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Abstract
Dispersal may be strongly influenced by landscape and habitat characteristics that
could either enhance or restrict movements of organisms. Therefore, spatial heterogeneity in landscape structure could influence gene flow and the spatial structure of populations. In the past decades, agricultural intensification has led to the reduction in
grassland surfaces, their fragmentation and intensification. As these changes are not
homogeneously distributed in landscapes, they have resulted in spatial heterogeneity
with generally less intensified hedged farmland areas remaining alongside streams
and rivers. In this study, we assessed spatial pattern of abundance and population
genetic structure of a flightless grasshopper species, Pezotettix giornae, based on the
surveys of 363 grasslands in a 430-km² agricultural landscape of western France. Data
were analysed using geostatistics and landscape genetics based on microsatellites
markers and computer simulations. Results suggested that small-scale intense dispersal allows this species to survive in intensive agricultural landscapes. A complex
spatial genetic structure related to landscape and habitat characteristics was also
detected. Two P. giornae genetic clusters bisected by a linear hedged farmland were
inferred from clustering analyses. This linear hedged farmland was characterized by
high hedgerow and grassland density as well as higher grassland temporal stability
that were suspected to slow down dispersal. Computer simulations demonstrated that
a linear-shaped landscape feature limiting dispersal could be detected as a barrier to
gene flow and generate the observed genetic pattern. This study illustrates the relevance of using computer simulations to test hypotheses in landscape genetics studies.
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Introduction
Landscape and habitat characteristics can either restrict
or enhance movements of individuals and consequently
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the extent of connectivity among populations (Taylor
et al. 1993; Spear et al. 2010; Pfl€
uger & Balkenhol 2014).
Establishing how individuals are distributed over space
and population spatial genetic structure in relation to
the landscape and habitat characteristics may be critically important for management and conservation decisions (Palsboll et al. 2007). For instance, habitat loss and
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fragmentation could lead to small and isolated populations that suffer from reduced genetic diversity (Frankham 2005) and are subject to higher extinction rates.
Fragmentation is thus recognized to be one of the major
threats to biodiversity (Fahrig 2003). This is particularly
true in modern agricultural landscapes where intensification has caused loss of perennial habitats and their
connection in space (Benton et al. 2003). Furthermore,
farming practices have become increasingly intensive,
even in perennial habitats, with an increasing proportion of artificial and temporary grasslands managed to
ensure maximal yield of forage (Robinson & Sutherland
2002). This has resulted in strong declines of grassland
invertebrates like grasshoppers (Barker 2004), leading to
cascade effects at higher trophic levels among their predators (Vickery et al. 2001).
In agricultural landscapes, species persistence should
be ensured by metapopulation dynamics in which processes of dispersal and colonization are crucial (Hanski
1998). Dispersal is a key factor of population dynamics
and evolution in such disturbed environments, facilitating movement to favourable habitats and ensuring a
global persistence despite local and recurrent extinctions (Ronce 2007). Theoretical and empirical studies
demonstrated that less persistent, disturbed habitats
promote animal movement capacities (Denno et al.
1996, 2001; Travis & Dytham 1999) and dispersal behaviour (Gauffre et al. 2009). Intense dispersal would result
in genetic homogeneity at a large scale (Gauffre et al.
2008), but as dispersal is generally limited, genetic variation is expected to change gradually with distance (isolation by distance, IBD, Wright 1943; Rousset 1997) and
animal distributions are expected to be spatially autocorrelated (Dormann et al. 2007). However, as landscape
structure is rarely monotonous in space, gene flow is
also modulated by physical and environmental heterogeneities in the landscape (isolation by resistance, IBR,
McRae 2006).
The primary goal of landscape genetics is to relate
landscape features directly to genetic structure and
gene flow (Manel et al. 2003; Storfer et al. 2007; Holderegger & Wagner 2008). For example, identifying
genetic disjunctions can elucidate the underlying landscape features and ecological processes promoting differentiation. Bayesian approaches of individual
clustering (Guillot et al. 2005a; Francois et al. 2006; Chen
et al. 2007) have proven to be efficient to detect genetic
disjunctions (Blair et al. 2012), which are generally
related to physical barriers such as roads or rivers
(Holderegger & Di Guilio 2010; P"erez-Espona et al.
2012). However, in an IBR context, one could expect
discontinuous features of landscape resistance to limit
gene flow and promote genetic disjunctions, as recently evidenced in a long-winged grasshopper species

(Blanchet et al. 2012). In complex landscape where IBD
and IBR may occur simultaneously, computer simulations can be used to identify the processes driving population genetic patterns and investigate how reliably
the effect of landscape resistance can be detected (Landguth et al. 2010). However, although the importance of
using simulation in landscape genetics has been emphasized in a number of recent articles (Balkenhol et al.
2009; Epperson et al. 2010; Balkenhol & Landguth 2011),
the effect of landscape resistance on Bayesian clustering
methods has not been explored so far.
In this study, we investigated spatial patterns of a
small-sized grasshopper, Pezotettix giornae (Acrididae:
Catantopinae), across a 430-km² agricultural landscape
in western France where agricultural intensification
substantially reduced the proportion and durability of
grasslands in the past 50 years. This grasshopper species has a single generation each year (Richards et al.
1954) and is specialized on grassland and herbaceous
habitats (Uvarov 1977). Moreover, this species has
wings unfit for flight and thus, its ability to disperse
long distances is supposed to be weak, with individuals
moving only by walk and jumps. P. giornae dispersal
behaviour is unknown and, more broadly, little knowledge is available on its biology (Baur et al. 2006). We
hypothesize that, although dispersal distances must be
short, P. giornae dispersal behaviour (i.e. its propensity
to leave a habitat patch) should be intense to ensure its
persistence in areas where agricultural intensification
reduced grassland surface and durability. We predict
that spatial autocorrelation in P. giornae distribution in
the landscape results mainly from dispersal processes
and is constrained by habitat distribution resulting in
strong- and short-range spatial autocorrelation of abundance as well as a genetic pattern of IBD. In addition,
we could expect dispersal and genetic structure to be
influenced by spatial heterogeneity in landscape structure and habitat characteristics. More specifically, we
suspect a linear hedged farmland and a motorway,
both bisecting our study area to affect P. giornae movement and geneflow patterns. Consequently, we applied
a geostatistical approach to provide quantitative statements about spatial autocorrelation patterns in abundance and allele frequencies in P. giornae and we used
Bayesian clustering model and computer simulations to
address the following questions: (i) Does spatial autocorrelation in abundance and IBD exist in P. giornae,
what are their strengths and at what scales do they
occur? (ii) Is P. giornae spatial genetic structure shaped
by heterogeneities in landscape structure? (iii) Under
which circumstances does spatial variation in landscape
resistance and IBD lead to the detection of genetic
disjunction by Bayesian approaches of individual
clustering?
© 2015 John Wiley & Sons Ltd
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Materials and methods
Study area and landscape characteristics
The study area, the Long-Term Ecological Research
Zone Atelier Plaine & Val de S#evre, is located in central
western France (46°230 N, 0°410 W; see Fig. 1). It is a
farmland area of 430 km² containing more than 12 000

fields (mean area ! SD: 2.94 ha ! 3.15) mostly dedicated to cereal crop production. Since 1995, land use
has been recorded annually for each field and mapped
with a Geographical Information System (ArcGis 9.2 –
ESRI Redlands, CA, USA). In 2010, grassland surfaces
represented 12.85% of the study area and included
alfalfa (3.12% of total land use) and meadows (temporary or permanent sown with grasses or resulting from

Fig. 1 LTER ‘Plaine et Val de S#evre’, located in the region Poitou Charentes, western France. Dark grey zones indicate permanent
unfavourable habitats (woodland and build-up); light grey, annual crops; brown, woodlands; and green, grassland (meadows and
alfalfa plots). The cross-hatched area indicates the spatial location of the linear hedged farmland, and the black line indicates the
motorway path. Squares indicate the position of surveyed plots, and blacks squares indicate the 190 plots where the 377 individuals
of the genetic survey were caught (colour online).
© 2015 John Wiley & Sons Ltd
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spontaneous flora, 9.73% of total land use). The study
site is bordered by the Poitevin marshes, the city of
Niort, and the S#evre and Lambon rivers on its northern
side and by the Belle and Boutonne rivers and a dense
network of streams and hedged farmlands on its eastern and south-eastern sides (Fig. 1). Conversely, the
landscape on the western side of the study site is a continuous and open agricultural area without any obvious
physical boundary over dozens of km (Fig. 1). The
study area is crossed by a motorway built in 1981 and
by a linear hedged farmland associated with a temporary stream (La Guirande) (Fig. 1).
To identify landscape and habitat characteristics
potentially influencing P. giornae dispersal, we calculated the proportion of meadows, the proportion of
temporary (<2 years) and permanent grasslands
(>5 years), the average distance between a grassland
and its 10 closest grasslands and a hedgerow index (as
the total length of hedges over the surface, m/km²) in
the linear hedged farmland and in its western and eastern sides.

Pezotettix giornae surveys and genetic samplings
In 2010, 363 grasslands were sampled from July 19th to
September 3rd (i.e. during the peak of adult density,
Badenhausser et al. 2009) using four different sampling
schemes that shared the same sampling method but differed in the type of grasslands targeted, the procedure
used to select the fields, the number of sampled fields
and the sampling date (Table S1, Supporting information). Sampling was realized by means of trapping with
a 1-m² square cage sampler (Badenhausser et al. 2009).
It was thrown haphazardly 10 times in each grassland
field, and all individuals of P. giornae caught in the cage
sampler were counted in the field. One adult individual

of each sex was collected per field plot for genetic
analyses. A total of 377 individuals were sampled in
190 field plots for genetic analyses (Fig. 1). Hence, in
half of the surveyed fields, no grasshoppers were
trapped (Table 1). Each collected individual was
directly put in a tube containing alcohol for later DNA
extraction. The coordinates of the grassland field centroid were attributed to the individuals.

Analyses of Pezotettix giornae abundances and spatial
autocorrelation patterns
First, we tested the effect of grassland characteristics
and landscape structure at large scale on P. giornae
abundance, using generalized linear model (GLM) with
Poisson distribution in R 3.0.2 (R Development Core
Team 2013). The model included the location of the surveyed fields (in the linear hedged farmland, in its western side and in its eastern side), environmental
variables which may impact grasshopper abundances
such as the type of surveyed grassland (meadow or
alfalfa) and its age (1, 2, 3, 4, 5 and >5 years), and sampling variables, that is the sampling scheme and date.
Quantitative explanatory variables were standardized.
Interaction terms between (i) the sampling scheme and
date and (ii) the grassland type and age were included
in the model. The response variable was the sum of
P. giornae counts over the ten 1-m² replicates per grassland field. A backward stepwise selection procedure
was used with type II analysis of variance and likelihood-ratio chi-square calculated using the package car
(Fox 2008).
Second, we used a geostatistical approach to analyse the spatial autocorrelation structure of P. giornae
abundance, based on the residuals of the previous
GLM model. The semivariogram describes the spatial

Table 1 Landscape characteristics and Pezotettix giornae abundance in (i) the western side, (ii) within and (iii) the eastern side of the
linear hedged farmland. Total surface (S), proportion of meadow over total surface (P. Meadow), proportion of temporary and permanent grasslands (P. grassland <2 years and P. grassland >5 years, respectively), average distance (SD) of the 10 closest grasslands
and hedgerow index are provided for each zone. Number of grassland fields sampled (N), frequency of occurrence as the percentage
of sampled fields where P. giornae was recorded (O) and mean and standard error (SE) of P. giornae density (D = number of grasshoppers/10 m²) are reported for each zone

S (km²)
P. meadow
P. grassland <2 years
P. grassland >5 years
Distance (SD) 10 closest grassland (m)
Hedgerow index
N
O
D (SE)

Western side

Linear hedged farmland

Eastern side

271.39
11.57%
42.61
31.7
338.9 (171.5)
2931.4
253
49.8
3.92 (0.54)

48.71
24.44%
32.57
45.04
242.2 (95.5)
9303.8
54
50
2.79 (0.60)

107.37
8.68%
52.1
22.9
443.5 (226.7)
2014.9
56
46.4
3.32 (1.02)

© 2015 John Wiley & Sons Ltd
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contiguity of this variable and was calculated by averaging the empirical variogram values c(h) for a range of
distance interval h (Wackernagel 1995):

lags started at 0 with 200-m increments. Analyses were
conducted in R 3.0.2 (R Development Core Team 2013)
using the GEOR_1.7-4 package (Ribeiro & Diggle 2001).

NðhÞ

cðhÞ ¼

1 X
½zðxa Þ & zðxa þ hÞ(2 ;
2NðhÞ a¼1

where z(xa) is the value of the variable located at point
xa. After examination of the empirical variograms, a
spherical model appeared the most appropriate to
model it. Following Maestre et al. (2005), the parameters
were estimated by minimizing the mean squared error
between the variogram model and the sample variogram data weighted by the number of pairs per distance lag (minimum number of pairs set to 30). The
parameters of interest for the spherical model are the
range (distance beyond which the semivariance reaches
a plateau and samples become spatially independent),
the nugget (C0, the variogram intercept, usually interpreted as local random effects and measurement error)
and the sill (C, the value of the plateau). The ratio C0/C
can be calculated to indicate the strength of spatial
autocorrelation in the data (Rong et al. 2007). The smaller this ratio is, the more autocorrelated the data tend
to be at short range. In the case of a constant model
(pure nugget effect), this ratio is 1. Both C0 and C were
taken from the variogram model parameters. Distance

DNA extraction and genotyping
DNA extraction was performed from a piece of the posterior leg femur (2–4 mm), using the chloroform–octanol method developed by the CIMMYT laboratory
(CIMMYT 2005). To improve the lysis, we added
20 mg/mL of proteinase K in the buffer at the second
stage.
A set of P. giornae-specific microsatellite markers was
developed for this study. The library was carried out
from a pool of ten individuals by Genoscreen (Lille,
France) using a recently developed procedure (Malausa
et al. 2011) combining DNA enrichment and highthroughput pyrosequencing (GS-FLX, Roche Diagnostics). We chose 40 markers, based on the number of
repeated motifs and the size of amplified fragments,
from a total of 271 microsatellite marker sequences. The
variability of these 40 loci was screened on 16 individuals using an automatic sequencer (LI-COR, global IR2
system double laser sequencing). Eleven loci were
selected (Table 2) for this study, the rest were unsuitable due to apparently high incidence of null alleles,
ambiguous PCR products and/or failed reactions. Mi-

Table 2 Characteristics of the 11 microsatellite loci isolated in Pezotettix. giornae. Raw reads from the GS-FLX Roche sequencing have
been posted on Dryad (doi:10.5061/dryad.88b12)

Locus
Pezo_3
Pezo_8
Pezo_9
Pezo_13
Pezo_19
Pezo_24
Pezo_27
Pezo_29
Pezo_31
Pezo_32
Pezo_37

Primer sequence (50 –30 )
F: forward; R: reverse
F: AGACGCATTTTGAGGCACAT
R: CTGCAATGAACCAGTCTTCG
F: TTCCTCTCACATAGAACTTAACACG
R: TGATCACACTTCCTTGGGGT
F: TAATAAGCACCTCGTCCCGA
R: CGTACATGCAAAGAACTGCTG
F: CTAGTGGAAGGCCTGTGTCTT
R: TTACTGTAATGCGGGAGAACC
F: GCCAGCTGTGCTATCCATTA
R: GGACATCAACCCTCCAAGAA
F: GGCTTGCACAGGATAGAGTAGG
R: TTCAAAATTCTGATCCGAAGAG
F: GGAGGCGGACAGTCTTCTG
R: TTCGTCTAGATATAGGTAGTTGTCGG
F: TTATCATCCATCAGAAGAAACCA
R: GGCTTACACAGGACTAGAGTAGCA
F: TTGTATTTATGGCTTGTCGGC
R: TCTTCAATATTTATTTCTTGCATGTC
F: AACACCGTTAGCGGTCTGAG
R: CTACGGTGCTGAAACCAACA
F: CCGCTAATTGCTCGGAATC
R: AGATAAATGGGCGCCTGC

© 2015 John Wiley & Sons Ltd

Repeat motif

Size of cloned allele (bp)

(TTG)13

288

(AAC)6

100

(TGT)7

209

(TTC)10

190

(ACA)6

234

(ACA)6

245

(CAA)8

90

(GTT)13

140

(ACA)8

290

(GTT)6

248

(AC)6

101
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crosatellite markers were amplified by PCR in 10 lL of
a reaction solution containing 2.5 lL of DNA, 5 lL of
Master Mix (Ampli Taq Gold 360 Master Mix), 0.5 lL
of Primer Mix (10 lM of forward primer; 1 lM of M13labelled reverse primer), 0.05 lL of M13-labelled reverse
primer (100 lM) and 1.95 lL of distilled water. The PCR
was performed using a denaturation step of 5 min at
95 °C, followed by 7 cycles of 30 s at 95 °C, 30 s at
62 °C with a decrease of 1 °C per cycle and 30 s at
72 °C, then by 30 cycles of 30 s at 95 °C, 30 s at 55 °C
and 30 s at 72 °C and by eight cycles of 30 s at 95 °C,
30 s at 56 °C and 30 s at 72 °C and finally by 5 min at
72 °C. The PCR products were genotyped in a genotyper ABI Prism! 3730 Genetic Analyser (Applied Biosystems), and the genotypes were determined using
TM
GENEMAPPER
software (version 3.7, Applied Biosystems).

Basic population genetics analyses
First, on the whole data set, the number of alleles per
locus and the frequency of the major allele were calculated. We also tested for deviation from Hardy–Weinberg
equilibrium (HWE) using the exact test implemented in
GENEPOP 4.1 (Rousset 2008) for each locus and globally.
Observed and expected heterozygosity (Ho and He, Nei
1987), and Weir & Cockerham’s estimate of FIS (Weir &
Cockerham 1984) were also calculated using GENEPOP 4.1.
We tested genotypic linkage disequilibrium (LD) for each
pair of loci followed by a false discovery rate correction
for multiple tests (FDR, Benjamini & Hochberg 1995)
with a nominal level of 5%.
We also tested for the presence of null alleles by
assessing whether heterozygote deficits may be due to
null alleles with MICROCHECKER 2.2.3 (Van Oosterhout
et al. 2004) and by calculating the proportion of missing
genotypes per locus. FreeNA (Chapuis & Estoup 2007)
was used to estimate null allele frequencies for each
locus following the expectation maximization (EM)
algorithm of Dempster et al. (1977).

Delimitation of genetic clusters
The genetic structure of P. giornae was analysed using
the Bayesian clustering approach implemented in GENELAND 3.2.4 (Guillot et al. 2005b) because it integrates (i)
spatial organization information for genotyped individuals (Guillot et al. 2005a), (ii) a correlation of alleles frequencies across populations (Guillot 2008) and (iii) null
alleles at microsatellite loci (Guillot et al. 2008) into the
modelling and inference process. We used the correlated allele frequency model, included the presence of
null alleles in the parameterization of the model and
long MCMC runs to ensure convergence of the chain

(Guillot et al. 2005a,b). Ten independent runs with
1 000 000 MCMC iterations (thinning = 100) were performed allowing K (the number of genetic clusters) to
vary from 1 to 10. The potential error for spatial coordinates was fixed at 50 m. The number of clusters
inferred, K*, was determined from the modal value of
the run with the highest posterior probability. The bprior distribution included in the estimation of the drift
coefficient was set to the default value [b(2,20)] corresponding to a medium-sized differentiation. However,
because the inference of K using the model of correlated
allele frequencies is sensitive to the choice of the b-distribution parameters (Guillot 2008), we also carried out
inferences with 2 other settings for the b-distribution: b
(1,1) (uninformative) and b(1,100) (low differentiation)
(Guillot 2008). For each run, we reported K*, the proportion of saved iterations along the MCMC chain with
K = K*, the mean log-posterior density over saved iterations and, when K* ≥ 2, the proportion of individuals
with a membership probability 1.5 times greater than
the equiprobability (i.e. 1/K*). We finally checked visually for the consistency of results across the 10 runs. In
a second step, for each set of b-prior setting, a long run
was performed with K fixed to K* and 2 000 000 MCMC
iterations (thinning = 100) to determine thoroughly the
posterior probability of cluster membership of each
individual. If clusters were detected, genetic differentiation among them was tested using G tests and quantified by calculating FST following Weir & Cockerham
(1984) and using the ENA correction method for data
set harbouring null alleles implemented in FreeNA
(Chapuis & Estoup 2007).

Isolation by distance and spatial autocorrelation
We determined whether dispersal was limited by distance by testing the correlation between the pairwise
genetic distances (er, Watts et al. 2007) and the logarithm of the geographical distances using GENEPOP 4.1.
Pairs of individuals from the same field plot were
excluded, and significance of the correlation was tested
using Mantel test. First, the analysis was performed on
the whole data set. Second, to investigate the linear
hedged farmland influence on IBD, we also analysed
IBD according to cluster membership. Each inferred
cluster was identified as an independent spatial category, and computations were then restricted to the pairs
of individuals belonging to a same cluster only or, alternatively, to different clusters only.
Finally, the spatial pattern of genetic variation was
investigated using spatial autocorrelation analyses that
assess the genetic similarity between pairs of individuals
at different distance classes, thus providing results on
the scale at which spatial patterns occur. Using SPAGEDI
© 2015 John Wiley & Sons Ltd
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1.4, we computed the kinship coefficient of Ritland
(1996). The analysis was restricted to the pairs of individuals belonging to a same cluster only, using within-cluster reference allele frequencies and 500-m distance class
sizes from 0 to 5 km, 1-km distance class sizes from 5 to
10 km and 5-km distance class sizes until 20 km. The
first distance class (0 m) included individuals caught in
the same field plot (intrafield class). For each distance
class, significant deviation of spatial autocorrelation patterns from the random distribution of genotypes was
tested by 10 000 random permutations of individuals
(for the intrafield class) and individual locations (for the
others distance classes). Although distance and rate of
dispersal influence the shape of the correlogram, it is difficult to directly translate spatial autocorrelation diagrams into dispersal patterns.

Assessing the effect of spatial heterogeneity in dispersal
on the clustering analysis
We evaluated the effect of spatial heterogeneity in dispersal distribution on our inferences with a focus on
the GENELAND clustering analysis. We simulated a single
continuous population under isolation by distance
using a generation-by-generation coalescent algorithm
(Leblois et al. 2003) implemented in IBDSIM V1.3 (Leblois
et al. 2009; Leblois et al. in prep). Simulated data sets
had 200 diploid individuals genotyped at 10 independent microsatellite loci, reflecting the sample values in
our real P. giornae data set. Mutations of the microsatellite loci followed a symmetric generalized stepwisemutation model with a variance equal to 0.36 (Estoup
et al. 2001) and a maximum range of allelic states of 40.
We fixed the mutation rate to 10&4, which resulted in
ranges of expected heterozygosity values from 0.25 to
0.51 and of allelic diversity values from 2.6 to 4.1 that
both comprise the values observed at our microsatellite
markers (see Tables 3 and 4).
We mimicked the spatial context of our real data set
by simulating a 40 9 10 lattice with five individuals per
node and subsampling a single individual per node for
the right half of the lattice only (i.e. from the 21th node)
(Fig. S1, Supporting information). With this spatial
model, we assumed that rivers that border all sides but
the western side of our real study area correspond to
the geographical limits of the population (Fig. 1). To
create dispersal heterogeneity in space, the lattice was
bisected at its 31th node from north to south by a
5 9 10 zone, which corresponds to the thin hedged
farmland located in the western side of our sampling
area (see Figs 1 and 2). This zone was parameterized
with more stringent values for IBD model parameters
(hereafter referred as to lower dispersal zone). We considered a geometric dispersal distribution, with absorbing
© 2015 John Wiley & Sons Ltd

boundaries and a maximal dispersal distance of 5
nodes, and contrasted values of the emigration rates
and shape parameters (e and g), in and out of the lower
dispersal zone. Two levels of contrast in dispersal
parameters were simulated (see sim1 and sim2 in
Table 3 and Fig. S2, Supporting information). The
strongest contrast (i.e. sim2) generated 100% of significant correlations between individual pairwise genetic
distances er (Watts et al. 2007) and the logarithm of geographical distances, with regression slopes ranging from
0.001 to 0.042, which is compatible with the value of
0.015 inferred from the real data set (Table 3). Keeping
the IBD model parameter values of sim2, we then simulated a lower dispersal zone with either a larger width
(i.e. 10 9 10 nodes in sim3) or a central position in the
sampling area (in sim4) (Table 3 and Fig. S1, Supporting information). These two sets of simulations may
generate different results from the realistic simulation
scenario sim2 that featured a linear hedged farmland
located asymmetrically in the eastern half of the sampling area.
For each of the four parameter sets, we simulated 30
data sets for each of which we performed five runs of
GENELAND using the same parameters settings as for the
real data set and a b-prior distribution set to b(2,20).
For each data set, we reported the inferred number of
clusters (K*), the percentage of individuals that had a
membership probability 1.5 times greater than the equiprobability to belong to a given cluster and the values
for the estimators of FIS within clusters and FST between
clusters when applicable.

Results
Landscape characteristics and demographic population
structuring
The linear hedged farmland appeared the more
favourable zone for the grasshopper with a higher
proportion of land surface covered by meadows and
a larger proportion of permanent grasslands (Table 1).
On the other hand, the higher quantity of hedgerow
in the linear hedged farmland (Table 1) could limit
dispersal. The western side appeared slightly more
favourable than the eastern side (Table 1). P. giornae
was present in 49.3% of sampled grasslands, and
overall, P. giornae abundance was low with an average 3.66 ! 0.42 (SE) individuals/10 m² (details per
zone in Table 1). No significant differences in grasshopper density (location effect in GLM: chisquare = 5.40, P(>chi-square) = 0.06, Table S2, Supporting information) was detected between the grasslands
within the linear hedged farmland and the grasslands
from the two other zones. Grassland age had a positive

1
81
–
–
–
&0.001
–
–
HDZ
(left)
100
–
–

K*
% K = K*
FST A–B
FST A–C
FST B–C
FIS cluster A
FIS cluster B
FIS cluster C

Zone

% Inds in cluster A
% Inds in cluster B
% Inds in cluster C

100
–
–

100
–
–

HDZ
(right)
97.5
2.5
–

HDZ
(left)

2
82
0.024
–
–
0
0.015
–

3.3
0.37
0.012
100

38.4
61.6
–

LDZ

40 9 10
20 9 10*
5 9 10
Nodes 31 to 35
0.2/0.5
0.8/0.75

sim2

LDZ, lower dispersal zone; HDZ, higher dispersal zone (i.e. the rest of the lattice).
*Right half of the lattice.
†
Results based on datasets with K = K*.

results†

LDZ

3.5
0.38
0.006
89

A
HE
IBD slope
% Significant
IBD tests

Summary
statistics

GENELAND

40 9 10
20 9 10*
5 9 10
Nodes 31 to 35
0.4/0.675
0.6/0.75

Lattice size
Sampling area size
LDZ size
LDZ position
e/g in LDZ
e/g in HDZ

sim1

Parameter
settings

Set ID

0.5
99.5
–

HDZ
(right)

100
0
0

HDZ
(left)

3
54
0.097
0.045
0.05
0.007
0.027
0.072

3.4
0.39
0.045
100

37.5
37.8
24.8

LDZ

45 9 10
25 9 10*
10 9 10
Nodes 31 to 40
0.2/0.5
0.8/0.75

sim3

0
100
0

HDZ
(right)

99.6
0.4
–

HDZ
(left)

2
85
0.031
–
–
0.014
0.01
–

3.4
0.37
0.019
100

46.5
53.5
–

LDZ

45 9 10
25 9 10*
5 9 10
Nodes 31 to 35
0.2/0.5
0.8/0.75

sim4

0
100
–

HDZ
(right)

Table 3 Effects of spatial heterogeneity in dispersal on the Bayesian clustering method. For each set of parameters are indicated the parameter settings, average summary statistics over the simulated data sets and GENELAND results including mean values of F-indices and the proportion of individuals assigned in each cluster according to their position in
the sampling area. e: parameter controlling total emigration; g: shape parameter of the geometric distribution; A: allelic diversity; HE: expected heterozygosity; K*: modal estimates
of the number of clusters; and % K = K*: proportion of simulated data sets with K = K*. For convenience, cluster A always refers to the left side, cluster B to the right side and
cluster C to the centre of the sampling area
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Table 4 Number of allele (A), frequency of the dominant allele (FreqA), and observed heterozygosity (Ho), FIS value and departure
from HWE (ns: P > 0.05, *: P < 0.01). Proportion of missing genotypes (Pmg), assumption of null alleles using Microchecker (Na) and
estimation of null allele frequencies using FreeNA were computed for each locus and over the entire sampled area
(sign)

Locus

A

FreqA

He

Ho

FIS

Pezo_3
Pezo_8
Pezo_9
Pezo_13
Pezo_19
Pezo_24
Pezo_27
Pezo_29
Pezo_31
Pezo_32
Pezo_37

3
2
3
2
2
3
2
6
3
3
2

0.92
0.7
0.86
0.62
0.87
0.44
0.81
0.82
0.6
0.56
0.54

0.152
0.417
0.241
0.473
0.223
0.264
0.307
0.304
0.482
0.494
0.497

0.085
0.592
0.111
0.366
0.207
0.043
0.271
0.311
0.264
0.501
0.449

0.439*
&0.419*
0.538*
0.227*
0.07ns
0.839*
0.116*
&0.024ns
0.453*
&0.016ns
0.096ns

Pmg

Na

Freq Na

0
0
0
0.013
0
0.003
0.003
0.003
0.032
0
0

+
&
+
+
&
+
+
&
+
&
&

0.12
0
0.13
0.12
0.046
0.221
0.055
0.024
0.219
0
0.051

Fig. 2 GENELAND maps of population memberships under spatial heterogeneity in dispersal investigated using computer simulation:
(sim1) moderate contrast in dispersal parameters between the low and high dispersal zones (e = 0.4 vs. 0.6 and g = 0.675 vs. 0.75,
respectively); (sim2–4) strong contrast in dispersal parameters between the low and high dispersal zones (e = 0.2 vs. 0.8 and g = 0.5
vs. 0.75, respectively); (sim1–2) width and location of the lower dispersal zone reflecting our real spatial context (see text for further
details); (sim3) two times wider lower dispersal zone; and (sim4) lower dispersal zone at the centre of the sampled lattice. The
hatched area indicates the lower dispersal zone, and dots indicate nodes.

and significant linear effect on P. giornae abundance
(chi-square = 24.65,
P(>chi-square)
<0.001;
estimate = 0.49 ! 0.07 (SE); Table S2, Supporting information). Consistently, P. giornae was detected in only
31.1% of 1-year grasslands, while it was detected in
61.5% of permanent grasslands (5 years and more).
Grassland type (meadow or alfalfa) had no effect on
P. giornae abundances when corrected by grassland age
© 2015 John Wiley & Sons Ltd

(chi-square = 0.44, P(>chi-square) = 0.51; Table S2, Supporting information).
Based on GLM residuals, empirical and modelled variograms revealed a range of spatial autocorrelations of
1034 m (Fig. 3a), indicating that P. giornae densities were
spatially positively correlated up to 1034 m. Strength of
spatial autocorrelation at small scales was very high as
shown by the small value of 0.059 of the normalized
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Fig. 3 Patterns in Pezotettix giornae populations: (a) standard empirical and fitted
variogram of P. giornae abundances computed on GLM residuals and (b) correlograms showing the Ritland kinship
coefficient as a function of distance
(expressed in meters) on pairs of individuals belonging to a same cluster only
(based on the two clusters inferred using
medium/uninformative
differentiation
prior to drift parameters). The first distance class (intrafield) represents pairwise comparisons between individuals
from the same field. Black dots indicate
departure from the 95% CI built for the
null hypothesis of a random distribution
of genotypes determined by 10 000 random permutations of individuals (for the
intrafield class) and individual locations
(for the others distance classes).
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Distance (m)

expression C0/C which indicated that a large fraction of
spatial dependence was due to spatial autocorrelation
over a short range.

Microsatellite characteristics
Genotypic data revealed low levels of genetic diversity
at all 11 microsatellite loci (Table 4). The number of
alleles per locus ranged between two and six. Expected
heterozygosity for each locus ranged from 0.15 to 0.49,
with an average value of 0.35 for all loci. Observed heterozygosity ranged from 0.04 to 0.59, with an average
value of 0.29 for all loci. There was a significant overall
heterozygosity deficit in the total sample (P < 0.001)
with a high (0.169) and significant global FIS value
(P < 0.001) that could be related to the presence of spatial structure as well as null alleles in our data. After
FDR correction, we found a single pair of loci showing
significant LD (Pezo_8 and Pezo_24). Null alleles were
suspected to occur at six loci with estimated frequency
ranging from 0 to 0.21 (Table 4). We took the problem
of null alleles into account in our analyses of genetic
population structure as described above. Locus Pezo_13
appeared homozygous for all males. Because grasshopper females are XX and males X0 (Hake & O’Connor
2008), Pezo_13 was probably located on the sexual chromosome. Consequently, this locus was excluded in the
following analyses.

Delimitation of genetic clusters
With a medium-sized differentiation prior [i.e. b(2,20)],
the correlated allele frequencies model implemented in
GENELAND inferred two genetic clusters consistently
across all ten runs with an average 96.66% of individuals assigned unambiguously to either cluster (Table S3,
Supporting information). Results when setting an uninformative prior [i.e. b(1,1)] were very similar (Table S3,
Supporting information), and assignation of individuals
to one of the two clusters was fully identical among
both sets of b-prior setting. The first cluster, hereafter
named Western cluster, occupied more than half of the
study area on the western side of the linear hedged
farmland and had 280 individuals. The second cluster,
named Eastern cluster, covered the eastern side of the
study area and had 97 individuals (Fig. 4). A more complex picture emerged in the western side when inferences were performed with a low differentiation prior
to drift parameters [i.e. b(1,100)]. Whereas the Eastern
cluster remained almost identical to the one inferred
with previous prior settings, the former Western cluster
was split into two distinct clusters by the motorway
consistently across all ten runs. However, only individuals belonging to the Eastern cluster were unambiguously assigned (membership probability >0.5). Hence,
the subdivision in the western side was poorly
supported and not considered in the following analyses.
© 2015 John Wiley & Sons Ltd

2150 000

L A N D S C A P E I N F L U E N C E S G R A S S H O P P E R G E N E T I C P A T T E R N S 1723

2130 000

2135 000

2140 000

2145 000

Fig. 4 Map of posterior probability of population membership
for the three sets of b-prior settings: [b(2,20)] medium differentiation, [b(1,1)] uninformative and [b(1,100)] low differentiation
prior. Membership of a geographical site to one of the K clusters is indicated by colour (colour online).
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The Eastern cluster covered a large section of the linear hedged farmland, with the assignment of 39 of the
56 caught individuals (i.e. 69.6%). However, only 83.9%
of the individuals from the hedged farmland were
unambiguously assigned to their cluster (membership
probability >0.75), while the proportion of unambiguous
assignments was 96.6% and 98.1% for individuals originating from the eastern and western sides of the linear
hedged farmland, respectively (all were assigned to the
corresponding cluster). Therefore, the linear hedged
farmland corresponds to the delineation between the
two main inferred genetic clusters.
The level of genetic differentiation between the two
clusters inferred from the GENELAND analysis was relatively high (FST = 0.045, P < 0.001). We found specific
alleles in the two clusters at six of the microsatellite
markers (Table S5, Supporting information). Both clusters were still characterized by a significant deficit in
heterozygotes: Ho = 0.305, He = 0.351, FIS = 0.131
(exact test, P < 0.001) in the Western cluster and
Ho = 0.223,
He = 0.277,
FIS = 0.195
(exact
test,
P < 0.001) in the Eastern cluster (see Table S5, Supporting information, for locus by locus estimates).
These values of expected and observed heterozygosities did not differ significantly between clusters (Wilcoxon test, P = 0.32 and P = 0.17 for Ho and He,
respectively). After FDR correction, we found no significant LD in the two inferred clusters.
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A positive and significant linear relationship between er
and the logarithm of spatial distance was found in the
whole data set (slope = 0.015, P ≤ 0.001). IBD analysis
considering all pairs of individuals belonging to the
same cluster only (i.e. distances estimated within each
cluster were merged in a single data set) revealed a
positive and significant correlation, with a lower slope
value (slope = 0.006, P = 0.004). The linear IBD relationship was greater when considering only the pairs of
individuals belonging to distinct clusters (slope = 0.016,
P = 0.018), suggesting a higher resistance to gene flow
associated with the linear hedged farmland.
Finally, the spatial genetic autocorrelation analysis
performed on pairs of individuals belonging to a same
cluster only displayed significant and positive kinship
values for the two first distance classes (zero and 500 m)
(Fig. 3b). Genetic similarities between individuals
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decreased sharply between distance classes 0 and
1.5 km. For distances >3.5 km, we observed a tendency
for a slight decrease in similarity with distance.

Simulation results
We used computer simulations to investigate whether a
spatial heterogeneity in dispersal distribution could
explain the inference of two genetic clusters with GENELAND. Results are summarized in Table 3 and Fig. 2, and
detailed in supporting information (Table S4, Supporting
information). We first used a spatial model that reflects
the real north–south bisection of the eastern part of our
study area by the linear hedged farmland with two levels
of contrast in dispersal parameters (sim1 and sim2).
When simulating a moderate contrast between the lower
dispersal zone and the rest of the lattice, GENELAND
detected a single genetic cluster in 80% of the simulated
data sets (sim1). By contrast, two genetic clusters were
detected in 82% of the simulated data sets with a stronger
contrast in dispersal parameters between the lower dispersal zone and the rest of the lattice (sim2). The averages
of population genetic summary statistics over sim2 replicates (FST = 0.024, IBD slope = 0.012) were close to the
values obtained in the real data set (FST = 0.045, IBD
slope = 0.015), with the exception of FIS statistics that
was much lower in sim2 (0 and 0.015 for clusters A and
B, respectively) than in the real data set (0.131 and 0.195
for the Western and Eastern clusters, respectively). Larger values of F-statistics in the real data set may result
from the presence of null alleles in the P. giornae microsatellite loci (Chapuis & Estoup 2007). In this asymmetrical spatial model, 62% of the nodes from the lower
dispersal zone were assigned to the Eastern cluster,
which is close to the 69.6% in our real data set. On the
contrary, when the lower dispersal zone was placed in
the centre of the sampled area, its nodes were assigned
equally to the Western and Eastern clusters (sim4).
Finally, when the lower dispersal zone was two times
wider, GENELAND inferred in 85% of the simulated data
sets a third genetic cluster, which was rigorously located
within this heterogeneous zone (sim3).

Discussion
Small population size
The genetic diversity characterizing the studied population (from two to six alleles per locus) was much lower
than usually reported in Orthopteran insects (Chapuis
et al. 2012). For example, six to 25 alleles were found in a
Locusta migratoria population (Chapuis et al. 2005), 15–62
in a German Chorthippus parallelus population (Wiesner
et al. 2011) and six to 29 alleles at six microsatellite loci in

a small endemic population of Prionotropis rhodanica
which is considered at the edge of extinction (Streiff et al.
2002). At all 11 microsatellites loci presented here, the frequency of the most frequent allele was > 0.5. Overall,
these characteristics suggested very small effective population size, congruent with observed low densities (0.37
inds per m²) and the small proportion of habitats (i.e.
grasslands) in the landscape (12.85%). In addition, we
could hypothesize that only few individuals succeeded
in reproduction given the level of spatio-temporal instability characterizing the agricultural mosaic. Indeed, the
average duration of grasslands does not exceed three
years in the study area that results in high local extinctions rates. Alternatively, the low genetic diversity could
be the consequence of a founder effect as the study site is
close to the distribution limit of this Mediterranean species (Kruseman 1982). The comparison of genetic diversity with populations from the Mediterranean region
would allow testing this hypothesis.

Dispersal syndrome in intensive agricultural land
The heterozygosity deficit measured in the whole data
set could not be fully attributed to the presence of genetic
clusters as there was also a significant heterozygosity deficit in the inferred clusters. This should be partly due to
the presence of null alleles (Dakin & Avise 2004), known
to be frequent in Orthoptera (Chapuis et al. 2005) and
detected at six of the ten loci used in this study. IBD in
the inferred clusters could also account for the observed
deviation from Hardy–Weinberg expectation. The autocorrelation pattern, with pairs of individuals more
related than expected under random distribution of
genotypes until 500 m, confirmed the limited dispersal
capacities of this flightless grasshopper species. Consistently, previous studies on flightless grasshoppers
reported strong rates of genetic differentiation (Streiff
et al. 2006) and limited movement distances of adults
(Weyer et al. 2012). In phytophagous insects, a general
relationship between mobility and gene flow has been
documented with gene flow usually extensive and
weakly declining with distance in highly mobile species
while it was declining rapidly with distance to produce
IBD in less mobile species (Peterson & Denno 1998).
Interestingly, the geostatistical analysis provided results
similar to the genetic autocorrelation (Fig. 3). The
strength of spatial autocorrelation in P. giornae densities
at short range was substantial, and densities were spatially correlated up to 1034 m. Altogether, results suggest
intense and small-scale dispersal allowing the colonization and connection of habitat patches to ensure the persistence of P. giornae in highly disturbed environments.
Densities and occurrence did not differ between grasslands in and out of the linear hedged farmland, while
© 2015 John Wiley & Sons Ltd
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grassland age had a positive effect on P. giornae density
(Badenhausser & Cordeau 2012).
Similar ranges of spatial autocorrelation observed in
the same study area for other grasshoppers species
(750 m for Calliptamus italicus: and 1500 m for Gomphocerinae subfamily; Badenhausser et al. 2012) and of
genetic autocorrelation in the common vole (Gauffre
et al. 2008) suggest that similarities in landscape influence co-occurring species in managed grassland habitats.. This could reflect that a general set of rules may
determine how different organisms respond to landscape (With 1994). We could thus postulate that in
intensive agricultural areas, P. giornae dispersal is
enhanced by disturbance due to increasing grasslands
turnover. As a long-term consequence, one could expect
the selection of increasing dispersal capacities. Both theoretical (Olivieri et al. 1995; Travis & Dytham 1999) and
experimental (Friedenberg 2003) studies showed that
habitat instability as well as spatial heterogeneity
induces evolution towards more dispersal. Empirical
studies comparing movement-related morphology
among populations demonstrated that higher degree of
habitat fragmentation and/or disturbance could select
for more mobile ‘morphologies’ in insects (Denno et al.
2001; San Martin y Gomez & Van Dyck 2012).

Consequences of landscape heterogeneity on dispersal
and gene flow
We found little support for genetic subdivision associated with the motorway bisecting the study area. However, in a previous study, computer simulations
demonstrated that the motorway was too recent to be
detected, at least for a species with large effective population sizes (see Gauffre et al. 2008). By contrast, we
detected unambiguously two genetic clusters separated
by the linear hedged farmland crossing the study area.
Because P. giornae densities did not significantly differ
between the linear hedged farmland and its western
and eastern sides, this subdivision cannot result from
density variations between the zones. By contrast, comparison of landscape characteristics revealed strong differences regarding two landscape elements: (i)
hedgerows, where density was more than three times
higher in the linear hedged farmland, and (ii) grasslands, which were two times more abundant in the linear hedged farmland. In addition, grasslands were
dominated by permanent meadows in the linear hedged
farmland, while they were more intensively managed in
the rest of the study site with a more frequent turnover.
Hedgerows may be difficult to cross for an apterous
grasshopper and thus increase landscape resistance
to dispersal. This has also been found in other
nonflying arthropods inhabiting agricultural landscapes
© 2015 John Wiley & Sons Ltd

(e.g. carabid beetles, Mauremooto et al. 1995) or even in
flying insects such as Syrphidae (Wratten et al. 2003).
Second, we could postulate that the largest proportion
of grasslands and their greater temporal stability in the
linear hedged farmland could also increase landscape
resistance and reduce gene flow. Such hypothesis follows the Circe principle recently proposed to explain
how areas with more attractive habitats can waylay
pollinators rather than facilitating their movement in
fragmented landscapes (Bartomeus & Winfree 2011;
Lander et al. 2011). Because hedgerows and grasslands
are strongly correlated in our landscape, we cannot separate the respective effect of hedgerows and grasslands
on the limitation of P. giornae dispersal in the linear
hedged farmland.
Computer simulations clearly supported the hypothesis that a higher landscape resistance in the linear hedged
farmland bisecting our sampling area could result in the
inference of two distinct genetic clusters by Bayesian
clustering approaches. Note that these results were
obtained in the specific simulated landscape of an open
western space and a closed eastern space. Interestingly,
simulating the same spatial asymmetry as in our real
landscape (sim2) led to results mirroring our observed
data (e.g. a higher FIS in the Eastern cluster and the assignation of individuals from the linear hedged farmland
biased towards the Eastern cluster). The inference of two
genetic clusters was associated with an equal assignation
of individuals from the lower dispersal zone to the two
peripheral clusters when border effects were minimized
(sim4; i.e. by moving the lower dispersal zone from the
eastern side to the centre of the sampling area). We also
showed that if nonlinear (i.e. larger), the lower dispersal
zone would have led to the detection of further genetic
disjunctions that rigorously delineate the breaks in landscape resistance (sim3). In contrast, we found a single
genetic cluster when simulating low contrast in dispersal
parameters between the lower and higher dispersal
zones (sim1). This is in agreement with previous simulation studies on the effect of landscape heterogeneity on
dispersal which showed that the contrast between the
resistance of the different landscape elements was
required to be strong to be detected (Jaqui"ery et al. 2011;
Cushman et al. 2013). To conclude, an important point
that arises from our simulation data is that strong spatial
heterogeneity in isolation by distance (e.g. related to heterogeneous landscape features that act as resistance to
movement of genes) results in signatures similar to discrete physical barriers (i.e. sharp genetic discontinuities).

Conclusion
In this study, we detected a complex spatial genetic pattern in a flightless grasshopper (P. giornae) inhabiting

1726 B . G A U F F R E E T A L .
patchily distributed semipermanent habitats in an agricultural landscape likely resulting from spatially structured variations in landscape resistance. From analysis
of empirical data, we anticipated that distribution of
hedgerow barriers and favourable permanent grasslands modulated spatial variations in landscape resistance in this species. Computer simulations allowed us
to confirm this hypothesis and evaluate the conditions
under which spatial heterogeneity in dispersal correctly
re-created the observed population genetic substructure
(Landguth et al. 2010). We demonstrated that reduced
dispersal in a thin zone in the middle of sampling area
(i.e. the hedged farmland in our real landscape) created
a genetic discontinuity that separated the two peripheral higher dispersal zones. This study is thus a stark
illustration of a spatial heterogeneity in landscape resistance that acts similarly to a discrete barrier to gene
flow. Our study emphasizes the importance of addressing landscape genetics processes in terms of isolationby-differential resistance across continuous space
(Cushman & Landguth 2010), rather than limiting
investigation to the identification of discrete barrier
features.

Acknowledgements
We thank Sylvain Piry, Gael Caro, Pascal Monestiez and Kevin
Lerest for constructive comments on the analyses and Marilyn
Roncoroni for help in trapping grasshoppers. Microsatellite
genotyping was performed at GENTYANE platform. The
project was supported by INRA-SPE.

References
Badenhausser I, Cordeau S (2012) Sown grass strip – A stable
habitat for acridids in dynamic agricultural landscapes. Agriculture, Ecosystem and Environment, 159, 105–111.
Badenhausser I, Amouroux P, Lerin J et al. (2009) Acridid
(Orthoptera: Acrididae) abundance in Western European
Grasslands: sampling methodology and temporal fluctuations. Journal of Applied Entomology, 133, 720–732.
Badenhausser I, Gouat M, Goarant A et al. (2012) A Spatial
autocorrelation in farmland grasshopper (Orthoptera: Acrididae) assemblages in Western France. Environmental Entomology, 41, 1050–1061.
Balkenhol N, Landguth EL (2011) Simulation modelling in
landscape genetics: on the need to go further. Molecular Ecology, 20, 667–670.
Balkenhol N, Gugerli F, Cushman SA et al. (2009) Identifying
future research needs in landscape genetics: where to from
here? Landscape Ecology, 24, 455–463.
Barker AM (2004) Insects as food for farmland birds - is there
a problem? In: Insects and Bird Interactions (eds Van Emden
H, Rothschild M), pp. 37–50. Hampshire, UK, Intercept Ltd.
Bartomeus I, Winfree R (2011) The Circe principle: are pollinators waylaid by attractive habitats? Current Biology, 21, 652–
654.

Baur B, Baur H, Roesti C et al. (2006) Sauterelles, Grillons et Criquets de Suisse. Haupt, Bern, Switzerland.
Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing.
Journal of Royal Statistical Society Series B, 57, 289–300.
Benton TG, Vickery JA, Wilson JD (2003) Farmland biodiversity: is the habitat heterogeneity the key? Trends in Ecology
and Evolution, 18, 182–188.
Blair C, Weigel DE, Balazik M et al. (2012) A simulation-based
evaluation of methods for inferring linear barriers to gene
flow. Molecular Ecology, 12, 822–833.
Blanchet E, Lecoq M, Sword GA et al. (2012) A comparative
analysis of fine-scale genetic structure in three closely related
syntopic species of the grasshopper genus Calliptamus. Canadian Journal of Zoology, 90, 31–41.
Chapuis MP, Estoup A (2007) Microsatellite null alleles and
estimation of population differentiation. Molecular Biology
and Evolution, 24, 621–631.
Chapuis MP, Loiseau A, Michalakis Y et al. (2005) Characterization and PCR multiplexing of polymorphic microsatellite
loci for the locust Locusta migratoria. Molecular Ecology Notes,
5, 554–557.
Chapuis MP, Streiff R, Sword GA (2012) Long microsatellites
and unusually high levels of genetic diversity in the Orthoptera. Insect Molecular Biology, 21, 181–186.
Chen C, Durand E, Forbes F et al. (2007) Bayesian clustering
algorithms ascertaining spatial population structure: a new
computer program and a comparison study. Molecular Ecology Notes, 7, 747–756.
CIMMYT (2005) Laboratory Protocols: CIMMYT Applied Molecular Genetics Laboratory, 3rd edn. CIMMYT, Mexico, D.F.
Cushman SA, Landguth EL (2010) Spurious correlations and
inferences in landscape genetics. Molecular Ecology, 19, 3592–
3602.
Cushman SA, Shirk AJ, Landguth EL (2013) Landscape genetics and limiting factors. Conservation Genetics, 14, 263–274.
Dakin EE, Avise JC (2004) Microsatellite null alleles in parentage analysis. Heredity, 93, 504–509.
Dempster AP, Laird NM, Rubin DB (1977) Maximum likelihood from incomplete data via the EM algorithm. Journal of
Royal Statistical Society Series B, 39, 1–38.
Denno RF, Roderick G, Peterson M et al. (1996) Habitat persistence underlies intraspecific variation in the dispersal strategies of planthoppers. Ecological Monographs, 66, 389–408.
Denno RF, Hawthorne DJ, Thorne BL et al. (2001) Reduced
flight capability in British Virgin Island populations of a
wing-dimorphic insect: the role of habitat isolation, persistence and structure. Ecological Entomology, 26, 25–36.
Dormann CF, McPherson JM, Araujo MB et al. (2007) Methods
to account for spatial autocorrelation in the analysis of species distributional data: a review. Ecography, 30, 609–628.
Epperson BK, Mcrae BH, Scribner K et al. (2010) Utility of computer simulations in landscape genetics. Molecular Ecology,
19, 3549–3564.
Estoup A, Wilson IJ, Sullivan C et al. (2001) Inferring population history from microsatellite and enzyme data in serially
introduced cane toads, Bufo marinus. Genetics, 159, 1671–
1687.
Fahrig L (2003) Effects of habitats fragmentation on biodiversity. Annual Review of Ecology Evolution and Systematics, 34,
487–515.

© 2015 John Wiley & Sons Ltd

L A N D S C A P E I N F L U E N C E S G R A S S H O P P E R G E N E T I C P A T T E R N S 1727
Fox J (2008) Applied Regression Analysis and Generalized Linear
Models. Sage, Thousand Oaks, California.
Francois O, Ancelet S, Guillot G (2006) Bayesian clustering
using hidden Markov random fields in spatial population
genetics. Genetics, 174, 805–816.
Frankham R (2005) Genetics and extinction. Biological Conservation, 126, 131–140.
Friedenberg NA (2003) Experimental evolution of dispersal in
spatiotemporally variable microcosms. Ecology Letters, 6, 953–
959.
Gauffre B, Estoup A, Bretagnolle V et al. (2008) Spatial genetic
structure of a small rodent in a heterogeneous landscape.
Molecular Ecology, 17, 4619–4629.
Gauffre B, Petit E, Brodier S et al. (2009) Sex-biased dispersal patterns depend on the spatial scale in a social rodent. Proceedings
of the Royal Society B: Biological Sciences, 276, 3487–3494.
Guillot G (2008) Inference of structure in subdivided populations
at low levels of genetic differentiation - the correlated allele
frequencies model revisited. Bioinformatics, 24, 2222–2228.
Guillot G, Estoup E, Mortier F et al. (2005a) A spatial statistical
model for landscape genetics. Genetics, 170, 1261–1280.
Guillot G, Mortier F, Estoup A (2005b) Geneland: a computer
package for landscape genetics. Molecular Ecology Notes, 5,
712–715.
Guillot G, Santos F, Estoup A (2008) Analysing georeferenced
population genetics data with Geneland: a new algorithm to
deal with null alleles and a friendly graphical user interface.
Bioinformatics, 24, 1406–1407.
Hake L, O’Connor C (2008) Genetic mechanisms of sex determination. Nature Education, 1, 25.
Hanski I (1998) Metapopulation dynamics. Nature, 396, 41–49.
Holderegger R, Di Guilio M (2010) The genetic effect of roads:
A review of empirical evidences. Basic and Applied Ecology,
11, 522–531.
Holderegger R, Wagner HH (2008) Landscape genetics. BioScience, 58, 199–207.
Jaqui"ery J, Broquet T, Hirzel AH et al. (2011) Inferring landscape effects on dispersal from genetic distances: how far
can we go? Molecular Ecology, 20, 692–705.
Kruseman G (1982) Mat"eriaux pour la faunistique des Orthopt#eres de France. Fasc. II. Les Acridiens des mus"ees de Paris
et d’Amsterdam. N°36, Instituut voor Taxonomische Zo€
ologie
(Zoologisch Museum), Universiteit van Amsterdam.
Lander TA, Bebber DP, Choy CTL et al. (2011) The Circe
principle explains how resource-rich land can waylay pollinators in fragmented landscapes. Current Biology, 21, 1302–
1307.
Landguth EL, Cushman SA, Murphy MA et al. (2010) Relationships between migration rates and landscape resistance
assessed using individual-based simulations. Molecular Ecology Resources, 10, 854–862.
Leblois R, Estoup A, Rousset F (2003) Influence of mutational
and sampling factors on the estimation of demographic
parameters in a continuous population under isolation by
distance. Molecular Biology and Evolution, 20, 491–502.
Leblois R, Estoup A, Rousset F (2009) IBDSim: a computer
package for coalescent simulations under isolation by distance with temporal and spatial heterogeneities. Molecular
Ecology Resources, 9, 107–109.
Maestre FT, Rodriguez F, Bautista S et al. (2005) Spatial associations and patterns of perennial vegetation in a semi-arid

© 2015 John Wiley & Sons Ltd

steppe: a multivariate geostatistics approach. Plant Ecology,
179, 133–147.
Malausa T, Gilles A, Megl"ecz E et al. (2011) High-throughput
microsatellite isolation through 454 GS-FLX Titanium pyrosequencing of enriched DNA libraries. Molecular Ecology
Resources, 11, 638–644.
Manel S, Schwartz MK, Luikart G et al. (2003) Landscape
genetics: combining landscape ecology and population genetics. Trends in Ecology and Evolution, 18, 189–197.
Mauremooto JR, Wratten SD, Worner SP et al. (1995) Permeability of the hedgerows to predatory carabid beetles. Agriculture, Ecosystem and Environment, 52, 141–148.
McRae BH (2006) Isolation by resistance. Evolution, 60, 1551–
1561.
Nei N (1987) Molecular Evolutionary Genetics. Columbia University Press, New York, USA.
Olivieri I, Michalakis Y, Gouyon PH (1995) Metapopulation
genetics and the evolution of dispersal. American Naturalist,
142, 202–228.
Palsboll PJ, Berube M, Allendorf FW (2007) Identification of
management units using population genetic data. Trends in
Ecology and Evolution, 22, 11–16.
P"erez-Espona S, McLeod JE, Franks R (2012) Landscape genetics
of a top neotropical predator. Molecular Ecology, 21, 5969–5985.
Peterson MA, Denno RF (1998) The influence of dispersal
and diet breadth on patterns of genetic isolation by distance in phytophagous insects. American Naturalist, 152,
428–446.
Pfl€
uger FJ, Balkenhol N (2014) A plea for simultaneously considering matrix quality and local environmental conditions
when analysing landscape impacts on effective dispersal.
Molecular Ecology, 23, 2146–2156.
R Development Core Team (2013) R: a language and environment for statistical computing. Foundation for Statistical
Computing, Vienna, Austria (http://www.R-project.org/).
Ribeiro PJ Jr, Diggle PJ (2001) GeoR: a package from geostatistical analysis. R-News, 1, 15–18.
Richards OW, Waloff MA, Waloff A (1954) Studies on the biology and population dynamics of British grasshoppers. AntiLocust Bulletin, 17, 1–181.
Ritland K (1996) Estimators for pairwise relatedness and individual inbreeding coefficients. Genetics Research, Cambridge,
67, 175–185.
Robinson RA, Sutherland WJ (2002) Post-war changes in arable
farming and biodiversity in Great Britain. Journal of Applied
Ecology, 39, 157–176.
Ronce O (2007) How does it feel to be like a rolling stone? ten
questions about dispersal evolution. Annual Review of Ecology
Evolution and Systematics, 38, 231–253.
Rong J, Bao-Yu X, Dian-Mo L et al. (2007) Relationships
between spatial pattern of Locusta migratoria manilensis eggpods and soil property variability in coastal areas. Soil Biology and Biochemistry, 39, 1865–1869.
Rousset F (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation-by-distance. Genetics,
145, 1219–1228.
Rousset F (2008) GENEPOP’007: a complete re-implementation
of the GENEPOP software for Windows and Linux. Molecular Ecology Resources, 8, 103–106.
San Martin y Gomez G, Van Dyck H (2012) Ecotypic differentiation between urban and rural populations of the grasshop-

1728 B . G A U F F R E E T A L .
per Chorthippus brunneus relative to climate and habitat fragmentation. Oecologia, 169, 125–133.
Spear SF, Balkenhol N, Fortin M-J et al. (2010) Use of resistance
surfaces for landscape genetic studies: considerations for
parameterization and analysis. Molecular Ecology, 19, 3576–
3591.
Storfer A, Murphy MA, Evans JS et al. (2007) Putting the ‘landscape’ in landscape genetics. Heredity, 98, 128–142.
Streiff R, Mondor-Genson G, Audiot P et al. (2002) Microsatellite DNA markers for a grasshopper: Prionotropis hystrix rhodanica (Orthoptera, Pamphagidae). Molecular Ecology Notes, 2,
268–270.
Streiff R, Audiot P, Foucart A et al. (2006) Genetic survey of
two endangered grasshopper subspecies, Prionotropis hystrix
rhodanica and Prionotropis hystrix azami (Orthoptera, Pamphagidae): within- and between-population dynamics at the
regional scale. Conservation Genetics, 7, 331–344.
Taylor PD, Fahrig L, Henein K, Merriam G (1993) Connectivity
is a vital element of landscape structure. Oikos, 68, 571–573.
Travis JMJ, Dytham C (1999) Habitat persistence, habitat availability and the evolution of dispersal. Proceedings of the Royal
Society of London B: Biological Sciences, 266, 723–728.
Uvarov B (1977) Grasshoppers and Locusts: A Handbook of General
Acridology, Vol. 2. University Press, Cambridge, UK.
Van Oosterhout C, Hutchinson WF, Wills DPM et al. (2004)
Micro-Checker: software for identifying and correcting genotyping errors in microsatellite data. Molecular Ecology Notes,
4, 535–538.
Vickery JA, Tallowin JR, Feber RE et al. (2001) The management of lowland neutral grasslands in Britain: effects of agricultural practices on birds and their food resources. Journal
of Applied Ecology, 38, 647–664.
Wackernagel H (1995) Multivariate Geostatistics. An Introduction
with Applications. Springer, Berlin, Germany.
Watts PC, Rousset F, Saccheri IJ et al. (2007) Compatible
genetic and ecological estimates of dispersal rates in insect
(Coenagrion mercuriale: Odonata: Zygoptera) populations:
analysis of ‘neighbourhood size’ using a more precise estimator. Molecular Ecology, 16, 737–751.
Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution, 38, 1358–1370.
Weyer J, Weinberger J, Hochkirch A (2012) Mobility and microhabitat utilization in a flightless wetland grasshopper, Chortippus montanus (Charpentier, 1825). Journal of Insect
Conservation, 16, 379–390.
Wiesner K, Loxdale HD, Kohler G et al. (2011) Patterns of local
and regional genetic structuring in the meadow grasshopper,
Chorthippus parallelus (Orthoptera: Acrididae), in Central Germany revealed using microsatellite markers. Biological Journal
of the Linnean Society, 103, 875–890.
With K (1994) Ontogenetic shifts in how grasshoppers interact
with landscape structure: an analysis of movement patterns.
Functional Ecology, 8, 477–485.
Wratten SD, Bowie MH, Hickman JM et al. (2003) Field boundaries as barriers to movement of hover flies (Diptera: Syrphidae) in cultivated land. Oecologia, 134, 605–611.

Wright S (1943) Isolation by distance. Genetics, 28, 114–138.

I.B. collected the DNA samples. S.M. and S.D. performed laboratory analyses. B.G., S.M., I.B., M.P.C. and
R.L. realized statistical analyses. B.G. and I.B. wrote the
manuscript with contributions from I.L., S.M., M.P.C.
and R.L. B.G. and I.B. obtained funding and designed
the study with I.L. All authors read, edited and
approved the manuscript.

Data accessibility
Georeferenced abundance and microsatellite data and
raw reads from the GS-FLX Roche sequencing have
been posted on Dryad (doi:10.5061/dryad.88b12).

Supporting information
Additional supporting information may be found in the online version of this article.
Table S1 Details of the four sampling designs
Table S2 Summary statistics of the selected GLM (Generalized
Linear Model) testing the effect of the location of the surveyed
grasslands (in the linear hedged farmland, in its western side
and in its eastern side), the grassland type (meadow or alfalfa)
and age (1, 2, 3, 4, 5 and >5 years), the sampling scheme, the
sampling date and interaction terms (I) on P. giornae abundance (number per 10 m²)
Table S3 Postprocess parameters and estimated number of
clusters (K) from the GENELAND inferences
Table S4 Summary statistics for each simulated data set analyzed with GENELAND
Table S5 Number of allele (A), unbiased expected heterozygosity (He) (Nei 1987), observed heterozygosity (Ho), FIS value and
departure from HWE (sign: <0.05*; <0.01** and <0.001***)
computed for each locus in the two inferred clusters using a
medium differentiation prior or no prior for drift parameters
Fig. S1 Representation of the lattice and sampling area in sim1
and sim2 (a), sim3 (b) and sim4 (c).
Fig. S2 Shape of the dispersal function implemented in the
lower dispersal zone (top line) and the rest of the lattice (bottom line) in sim1 (e = 0.4, g = 0.675 (a) and e = 0.6, g = 0.75 (b),
respectively) and in sim2, sim3 and sim4 (e = 0.2, g = 0.5 (c)
and e = 0.8, g = 0.75 (d), respectively).

© 2015 John Wiley & Sons Ltd

