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Abstract

Between plagues, the solitarious desert locust (Schistocerca gregaria) is generally

thought to exist as small populations, which are particularly prone to extinction events

in arid regions of Africa and Asia. Given the high genetic structuring observed in one

geographical area (the Eritrean coast) by former authors, a metapopulation dynamics

model involving repeated extinction and colonization events was favoured. In this

study, we assessed the validity of a demographic scenario involving temporary popula-

tions of the solitarious phase of the desert locust by analysing large-scale population

genetic data. We scored 24 microsatellites in 23 solitarious population samples collected

over most of the species range during remission. We found very little genetic structur-

ing and little evidence of declining genetic diversity. A Bayesian clustering method dis-

tinguished four genetically differentiated units. Three groups were largely consistent

with three population samples which had undergone recent bottleneck events. Never-

theless, the last genetically homogeneous unit included all individuals from the

remaining 18 population samples and did not show evidence of demographic disequi-

librium. An approximate Bayesian computation treatment indicated a large population

size for this main genetic group, moderately reduced between plague and remission

but still containing tens of thousands of individuals. Our results diverge from the

hypothesis of a classical metapopulation dynamics model. They instead support the

scenario in which large populations persist in the solitarious phase of the desert locust.
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Introduction

The desert locust, Schistocerca gregaria, is one of the most

infamous and widespread pests globally, with a huge

potential invasion area, spanning 31 million km2 from

West Africa to southwest Asia (Fig. 1A). Locusts at high

densities live gregariously and actively form marching

bands of hoppers or swarms of winged adults. These

highly migratory groups are devastating for pastures

and crops, as shown during the last two major desert

locust invasions in Sahel-Saharan Africa in 1987–1988

and 2003–2005 (Fig. 1B).

Between plagues, desert locust populations persist at

low density in a harmless solitarious phase in the central

part of the species range, where annual rainfall is

<250 mm. During remission, large areas of the Sahel-

Saharan deserts are believed to be clear of locusts (Waloff

1966), but only scarce data exist on the distribution, cen-

sus sizes and migration rates, precluding the construc-

tion of a suitable model of solitarious desert locust

population dynamics (Uvarov 1977). Yet, information on

functioning of populations is crucial for designing effec-

tive management strategies, particularly in the early

stages of gregarization, when small impacts on population

size can have dramatic effects and populations can still be

locally contained (Magor et al. 2008; Sword et al. 2010).

The most common view of solitarious population

dynamics is that suitable habitats are spatially restricted
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and ephemeral (reviewed in Uvarov 1977; Latchininsky

& Launois-Luong 1997; Vesey-Fitzgerald 1957; Chapman

1976). Dispersal behaviour of solitarious desert locusts is

thought to be conditioned by erratic desert rains that

influence the abundance of plants for food and bare

moist soil suitable for egg laying (Rao 1937, 1942). Under

this view, the solitarious phase of S. gregaria is expected

to follow metapopulation dynamics in a strict sense, with

climate-driven extinction of ephemeral local populations

compensated by recolonization events (Slatkin 1977).
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Fig. 1 Geographical distribution of the 23 Schistocerca gregaria population samples (A) and areas treated with pesticides during the

last 10 years (B). (A) The three grey areas delimit the regions of FAO commissions for desert locust control: from left to right, Wes-

tern region (population samples 1–13 and 15–22), Central region (population sample 14) and southwest Asian region (population

sample 23). Populations were sampled by the following collectors: 1–3Institut National de la Protection des V�eg�etaux, Algeria,
4National Unit of Locust Control of Morocco, 5,7,10–13National Unit of Locust Control of Mauritania, 6,8–9Centre de Coop�eration Inter-

nationale en Recherche Agronomique pour le D�eveloppement, France, 14ICIPE—African Insect Science for Food and Health,

Kenya,15–21National Unit of Locust Control of Chad, 22National Unit of Locust Control of Niger, 23National Unit of Locust Control of

Pakistan. (B) Data are from Desert Locust Bulletins from September 2003 to March 2012 (see http://www.fao.org/ag/locusts/en/

archives/archive/index.html) and include a plague period (September 2003 to March 2005) followed by the current remission.

Sampling occurred from Jan-09 to Mar-12.
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This metapopulation hypothesis is supported by a

study based on a single nuclear DNA marker, which

revealed some degree of genetic diversity and high

genetic differentiation between solitarious populations of

the desert locust (Ibrahim et al. 2000). The populations

were distributed along the Red Sea coast, an area infested

with swarms 4 years earlier. With caution due to the lim-

ited sample size, the authors disfavoured the hypothesis

of recent fragmentation as the single process explaining

their data, which would contribute to a more drastic loss

of genetic diversity. Instead, a simulation study showed

that the observed genetic pattern was compatible with

propagule-pool metapopulation dynamics (Slatkin 1977),

which assumed a low number of colonists coming from

the nearest occupied patch and no migration between

extant populations (Ibrahim 2001).

In the alternative view, S. gregaria occupies permanent

habitats where the presence of adults has been reported

every month of the year (reviewed in Latchininsky &

Launois-Luong 1997; Waloff 1963; Popov 1997). In the

persistent areas studied by Waloff (1963), the author

observes that although the majority of solitary adults

move locally, migratory flights over great distances may

also occur at night, even when the local vegetation is

green and lush. Under this view, the population structure

during the solitarious phase of S. gregaria should be con-

sistent with a stepping-stone model (migrants only come

from neighbouring populations; Kimura & Weiss 1964)

or an island model (random migration between local

populations; Wright 1951), depending on the spatial scale

of migration between persistent populations. However, if

desert locust dispersal is primarily driven by prevailing

winds (Rainey 1963) rather than rainfall, the pattern of

dispersal that governs solitarious population connectivity

probably occurs on a large scale and exhibits high levels

of both asymmetry and stochasticity. The resulting

genetic patterns may thus be weak and lack simple geo-

graphical trends.

In addition to local drift effects due to high climatic

stochasticity of desert habitats, inflated genetic differen-

tiation (and low genetic diversity) may follow plague

events as large populations crash and become frag-

mented. Indeed, at the end of plagues, pesticide con-

trols are generally intensive. For example, 26 and 13

million hectares were treated against desert locusts in

the last two major invasions of 1987–1988 and 2003–

2005, respectively (Lecoq 2001, 2005). Additionally,

newly colonized environments may be unfavourable to

sustained reproduction or may even lead to mass mor-

tality, when, for instance, winds carry desert locust

swarms out of their usual ecological niche, including to

southern humid regions, oceans and high mountain

ranges (reviewed in Uvarov 1977; Rosenberg & Burt

1999).

In this study, we used population genetics tools and

methods to help elucidate population dynamics in the

solitarious desert locust. We genotyped 24 microsatellite

loci from 23 solitarious populations of locusts sampled

across the species range in Sahel-Saharan Africa. We

first computed traditional summary statistics and used

a Bayesian clustering method to evaluate the levels of

genetic diversity in S. gregaria and the extent of the

population structure. We then inferred whether popula-

tions were experiencing demographic disequilibrium by

using several tests on summary statistics for departure

from their theoretical distribution under equilibrium.

Using an approximate Bayesian computation (ABC)

method, we finally provided estimates of the effective

population sizes and of the magnitude of the variation

from plague to remission.

Materials and methods

Population sampling

We collected 23 population samples composed of 11–30

individuals. We preferentially collected adults to avoid

risk of relatedness between individuals (M.P. Chapuis &

M. Lecoq, pers. obs.); only population samples 5, 6, 8

and 10 included a few late-instar larvae. Because winged

adults may disperse until they find suitable conditions

for breeding, this sampling scheme was at the cost of

including some individuals that may not reproduce

locally. The sampling area covered much of the distribu-

tion of S. gregaria and included 21 population samples

from the northwestern African region, one population

sample from the Central region (sample 14) and one

from the southwestern Asian region (sample 23)

(Fig. 1A). These subdivisions encompass the interna-

tional management areas for desert locust control,

within the framework of three desert locust commis-

sions coordinated by the Food and Agriculture Organi-

zation of the United Nations (FAO) (Lecoq 2003). These

subdivisions also delineate the three main outbreak

areas (areas at the origin of invasions) of the desert

locust: Indo-Pakistan border, Red Sea shores and Aden

Gulf, and mountains of Central Sahara and Mauritania.

The minimum and maximum distances between two

population samples were 9 km (between samples 18

and 19) and 8250 km (between samples 9 and 23),

respectively.

The sampling reflects the temporal heterogeneity of

the desert environment as insects were sampled from

January 2009 to March 2012, that is, during four different

rainy seasons (Fig. 1A and Table 1). The sampling took

place 3–6 years after the last inter-regional desert locust

plague event (Fig. 1B). Accordingly, national locust cen-

tre staffs, following protocols for locust population mon-
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itoring campaigns, reported a solitarious phase and esti-

mated the density of the populations at a level generally

below the threshold inducing gregarization, that is, a

change from a cryptic solitarious phase to a mass-

migrating gregarious phase (i.e. 500 individuals/ha; see

Duranton & Lecoq 1990; Ciss�e et al. 2013; Table 1). There

were, however, three exceptions with insects collected in

a transiens phase, which marks the first stages of the

gregarization process (population samples 1, 12 and 13).

In these cases, locusts were collected in loose and iso-

lated aggregates during the last year of our study, in

areas where local infestations had been reported (from

January 2011 to March 2012; Fig. 1B).

Genotyping, equilibrium of linkage and Hardy–
Weinberg

DNA was extracted from a 2-mm section of the hind

femur using DNeasy tissue kit (Qiagen). Twenty-four

microsatellite loci were genotyped (SgM41, SgM51,

SgM66, SgM74, SgM86, SgM87, SgM88, SgM92, SgM96,

diEST-2, diEST-6, diEST-8, diEST-11, diEST-12, diEST-

13, diEST-16, diEST-28, diEST-29, diEST-30, diEST-35,

diEST-37 and diEST40 from Blondin et al. (2013); and

DL01 and DL06 from Yassin et al. (2006)). All loci were

shown to be free of null alleles in six Western African

population samples that had been previously analy-

sed by Blondin et al. (2013; population samples 4, 8–10,

15 and 16). Microsatellite loci were genotyped, using

fluorescently labelled polymerase chain reaction (PCR)

primers and an ABI 3130 DNA sequencer (Applied Bio-

systems), as described in Blondin et al. (2013).

We tested for linkage disequilibrium between each

pair of microsatellite loci and within each population

sample using G-exact tests in GENEPOP 4.0 (Rousset

2008). Hardy–Weinberg equilibrium (HWE) was tested

for each locus and within each population sample using

exact tests implemented in Genepop 4.0 (Rousset 2008).

Corrections for multiple tests were performed using the

false discovery rate approach (Benjamin & Hochberg

1995) as implemented in R-package QVALUE (Storey &

Tibshirani 2003; R Development Core Team 2012).

Detection of loci under selection

Because 13 of our microsatellite markers were derived

from an expressed sequence tag (EST) library, we

detected whether loci were under selection based on

patterns of genetic variation between population

samples. Briefly, the method detects outliers exhibiting

significantly high or low FST values, controlled for

within-population heterozygosities at the loci consid-

ered. We applied the method of Beaumont & Nichols

(1996) which assumes an infinite island model to obtain

the null FST distribution. We used ARLEQUIN 3.5.1 (Excof-

fier & Lischer 2010) because FST levels are scaled with

the average heterozygosity within populations (ĥ0)

rather than the average heterozygosity between popula-

tions (ĥ1) (Excoffier et al. 2009). Because FST-based tests

of selection are biased if different samples are drawn

from the same population, we pooled population sam-

ples that were genetically similar, thereby considering

four populations only: population samples 3, 6, 17 and

the remaining samples, which made up the fourth

genetic population (Results and Fig. 1). Analyses were

carried out with the one-step strict stepwise-mutation

model (SMM; Ohta & Kimura 1973) assuming the pres-

ence of 100 demes with 100 000 simulations.

Genetic differentiation and clustering

The level of differentiation between population samples

was quantified by computing pairwise estimators of

FST (Weir 1996), and 95% confidence intervals were

determined by bootstrapping 2000 replicates over all

loci using FreeNA (Chapuis & Estoup 2007). Levels of

genotypic differentiation between population samples

were tested using Fisher’s exact tests (GENEPOP 4.0;

Rousset 2008) and a significant level of 0.001. We chose

a more stringent level than the usual 0.05; otherwise,

significance would often have been associated with con-

fidence intervals including zero.

The clustering approach implemented in STRUCTURE

version 2.3.4 (Pritchard et al. 2000) was used to infer

the number of genetic units. We used the admixture

model and the option of correlated allele frequencies

between populations and, because our sampling scheme

involved the collection of many individuals from dis-

crete distant locations, we used the sampling location

as prior information (Hubisz et al. 2009). All other set-

tings were left at default values. Following the recom-

mendations of Gilbert et al. (2012), we carried out 20

replicate runs for each value of the number of clusters.

Each run consisted of 1.5 9 106 Markov chain Monte

Carlo (MCMC) iterations, with a burn-in period of

5 9 105. This MCMC parameterization checked for con-

vergence and stationary distribution in values of the

model likelihood and admixture parameter.

The natural logarithm of the likelihood of the data

[ln P(D)] was calculated: it is expected to be highest

with a low variance for true K (Pritchard et al. 2000).

The number of clusters (K*) was also determined by

using the DK metric of Evanno et al. (2005). Because the

DK method was shown to detect the uppermost level of

genetic structure, we followed the hierarchical approach

described by Coulon et al. (2008). These STRUCTURE out-

puts were computed with STRUCTURE HARVESTER (Earl &

vonHoldt 2011). We set the number of genetic clusters
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from K = 1–8, because DK and lnP(D) values always

decreased when approaching K = 8. CLUMPP software

version 1.1.2 (Jakobsson & Rosenberg 2007) was then

used to align the posterior estimates of cluster member-

ships from the 20 replicate runs with K = K* using

Greedy algorithm with 10 000 random input orders,

and the results were graphically displayed with DISTRUCT

1.1 (Rosenberg 2004).

Detection of demographic disequilibrium

We first estimated, over all loci, the mean values of statis-

tics traditionally used to summarize within-population

genetic variation: allelic diversity corrected for subsam-

ples of nine diploid genotypes (RS; El Mousadik & Petit

1996), expected heterozygosity (HE; Nei 1987) and allele

size variance (V). We used Wilcoxon signed-rank tests

applied to single-locus values of the statistics of interest

to determine whether the level of genetic variation within

population samples (and genetic units) differed signifi-

cantly between population samples (and genetic units).

In a population experiencing size reduction, rare

alleles are lost quickly and then lead to transient

heterozygosity excess (Cornuet & Luikart 1996). We

used BOTTLENECK software 1.2.02 (Piry et al. 1999), which

compares the observed HE values with expected values

in an isolated population at mutation–drift equilibrium

with same numbers of alleles and sample sizes as

observed in the data set. We performed 10 000 itera-

tions using a generalized stepwise-mutation model

(GSM; Zhivotovsky et al. 1997) with variance equal to

0.36 (Estoup et al. 2001). Significance was tested using a

two-tailed Wilcoxon signed-rank test (Piry et al. 1999).

We also used the M-ratio = k/r, where k is the num-

ber of alleles and r the range in allele size, which is

expected to be smaller in recently reduced populations

than in equilibrium populations (Garza & Williamson

2001). We computed a critical value of the M-ratio (Mc)

so that 95% of the simulations of an isolated population

at mutation–drift equilibrium had M-ratio >Mc, follow-

ing Garza & Williamson (2001). The only exception was

the assumption of a GSM model with mean variance

equal to 0.36 in order to specify a mutational model

that was realistic for microsatellite loci of grasshop-

pers (Chapuis et al. 2011) and identical to BOTTLENECK

analyses. To this aim, we used the simulation option

of DIYABC software version 2.0 (Cornuet et al. 2014).

Because the sample size varied across population sam-

ples, we used 10, 20 and 30 diploid individuals. We

used different effective population sizes so that popula-

tions had a mean HE equal to those observed in our

samples (Table 2).

We finally computed genetic relatedness among indi-

viduals within each population sample following the

method of Queller & Goodnight (1989) using GROUPRE-

LATE (Valsecchi et al. 2002) and reference allele frequen-

cies computed from the entire data set. Randomizations

were conducted by replacing original genotypes with

alleles drawn randomly from the observed allele fre-

quency distributions, thereby simulating a null distribu-

tion where no individual was related to any other. This

index measures how much higher the probability of

recent coalescence is for a pair relative to the average

probability for all pairs considered (Rousset 2002).

Therefore, when averaged across individuals within a

population, it may reflect drift effects and it measures

the increase in homozygosity in a population.

ABC estimation of effective population sizes

We investigated how the levels of genetic variation

observed in S. gregaria translated in terms of the effec-

tive population size and variation between remission

and plague periods. We used a simple demographic

model in which a single population experienced instan-

taneous change in effective population size. The effec-

tive population size varied from remission level (Nr) to

plague level (Np) following the plague history reported

by Magor et al. (2008) from 1910. Assuming three gener-

ations per year (see Roffey & Magor 2003), we simu-

lated the population size variation of approximately 300

generations. We also set constant and at remission level

Table 2 Critical M-ratio values computed with different

sample sizes and demographic models

Simulation N Ne/HE MC

1 30 50 000 (0.85) 0.71

2 30 40 000 (0.83) 0.72

3 30 25 000 (0.79) 0.74

4 30 3000 (0.52) 0.80

5 20 50 000 (0.85) 0.66

6 20 40 000 (0.83) 0.67

7 20 25 000 (0.79) 0.70

8 20 3000 (0.52) 0.79

9 10 50 000 (0.85) 0.56

10 10 40 000 (0.83) 0.58

11 10 25 000 (0.79) 0.61

12 10 3000 (0.52) 0.77

N, number of diploid genotypes.

We simulated an isolated population at mutation–drift equilib-
rium and 21 microsatellite markers with the same characteris-

tics as those in our real data set (microsatellite size ranges and

mutation parameters). The demographic history had been sim-

plified with a constant effective population (Ne). According to

simulation sets, populations had mean expected heterozygosity

(HE) equal to that of the main population, population 17, popu-

lation 6 or population 3 of our real data set (see Table 1). For

each set of parameter values, 10 000 data sets were simulated.
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(Nr) the effective population size of former years. In

populations recurrently fluctuating in size, the long-

term effective size, which determines the overall

amount of genetic drift, is expected to correspond

approximately to the harmonic mean size over time and

should thus be closer to the size during remission than

during plague (Motro & Thomson 1982). We defined

the intensity of the population size decline a as the ratio

of the plague population size (Np) to the remission pop-

ulation size (Nr). Higher a values correspond to more

severe reductions in population size between plague

and remission periods. This ratio between the effective

population sizes during plague and remission periods

is not affected by mutation rate estimates and should

provide accurate indication of changes in population

size.

We used the ABC method (Beaumont et al. 2002)

implemented in DIYABC version 2.0.1 program (Cornuet

et al. 2014) and statistics summarizing genetic variation,

which included the mean number of alleles (A), mean

expected heterozygosity (HE), M-ratio (M) and variance

of allele size in base pairs (V). To compute the observed

values of these summary statistics, we pooled popula-

tion samples that were genetically similar (i.e. genetic

group D; Results section) and excluded the three pecu-

liar population samples 3, 6 and 17 (Results section).

We produced a reference table containing five million

simulated data sets. We estimated the posterior proba-

bility density for each parameter using 10% of the simu-

lated data sets closest to the observed data set (50 000).

Mutations in the repeat regions of each locus followed

a symmetric GSM model without allele size constraints

(as the maximum number of continuous allelic states

observed in our data set was 136 for locus SgM41).

Prior values for any mutation model settings were

drawn independently for genomic microsatellites and

microsatellites of transcriptome origin, but in similar

probability distributions. Prior values for mean muta-

tion rates were then drawn from a uniform distribution

bounded between [10�5, 10�3] to allow for large micro-

satellite mutation rate uncertainty. We also considered

mutations that inserted a single nucleotide into or

deleted it from the microsatellite sequence, which we

actually suspected in most loci (see allele frequency

distributions in Fig. S2 in Supporting Information)

and used a uniform distribution bounded between

[10�8, 10�5]. We used default values for all other muta-

tion model settings (Table S1, Supporting Information,

description of prior probability distributions).

To define prior probability distribution of both effec-

tive population sizes Np and Nr, we used a uniform dis-

tribution bounded between [104, 106]. Because the value

range covers several orders of magnitude, we also per-

formed inferences with log-uniform prior distributions.

The inferences obtained by drawing effective popula-

tion sizes from uniform probability distributions

showed lower bias and dispersion measures (Table S2,

Supporting Information). Furthermore, setting a prior

distribution of one type or another resulted in posterior

estimations that were relatively consistent. Hereafter,

we present results from the uniform distribution only

(details on results from the log-uniform distribution are

presented in Table S3 and Fig. S1 in Supporting Infor-

mation).

Results

Tests for conformity to basic assumptions

Independence of microsatellite loci was confirmed for

each pair of loci and within each population sample.

The only exception was population sample 17 with 12

significant tests of 276 pairs of loci (4%). We found 30

significant deviations from Hardy–Weinberg equilib-

rium for all 552 combinations of microsatellite loci and

population samples (5%). The majority of these values

were not associated with any locus or population

sample. However, we detected two deficiencies and

three excesses of heterozygotes of 24 tests for popula-

tion sample 17.

Tests of selection detected diEST12, diEST35 and

diEST37 as outlier microsatellite loci at 0.05 level of sig-

nificance (P = 0.019, P = 0.046 and P = 0.017; Fig. 2).

Allele frequency distributions were similar among

population samples for diEST12 and diEST35 only

(P > 0.11; Fig. S2, Supporting Information). FST values

diEST37
diEST35 diEST12

Heterozygosity

Fig. 2 FST-based detection of microsatellite loci under selection.

Graphic output from ARLEQUIN 3.5.1 (Excoffier & Lischer 2010).
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at these loci were not different from zero and associated

with extremely low levels of heterozygosity, suggesting

purifying selection. Locus diEST37 showed very few

(but significant) differences between populations and

the highest level of genetic diversity within populations,

suggesting balancing selection (P = 0.017; Fig. 2). Levels

of population differentiation and diversity were approx-

imately the same whether or not the three suspicious

markers were included. Hereafter, we showed results

with the 21 remaining loci (Tables S4 and S5, Support-

ing Information, present results with all 24 microsatel-

lite markers).

Population structure

Nonsignificant differentiation was found among many

pairwise comparisons (Fig. 3 and Table S6, Supporting

Information). Significant genotypic differentiation was

only observed in comparisons involving population sam-

ples 3, 6 and 17. The levels of differentiation of these

three population samples with other population samples

were high to low with FST value ranges of [0.168–0.223],

[0.016–0.030] and [0.004–0.027], respectively. The global

level of population differentiation was low with an FST
equal to 0.020 (95% confidence interval = [0.018–0.023]).

STRUCTURE analyses (Pritchard et al. 2000) provided

consistent results for the 20 runs tested for each K value.

The natural logarithm of the likelihood of the data

increased from K = 1 to K = 2 and then from K = 3 to

K = 4 for which it was maximal and presented low vari-

ance (Fig. 4A). Postprocess analyses for K = 4 (Fig. 4B)

enabled us to assign with high probability (≥0.86) all

individuals from sample 3 to a genetic unit A. Popula-

tion samples 6 and 17 partly corresponded to two addi-

tional genetic units, clusters B and C, respectively, and

all the remaining samples corresponded to cluster D.

Individuals from sample 6 were assigned in a 50:50 pro-

portion to cluster B or to main cluster D with high confi-

dence level (≥0.82 and 0.86, respectively), although four

individuals were of mixed ancestry. Twenty-five per

cent of individuals from sample 17 had a high propor-

tion of ancestry from cluster C (≥0.99), whereas the

remaining individuals of the sample belonged with high

confidence to main cluster D (≥0.88). Metric DK peaked

at K = 2 showing that the highest hierarchical level of

the genetic structure included both units A and D. A

second hierarchical level of division was identified with

K = 3, which revealed genetic units B and C. Finally, K*
and the assignment patterns estimated with the hierar-

chical use of metric DK were similar to those inferred

with the highest lnP(D) method (Fig. S4, Supporting

Information).

The four genetic clusters largely corresponded to the

four groups of population samples resolved by FST
analyses. Therefore, the set of all population samples,

except samples 3, 6 and 17, was considered as a single

homogeneous genetic pool (i.e. genetic unit D) and

hereafter referred to as the main population. Accord-

ingly, after excluding samples 3, 6 and 17, global popu-

lation differentiation (0.0006) was no longer significant

at 0.001 level (P = 0.004) and associated with a 95% con-

fidence interval including zero ([�0.0005 to 0.0016]).

Global differentiation between the four genetic clusters

was 0.072 (P < 0.001).

Founder effects and effective population sizes

Population samples 3, 6 and 17 (interchangeable with

genetic units A, B and C) harboured lower levels of

genetic diversity than samples from the main genetic

unit D (Table 1). Population sample 3 in particular only

had one-third of the number of alleles and 63% of the

expected heterozygosity found in the main population.

Population sample 3 also exhibited a highly significant

positive value of DH. Values of the M-ratio were lower

than expected under mutation–drift equilibrium for

population samples 3 and 6 (Tables 1 and 2). The aver-

age relatedness across individuals differed significantly

from zero within population samples 3, 6 and 17

(Table 1). Figure S3 (Supporting Information) shows

that this pattern was not due to related pairs of individ-
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Fig. 3 Density estimation of pairwise FST values computed

between 23 Schistocerca gregaria population samples genotyped

at 21 microsatellite loci at selective neutrality. Dashed, starred

and dotted lines represent pairs including samples 3, 6 and 17,

respectively. The solid line represents other pairs of population

samples. We used the locfit function (Loader 1996) imple-

mented in version 3.0.0 of the R-package (Ihaka & Gentleman

1996; http://cran.r-project.org).
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uals such as siblings, in particular in genetic unit 6 that

included a few late-instar larvae. Each sample from the

main genetic unit did not show evidence of demo-

graphic disequilibrium (Table 1).

In the main population, however, the ABC framework

estimated a decrease in the effective population size fol-

lowing the end of plagues (i.e. a ≥ 1; Fig. 5). The effective

population sizes during remission decreased moderately

though, with a 18-fold median estimate and large uncer-

tainty [CI: 1–60]). The ABC analysis estimated precisely

the mutation-scaled remission population sizes (Nr 9 l)
(Fig. 6C,D). Table 3 shows that the current size of the

main population during remission may be around 30 000

effective individuals. However, there was less informa-

tion on mutation-scaled plague population sizes

(Np 9 l), with asymmetrical distributions and large

confidence intervals (Table 3 and Fig. 6A,B). Table S7

(Supporting Information) shows that similar posterior

distribution samples of the mutation-scaled effective

population sizes were obtained when including the 3000

closest simulated data sets and when using log or

log-tangent transformation of parameters as proposed in

Estoup et al. (2004), and Hamilton et al. (2005).

Discussion

Evaluation of population dynamics hypotheses

In plague locusts, huge effective population sizes and

long-distance dispersal of swarms probably homogenize

genetic variation over large areas (Chapuis et al. 2009,

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

A

B

Fig. 4 Structure membership coefficients for 579 Schistocerca gregaria individuals assigned to four genetic clusters. (A) The plot was gen-

erated using the value of K associated with the maximum natural logarithm of the likelihood of the data [lnP(D)] (i.e. K* = 4). Results

were similar using the maximum of the metric DK (Fig. S4, Supporting Information). (B) Each individual included in the analysis is rep-

resented by a vertical bar partitioned into four coloured segments corresponding to the admixture proportions in four genetic clusters.

Each colour represents a different genetic cluster: cluster A is in blue, cluster B in pink, cluster C in green and cluster D in orange. Black

lines separate individuals from different population samples, and population samples are labelled at the bottom of the plot.

Table 3 Mean, median and 2.5 and 97.5% quantile estimates

from DIYABC posterior distribution samples of demographic

parameters

Mean Median Q0.025 Q0.975

Original parameters

Np 553 000 577 000 40 000 981 000

Nr 36 000 27 000 12 000 116 000

Composite parameters

Nr*lg 370 337 21 868

Nr*lt 120 92 5 394

Nr*lg 18 17 8 35

Nr*lt 5 4 2 12

Population sizes are given in effective number of diploid

individuals.
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2011). During the short remission periods, solitarious

populations are believed to differentiate through

substantial genetic drift and restricted gene flow (Ibra-

him et al. 2000; Ibrahim 2001). Various factors can

reduce effective sizes of solitarious populations, for

example rarity and heterogeneity of rainfall in the Sa-

hel-Saharan environment (Vesey-Fitzgerald 1957; Latchi-

ninsky & Launois-Luong 1997), or intense control

efforts and severe population crashes at the end of

plagues. In our study, FST indices and Bayesian cluster-

ing showed genetic homogeneity among most of the so-

litarious populations sampled across a large

geographical scale, from Mauritania to Pakistan, which

encompassed all three desert locust commissions coor-

dinated by FAO (Figs 3 and 4).

Furthermore, the levels of genetic diversity were large

in the newly solitarized populations. Indeed, 20 of our

population samples (that belonged to the same main

genetic unit) showed substantial genetic diversity, with

a mean expected heterozygosity of 0.85 (Table 1). This

observed level of genetic diversity was higher than

average compared to demographically stable popula-

tions of Orthopteran insects (Chapuis et al. 2012). This

result also agrees with reports on other locust species

that are facing different ecological challenges, for exam-

ple the migratory locust, Locusta migratoria, a cosmopoli-

tan species that inhabits a wide range of habitats in

tropical and temperate parts of the Eastern Hemisphere.

Chapuis et al. (2009) reported a mean expected hetero-

zygosity of 0.83 in numerous Malagasy and Chinese

solitarious populations of this migratory locust sampled

1–6 years after the last recorded outbreak.
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Fig. 6 Posterior probability densities of

mutation-scaled effective population sizes

during plague (A, B) and remission (C, D).

Posterior distributions considered muta-

tion rates either from genomic-derived

microsatellite markers (lg; A and C) or

from transcriptomic-derived microsatellite

markers (lt; B and D). Prior distributions

for effective population size parameters

were uniform with parameters (2 9 104–

2 9 106) (Table S1, Supporting Informa-

tion). Point values of posterior probability

distributions are presented in Table 3.

Grey lines show prior distributions.
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Fig. 5 Posterior probability densities of population size decline

from plague to remission (a).
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Our results showed that changes in effective popula-

tion size from plague to remission were moderate and

thus had little impact on S. gregaria genetic variation

within and between populations in the short time of

remission. We used several standard tests but did not

detect a departure from a model of demographic equilib-

rium for the main population. This suggests that the

action of genetic drift is slow and the effective population

size remains large. Accordingly, the DIYABC program esti-

mated a total remission effective size of at least tens of

thousands and possibly hundreds of thousands of indi-

viduals (Table 3). Although solitarious populations

remain large, decreases in effective size from plague to

remission were inferred from the ABC analysis. How-

ever, the analysis conveyed little information on the mag-

nitude, as the lower limit approached the value of a = 1,

implying that the population size was constant, and a

more severe upper limit reached a = 60 (Fig. 5). The low

confidence in a is probably related to the low level of

information on the effective number of individuals

before the end of the last plague. Indeed, the posterior

probability density approximately follows the same dis-

tribution as the prior probability density (Fig. 6 and

Table 3). Furthermore, additional computer simulations

showed that such a decrease in effective population size

was not enough to differentiate separate populations

genetically in the short duration of remission (~16 gener-

ations in our case), even in the absence of dispersal, due

to shared ancestral polymorphism (Table 4A). A hun-

dred generations would be necessary to produce signifi-

cant genetic differentiation among many isolated

populations of tens of thousands of individuals, whereas

the longest remission reported in the last century was

14 years (i.e. 42 generations; Magor et al. 2008). Con-

versely, when considering the 16 generations since the

last plague, a decline in effective population size to thou-

sands of individuals or more (i.e. a ≥ 100) would be nec-

essary for populations to differentiate in the case of no

gene flow (Table 4B). These results also highlight that

any rate of dispersal could explain the absence of genetic

differentiation observed in S. gregaria solitarious popula-

tions. In the ABC analysis, neglecting migration should

not have resulted to consequent overestimation of effec-

tive population sizes. It has indeed been shown that

migration significantly contributes to high effective pop-

ulation sizes only if large numbers of genetically well-

differentiated sources contribute to the migrant pool (e.g.

island models) (Wright 1951; Whitlock & Barton 1997).

However, such models of migration are unlikely at the

8250-km scale of the present study and most of (source

or recipient) populations share same allele frequencies in

the solitarious desert locust.

These results showed that high mortality associated

with plague decline did not lead to severe bottleneck

events and did not prevent the successful establishment

of solitarious populations. In addition, these results did

not support the assumption that solitarious S. gregaria

exist as small populations threatened by extinction

during remission. Because the arid climate of Sahel-Sah-

aran deserts does not have a drastic effect on the

genetic diversity and structuring of the desert locust,

our results support a demographic model of persistent

populations in the solitarious phase of the species. The

persistence of local populations may be explained by

habitats that are persistent in time (reviewed in Latchi-

ninsky & Launois-Luong 1997; Waloff 1963; Popov

1997). These habitats are presumably confined to areas

near reliefs, where run-off is coupled with rainfall and

which may offer more persistent favourable ecological

conditions (Popov 1997). They may then approximately

correspond to the 250 000 km2 of outbreak areas, where

the first occurrences of the locust transition from the

Table 4 Length of remission (A) and effective population sizes

(B) needed to differentiate from the end of a plague event

(A)

dr FST

P

a = 0.001

P

a = 0.05

16 0.0003 � 0.0002 16 48

42 0.0007 � 0.0002 72 95

100 0.0016 � 0.0002 100 100

500 0.0071 � 0.0003 100 100

(B)

Nr (a) FST

P

a = 0.001

P

a = 0.05

30 000 (16) 0.0003 � 0.0002 16 48

10 000 (50) 0.0008 � 0.0002 84 99

5000 (100) 0.0016 � 0.0003 100 100

1000 (500) 0.0079 � 0.0004 100 100

We simulated 20 isolated populations and 21 microsatellite

markers with the same characteristics as those in our real data

set (sampling sizes and microsatellite size ranges). We consid-

ered ABC median estimates to set mutation parameters. Demo-

graphic history was simplified to a single plague event of

2 years (with Np = 500 000), dr generations ago and with a cur-

rent remission population size Nr. P is the power (in %) of the

global exact G-test of heterogeneity of allelic frequencies, as

computed with GENEPOP 4.0 (Rousset 2008). One hundred data

sets were simulated for each set of parameter values. The first

model corresponds to the actual situation: the time between

Schistocerca gregaria last plague and the study sampling, reveal-

ing 16 generations; the intensity of effective population size

decline a is very close to our median estimate. For this set of

parameter values, populations had an average of nine alleles

for 18 diploid genotypes and a mean expected heterozygosity

equal to 0.85. (A) Nr = 30 000. Note that the second model cor-

responds to the longest remission recorded in the last century

according to Magor et al. (2008). (B) dr = 16.
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solitarious to the gregarious phase are generally

observed at the onset of events leading to an outbreak

and an invasion (Fig. 2 in Sword et al. 2010).

In more ephemeral habitats, reproductive dormancy,

which delays sexual maturation up to several months,

may be a key life history trait that enables populations

to survive in their solitarious form when conditions are

unsuitable for successful breeding. In desert locust

adults, sexual maturation is delayed by various envi-

ronmental factors (Uvarov 1966), mainly drought (in

Uvarov 1977) and vegetation senescence (Ellis et al.

1965), but also low temperature and long photoperiods

(Norris 1957). In some insect species, variation in life

cycle duration decreases the risk of extinction caused

by unpredictable catastrophic events (Menu et al. 2000).

Immature adults of the solitary phase can also fly at

night moving downwind in search of green vegetation.

When temperature is above 20 °C, migrating solitarious

insects can cover a few tens of kilometres per night

with an average speed of 4 m/s and an average dura-

tion of 2 h (Roffey & Magor 2003). Night-flying adults

are thought to settle selectively in the green areas they

encounter, then mature rapidly, but the range covered

is unknown (Roffey & Magor 2003). The frequency of

the migratory flights is also unknown, although it might

be high according to reports on the migratory locust

(Davey 1955, 1959; Farrow 1975; Lecoq 1975), and the

red locust Nomadacris septemfasciata (Lecoq et al. 2011).

Several reasons may explain the contradictory results

obtained by Ibrahim et al. (2000). The authors used

the 30-end fragment of a gene of the antennapedia-class

homeobox family (GenBank no. X73982). Antennapedia-

class homeobox genes are clustered in the genome and

involved in the specification of the developmental pat-

terning of the body segments along the anterior–poster-

ior axis of the embryo (Zhang & Nei 1996). Dawes et al.

(1994) identified this gene in S. gregaria as a homologue

of Drosophila gene ftz, member of a family whose

sequences are less constrained than those of other

homeotic genes and evolve rapidly. Thus, it cannot be

ruled out that the inferred genetic structure was specific

to the single studied sequence, which may be located in

a region of the genome under natural selection. Alterna-

tively, if the genetic structure observed by Ibrahim et al.

(2000) among Eritrean populations is representative of

the neutral part of the genome, discrepancies between

the two studies may be due either to the temporal insta-

bility of the genetic pattern or to the nonexhaustive

sampling of the species range.

Bottlenecked populations

In our study, 10% of the population samples were

impacted by genetic drift. We found three genetically

distinct populations with reduced genetic diversity,

which ranged from 0.52 to 0.83. However, it is possible

that more discrete populations exist considering the

large spatial scale of the remission area. Moreover, we

could not infer a common trend behind the location of

these three samples, as they were neither located at the

periphery or core of the range (Algeria, Mauritania,

Chad), nor sampled at a particular date (beginning of

2009 and end of 2010) or type of habitat (wadis and

plains) (Table 1). This absence of geographical trend

reinforces the likelihood that population dynamics can

be driven by unpredictable catastrophic events.

Founder effects could explain the lower genetic diver-

sity in these population samples. BOTTLENECK software

(Cornuet & Luikart 1996) detected a significant excess of

heterozygosity within population sample 3, which had

the most severe reduction in genetic diversity. In all the

other population samples, we observed negative DH
values, which thus suggested demographic expansion

(e.g. populations not yet in migration–drift equilibrium

following the last plague) or deviation from the isolation

hypothesis (i.e. very low migration rates between differ-

entiated populations; Pope et al. 2000). This would

make it difficult to identify the molecular signatures of

population size reduction in samples 6 and 17, and at

least bring strong support to the bottleneck signal in

sample 3. The M-ratio detected a signal of population

size reduction in samples 3 and 6. This test has more

power to detect population decline than BOTTLENECK, par-

ticularly more ancient events (Girod et al. 2011), whereas

we expected very recent reductions in our desert locust

populations (i.e. ≤time of the last plague event ~16 gen-

erations ago). Application of the index of Queller &

Goodnight (1989) corroborated the assumption of a

lower population size for all three populations, with a

significant increase in homozygosity from a few per cent

up to 50%.

Climate-driven egg and hatchling mortality provides a

mechanism for severe stochastic drift effects. Once eggs

are fully developed, desert locust females can retain

them for about only 3 days if no suitable laying sites are

found (Roffey & Magor 2003). Moreover, once eggs are

laid in bare moist soil, they need to absorb their own

weight in water to complete their development, usually

in the first days after laying, although some cases of egg

dormancy have been reported (Roffey & Magor 2003).

Hatchling survival will highly depend on the local abun-

dance of host plants for food (Roffey & Magor 2003). At

these stages, the species is thus sensitive to stochastic cli-

mate events, which cause drying out, for example, of

temporary wadis in plains or of lakes formed after inten-

sive rainfall in interdune depressions.

Nevertheless, the observed pattern of genetic varia-

tion was more complex for two populations. Structure

© 2014 John Wiley & Sons Ltd
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analyses showed a mixture of individuals of different

genetic origin within population samples 6 and 17. The

majority of their genotypes belonged to the main

genetic group but the genetic composition of some of

their genotypes was unique (Fig. 4). This suggested that

new individuals had recently arrived from higher-qual-

ity permanent populations. In fewer instances, geno-

types were of mixed ancestry, which resulted from

successful interbreeding in previous generations. Posi-

tive and negative FIS values and increased linkage dis-

equilibrium observed in population sample 17 may also

have occurred from the admixture of genetically distinct

individuals (Wilson & Goldstein 2000). These results

suggested that large numbers of colonists from the

main genetic group compensated for rare and local

genetic drift events. Long-range movements and/or

proximity of suitable habitats would thus be necessary

for separate solitarious populations to mix successfully.

From an ecological point of view, this is plausible

because desert locusts are strong fliers and seasonal

dry-out events can easily concentrate suitable habitats.
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