studies should explore 1)
how males select lekking sites and 2) how gravid females detect
lekking sites. In the present study, we mainly investigated transient
and solitarious populations during fall in Mauritania, because typical
gregarious populations have not appeared in West Africa since
the last upsurge in 2003 to 2005 partly due to success of preventive
controls by member countries of the Commission for controlling
the Desert Locust in the Western Region (CLCPRO). As behaviors
have a tendency to show a gradient of changes from solitarious to
gregarious phases in locusts (49), we expect that the mating system
described here for transients would be even more pronounced for
gregarious populations. Additional research on the mating strate-
gies of typical gregarious populations is needed in other areas, in
different seasons, and of different population sizes.

Methods
Study Areas. This study was conducted in Mauritania (northwest Africa),
which is a notorious incubation zone for the formation of gregarious locust
swarms (50, 51). Our study sites were located near Akjoujt and Nouakchott in
northwestern Mauritania (SI Appendix, Tables S1 and S2). The area is a vast,
flat and arid plain supporting various habitats, including dunes, playa, and
low, sparse shrublands. Sparse, low grasses and other annuals grow between
taller plants. Most low grasses were green. We conducted field surveys in
September through December 2012 to 2019.

Study Animal and Terms Used to Describe Populations. Transient and solitarious-
phase populations of the desert locusts (S. gregaria) were studied after the
rainy season. Typical populations contained 100 to >100,000 individuals;
however, there was a large variation in population size and shape. Phase
characteristics are complex, because several characteristics are continuous,
reversible, and overlap between the solitarious and gregarious phases with
an intermediate transient phase (22). Sexually mature, gregarious male
locusts have a characteristic yellow body (45), and all adult males found in
our survey site at relatively high densities were yellow (Fig. 1B). However,
as described above, our transient population had morphometric charac-
teristics typical of the solitarious phase, that is, a high hind femur length/
head width (F/C) ratio and seven eye stripes (extra molting) (SI Appendix,
Fig. S1 and Table S2). This suggests that behavioral and morphological
gregarization occurred after adult eclosion of solitarious-phase locusts that
grew under low population densities during the nymphal stage. Herein,

Fig. 5. Mate guarding by males impairs females fleeing performance. Box
plots depict the time required for escape by flying after simulated predatory
attacks in single, copulating, and postcopulatory guarding desert locust fe-
males and males. Each box plot displays the median value with the ends of
the boxes representing the 25th and 75th percentiles and the ends of the
lines representing the 10th and 90th percentiles. Different letters above
each box indicate significant differences at P < 0.05 (Tukey–Kramer HSD
test). Numbers above the bars indicate sample sizes.

Maeno et al. PNAS | 7 of 10
Density-dependent mating behaviors reduce male mating harassment in locusts https://doi.org/10.1073/pnas.2104673118

EC
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104673118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104673118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104673118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104673118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104673118/-/DCSupplemental
https://doi.org/10.1073/pnas.2104673118


this population is referred to as “transient locusts” or “gregarious-
behaving locusts” for convenience. In contrast, solitarious locusts are
brown or cream colored, and they occur at low densities (25). Following the
Food and Agriculture Organization of the United Nations (FAO) Desert
Locust Guidelines (52) and gregarization threshold, which considers the
number of adults and vegetation conditions (53), these individuals were
defined as typical “solitarious locusts.” In summary, we used the following
terms to describe locust populations: solitarious populations contain indi-
viduals that have not aggregated or formed swarms; gregarious pop-
ulations contain individuals that have aggregated and formed swarms; and
transient populations are in transition from the solitarious phase to the
gregarious phase and contain individuals that became adults in the sol-
itarious phase before advancing to the gregarious phase.

Some of the older literature referred to the swarming crowded phase and
the more sedentary isolated ones with the latinized names “gregaria” and
“solitaria,” respectively (25). The intermediates were named as phase
“transiens.” Currently, the extreme phases are usually named by the non-
latinized terms “gregarious” and “solitary” (or “solitarious”) (49). Although
some recent literatures have still used “transiens,” the present study uses
“transient.”

Morphometric Measurements. Adults were collected using sweep nets or by
hand to determine the phase states. Their hind femur length (F) and maxi-
mum head width (C) were measured using digital calipers (SC-15S; Mitsutoyo
Co.) to determine the classical morphometric F/C ratio (25). Desert locusts go
through five or six nymphal stadia before reaching the adult stage (25).
Adults with five nymphal stadia have six eye strips, and adults with six
nymphal stadia (six stadia are considered to result from an extra molt) have
seven eye strips. Extra molting is observed only during the solitarious phase,
and the number of nymphal stadia influences the F/C ratio in the adult stage
(25). Therefore, adults with six and seven eye stripes were analyzed sepa-
rately. Sexually immature, migrating swarms were found in Nouadhibou in
January and February 2013 and in the Banc d’Arguin National Park in De-
cember 2013. Based on the F/C ratio of these adults with six stripes, we
considered them as gregarious locusts (SI Appendix, Fig. S1). The F/C ratio
was analyzed using Steel–Dwass test (the nonparametric form of Tukey’s
honest significant difference test).

Determination of Sex Ratio and Mating States. Systematic field observations
were difficult to implement because gregarious desert locusts frequently
migrate, with temporary group oviposition. A real-time monitoring system
was used to access the locust population in the field. Specifically, highly
mobile ground survey teams equipped with long-range radios developed by
the Mauritanian National Anti-Locust Center (CNLA) were used. Surveys
began immediately after observers encountered locust groups. To deter-
mine the sex ratio of each local group, 10 belt transects (2 × 25 m each) were
implemented. All males and females in each transect were recorded during
the day (10:00 to 17:00 h). Sexing was always conducted by the same ob-
server (K.O.M.) using a binocular or unaided visual observation of external
characteristics including body size and coloration (sexually mature, transient
males were yellow and smaller than females). Mating state was also recor-
ded as single or mating (copulating or postcopulatory mounting). This pro-
cedure was applied for all locust groups that were encountered from
October 2012 to 2016. In 2014, 2017, 2018, and 2019, no transient pop-
ulations were found. From the surveys, the mean sex ratio (total number of
females/females + males), density (individuals/m2), and mating activity
(percentage of mating individuals) were calculated for each group. A total
of 11 transient groups were used in the analysis (SI Appendix, Table S1). In
2013, 2018, and 2019, belt transect (2 × 50 m) surveys were implemented for
solitarious locust populations, according to Maeno et al. (54) (SI Appendix,
Table S2).

Leks. According to Höglund and Alatalo (17), a lek can be defined as a
mating system where males are more aggregated at the suitable display
habitat than could be expected from random male settlement and where
females visit these aggregations for the purpose of mating, not because of
food or breeding sites within the aggregation. Our field surveys showed that
1) sexually mature, gregarious-behaving males aggregated on open ground,
2) remained on hot ground (nearly 50 °C), and 3) attempted to mate when
females landed there (Fig. 1D). Each male maintained a certain distance
from its neighbors, and the open ground did not contain specific food re-
sources (Fig. 1B). Thus, these male aggregations were considered to repre-
sent “leks.” For the analysis, locust groups were categorized as either “lek
site” or “outside.”

States of the Ovaries in the Field. To determine whether gregarious-behaving,
nongravid females occupy locations separate from those of males depend-
ing on their ovarian states and whether gravid females entered leks, the
relationship between mating state (single versus mating [including copu-
lating, postcopulatory mounting, and digging]) and ovarian state was ex-
amined in eight transient groups in 2016. At least 20 females from each
group were sampled and dissected at the site or were immediately placed in
a cooler box with ice and transported to the CNLA laboratory to determine
the states of the ovaries. The ovaries were dissected and maintained in
phosphate-buffered saline (T900, Takara co.) before the following were
determined: the length of the terminal oocyte and eggs, and the presence or
absence of mature eggs in the oviduct. Most females developed oocytes or
eggs in the oviduct, which was removed from the ovaries of each female.
The length of 10 oocytes per ovary was measured. If locusts laid eggs, small
red dots, i.e. corpora lutea or resorption bodies were observed at the base of
terminal oocytes (55, 56). To distinguish whether females were either im-
mature or mature, the presence of resorption bodies was also recorded at
the same time. The same procedure was performed for four solitarious
populations in 2018 and 2019.

Determination of Egg Size. In 2016, egg pods were collected from the group
oviposition sites on the following day and were transported to the CNLA
laboratory (Group identity (IDs): 4, 6, 9, and 10). At least 14 egg pods were
sampled, and the length of 10 eggs was measured using a stereomicroscope
with an ocular micrometer. For the solitarious population, collecting freshly
oviposited egg pods in the field was difficult; therefore, solitarious females
collected from the fieldwere transported to the CNLA, and the egg podswere
obtained from females that were individually reared in a cage (32 × 32 × 30
cm) under semifield conditions (air temperature 50 cm above the ground:
25.4 ± 0.2 °C [18.5 to 38.8 °C] between November 15 and December 1, 2018;
25.9 ± 0.1 °C [13.8 to 40 °C] between October 28 and December 10, 2019).
These females were fed lettuce leaves. The first egg pod produced by each
female was used in the analysis. This procedure was repeated in 2018 and
2019, and the data were pooled. Eggs collected from four digging females in
the field were also included.

Sex Ratio of Other Developmental Stages.Hatchlings from individual egg pods
that were collected from the field in 2016 (Group IDs 6 and 9) were immo-
bilized on ice and sexed with an ocular micrometer. Eggs from a single pod
were placed on moist sand in a plastic container (9 cm diameter, 5 cm height)
and were maintained in the shade under semifield conditions until hatching
(air temperature 50 cm above the ground: 29.3 ± 4.7 °C [22 to 43.7 °C]). More
than 50% of the egg pods that hatched were used. The sex ratio of the last
instar nymphs in the field was also determined. Female nymphs are larger
and slower than male nymphs; thus, sampling tended to be female biased,
because male nymphs are more likely to escape. To avoid biased sampling,
night-roosting locusts were sampled in November 2015 (19°13′ N, 013°42′ W).
All locusts that roosted on the same Calotropis procera bush were regarded as
a single group, because stationary nymphs remain on the plants after dusk
until early morning (57). The sex ratio of the sexually immature solitarious
adults, which recently molted, were also determined by observing night-
roosting locusts in April 2011 (20°36′ N, 015°36′ W). Eggs from field collected
solitarious locusts were also used for sex ratio determination in 2018.

Diel Changes in the Sex Ratio in Male-Biased Sites (Leks). Mating pairs were
frequently observed to aggregate around dusk and to lay eggs in a group
after sunset near lekking sites. If gravid females enter male-biased groups for
oviposition, the sex ratios might range from male-biased to equal over the
course of 1 d. Diel changes in sex ratios in lekking groups were recorded in
the field in 2012 (ID 1), 2013 (ID 3), and 2016 (IDs 4 and 6). The number of
individuals of each sex and mating states (single, copulating, postcopulatory
mounting, or ovipositing) within each of 10 belt transects (2 × 25 m each)
were recorded every 1 or 2 h after a male group was encountered until 24:00
or 01:00 h. The belt transects were sometimes conducted only five times
owing to the difficulty in the sampling schedule.

Mate Guarding During Oviposition. Gregarious males produce the courtship-
inhibition pheromone phenylacetonitrile, which reduces male–male com-
petition under laboratory conditions (33). To determine whether phenyl-
acetonitrile also reduces male–male competition in the field, the night-vision
mode of a digital video camera (HC-VX870M, Panasonic) was used to record
group oviposition and to determine whether rivals attacked ovipositing
pairs. Around dusk (18:50 h), an observer carefully approached aggregating
pairs and placed the tripod-mounted video camera on open sandy ground
nearby. Some pairs responded to the approaching observer, thus record
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started after 1 h. The central area near the maximum density of group
oviposition (70 × 50 cm) was recorded on October 9, 2016 (ID 6), and the
number of ovipositing pairs was roughly estimated as 390/100 m2. Some
males wandered near ovipositing pairs. We observed whether the first 10
males that visited a group oviposition site displaced the males guarding
ovipositing females when the visiting male was within a body length of the
copulating pair from 20:00 h.

Effects of Mate Guarding by Males on the Escape Performance of Females. To
assess how mate guarding by males affected the escape performance of
females, the modified methods of Maeno et al. (40) were followed. An
observer acting as a simulated predator walked slowly toward locusts on the
ground. The observer filmed the locusts until they flew away. The adults
responded to simulated predator attacks by walking, jumping, or flying as
the first response (40). The observer followed the fleeing insects from be-
hind to prompt an escape behavior, until they flew away. The time taken for
locusts to fly away from the observer after initially responding to their
presence was recorded separately for females and males (escape time was
zero when locusts flew away at the first response). Before locusts were
approached, the mating states were categorized as 1) single (females or
males were on the ground alone), 2) copulating (females were copulated by
a mounted male, i.e., their genitalia were physically connected and the fe-
male was grasped by male’s fore- and midlegs), and 3) postcopulatory
mounting (the genitalia were not connected, but males remained mounted
to guard the female from rivals). Communal animals typically detect
approaching predators sooner than solitary animals (1). To exclude such a
group effect in this study, the targets were directly approached to avoid
triggering the fleeing behavior of other locusts (i.e., no locust was located
between each target and the observer). All experiments were conducted
from 16:00 to 18:20 h at a sufficiently high ambient temperature (50 cm
above the ground and in the shade; mean temperature: 40.7 °C [38.1 to 42.8
°C]) on October 18, 2016 (near ID 9).

Determination of Oogenesis. To determine daily oocyte development during
the reproductive cycle, the length of the terminal oocytewasmeasured for six
to eleven group-reared females (gregarious phase). These females were
from a strain maintained in the Moroccan National Anti-Locust Center (24).
To follow their reproductive history, the group-reared female locusts were
marked with white paint (Pentel, EZL31-W) at adult emergence. They were
housed with males in a group of ∼40 individuals in a cage (40 × 30 × 30 cm)
at 30 ± 2 °C, with a 12:12 h light:dark photoperiod and 40 to 60% relative
humidity. They were fed fresh lettuce and cabbage leaves, as well as wheat
bran. Plastic cups (diameter, 5 cm; height, 10 cm) were filled with clean moist
sand and were placed in the cages to collect the egg pods. Oviposition was
recorded every 30 min from 09:00 to 20:00 h, and the oviposition substances
were placed during the day to minimize differences in the timing of sam-
pling. Each female laid at least one egg pod.

The length of 20 terminal oocytes from the ovaries was measured for each
female using an ocular micrometer on a stereomicroscope, on day 0 (ovipo-
sition), 1, 2, 3, 4 (before oviposition), and −1 (mature eggs ovulated in the
oviduct). This procedure was performed in the same room for individually
reared females (solitarious phase) in separate cages (25 × 15 × 15 cm).

Mating Avoidance Experiment. To determine whether desert locust females
can physically prevent male mating attempts, mating avoidance experiments
were conducted using a strain maintained in the Centre de Biologie pour la
Gestion des Populations (CBGP) laboratory in Montpellier. The nymphs were

housed in groups of ∼100 individuals in large cages (40 × 40 × 42 cm) at 32 ±
1 °C, with a 12:12 h photoperiod. They were fed fresh wheat grass leaves and
wheat bran. Females were distinguished by marking them with white paint
(Pentel, EZL31-W) at adult emergence. The females were weighed every day
to follow their developmental history. Six small cages (20 × 20 × 35 cm)
housing 10 females and 10 males (to simulate group-living conditions) were
used until the first oviposition. The day of oviposition of each female was
recorded by either direct observation during the day or by recording a
drastic reduction in body weight. If the body weight of females declined by
more than 400 mg when compared with the previous day, they were
regarded as having laid eggs. After body weight was measured, the females
were returned to a small cage as single. We then presented each of them
with males for 24 ± 2 h and recorded whether the females were mated or
remained single: that is, whether each female accepted or rejected the male.
The same procedure was repeated daily until the next oviposition, which
typically happened 4 or 5 d later. By making daily observations, the trials
were performed with females with different ovary sizes. Finally, only 33
females that laid eggs twice were used in the analysis.

Statistical Analysis. The F/C ratios of gregarious, solitarious, and transient
populations (populations in transition from the solitarious to the gregarious
phase) were compared using the nonparametric, Steel–Dwass test. The sex
ratios of the 11 surveyed groups were compared with the expected values
derived from the χ2 test. Sex ratios and percentages of mating females or
males in the “lek sites,” “outside the lek sites,” and solitarious populations
were arc-sine transformed and analyzed using the Tukey–Kramer HSD test.
The Tukey–Kramer HSD test was used to evaluate daily ovarian development
and terminal oocyte length. To evaluate the effects of ovarian development
on the mating activity of females, the percentages of locusts that were
mating or single in the mating avoidance experiment were subjected to a
post hoc Fisher’s exact test after Bonferroni correction using the software
package R, version 4.0.1 (58) and JMP (SAS Institute).

Data Availability. Excel data have been deposited in Figshare (DOI: 10.6084/
m9.figshare.16640113) (59) . All other study data are included in the article
and/or SI Appendix.
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