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Although the pervasiveness of intraspecific wing-size polymorphism and transitions to flightlessness have long captivated biolo-

gists, the demographic outcomes of shifts in dispersal ability are not yet well understood and have been seldom studied at early

stages of diversification. Here, we use genomic data to infer the consequences of dispersal-related trait variation in the taxo-

nomically controversial short-winged (Chorthippus corsicus corsicus) and long-winged (Chorthippus corsicus pascuorum) Corsican

grasshoppers. Our analyses revealed lack of contemporary hybridization between sympatric long- and short-winged forms and

phylogenomic reconstructions supported their taxonomic distinctiveness, rejecting the hypothesis of intraspecific wing polymor-

phism. Statistical evaluation of alternative models of speciation strongly supported a scenario of Pleistocene divergence (<1.5 Ma)

with ancestral gene flow. According to neutral expectations from differences in dispersal capacity, historical effective migration

rates from the long- to the short-winged taxon were threefold higher than in the opposite direction. Although populations of the

two taxa present a marked genetic structure and have experienced parallel demographic histories, our coalescent-based analyses

suggest that reduced dispersal has fueled diversification in the short-winged C. c. corsicus. Collectively, our study illustrates how

dispersal reduction can speed up geographical diversification and increase the opportunity for allopatric speciation in topograph-

ically complex landscapes.

KEY WORDS: Asymmetric gene flow, dispersal reduction, geographical diversification, Pleistocene speciation, speciation with

gene flow, transitions to flightlessness.

Introduction
Dispersal polymorphism, wing-size polymorphism in particular,

is a notorious attribute of numerous insect groups that has long

fascinated ecologists and evolutionary biologists (Harrison 1980;

Roff 1994). Dispersive phenotypes can confer an important ad-

vantage to colonize new habitats under changing environmen-

tal conditions (Simmons & Thomas 2004; Hochkirch & Dam-

erau 2009) and favour population persistence in unstable habitats

(Roff 1994). However, dispersal can be maladaptive under certain

ecological settings (e.g., strong habitat isolation, windy alpine

environments, etc.) and the production and maintenance of the

flight apparatus is costly (Darwin, 1859; Harrison 1980; Waters

et al. 2020). For these reasons, wing-size polymorphism has been

often hypothesized to be maintained by a trade-off between dis-

persal benefits and investment in reproduction (Harrison 1980;

Roff 1990; Wagner & Liebherr 1992; Zera & Denno 1997). Be-

yond intraspecific temporal and spatial variation in the proportion

of long-winged forms resulted from either genetic polymorphism

or phenotypic plasticity, transitions to flightlessness are common

in Pterygota (winged) insects and other organism groups (Roff

1994; Kitson et al. 2018) and reversal from flightless to volant

phenotypes might not be rare (Whiting et al. 2003; Zeng et al.

2020). Some studies have captured this evolutionary process at
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play, identifying steep or gradual clines in wing-size variation

linked to ecological transitions that are often accompanied by

disruption of gene flow (e.g., Dhuyvetter et al. 2007; Hendrickx

et al. 2015; Dussex et al. 2016; Van Belleghem et al. 2018; Mc-

Culloch et al. 2019). However, detailed inferences on the tempo

and mode of speciation and the magnitude and direction of intra-

and interspecific gene flow are still needed to better understand

the demographic consequences of evolutionary transitions in dis-

persal strategies (Van Belleghem et al. 2018; Waters et al. 2020).

The difficulty to ascribe short- and long-winged individu-

als to either a single polymorphic taxon or to distinct/incipient

species with unimodal dispersive morphs has often led to taxo-

nomic uncertainties, particularly when the two forms do not occur

syntopically and, thus, reproductive isolation cannot be assessed

in natural populations (Yue et al. 2014; Hendrickx et al. 2015;

Veale et al. 2018). Distinguishing between these alternative sce-

narios is not only of great taxonomic importance but also criti-

cal to identify biological systems well-suited for the study of the

demographic processes accompanying dispersal transitions (e.g.,

Ikeda et al. 2012; Vogler & Timmermans 2012; Van Belleghem

et al. 2018). This can provide key information about the conse-

quences of flightlessness on population subdivision and the mag-

nitude and direction of gene flow, as these demographic processes

can be readily compared between lineages representing incipient

stages of the speciation process that differ in terms of dispersal

ability but share common life-histories (e.g., McCulloch et al.

2019; Waters et al. 2020).

Orthoptera—crickets and grasshoppers—are among the

most prominent wing polymorphic organisms (Simmons &

Thomas 2004; Hochkirch & Damerau 2009) and transitions to

flightlessness have occurred independently and repeatedly in

many clades (Roff 1994). A paradigmatic example of taxonomic

uncertainty linked to wing-size variation is the case of the Cor-

sican grasshopper, which currently encompasses two subspecies

(Cigliano et al. 2020): the short-winged Chorthippus corsicus

corsicus (Chopard 1924) and the long-winged Chorthippus cor-

sicus pascuorum (Chopard 1924) (Orthoptera: Acrididae; sub-

genus Glyptobothrus). Whereas both sexes of C. c. pascuorum

are macropterous (i.e., long winged), males of C. c. corsicus

are brachypterous (i.e., short winged) and females squamipter-

ous (i.e., with considerably reduced or vestigial wings) (Braud

et al. 2002). These two taxa were originally described as full

species (Chopard 1924) and have experienced since then sev-

eral changes in their taxonomic status based on subtle similarities

and differences in morphology and courtship behaviour, includ-

ing synonymization (Ragge & Reynolds 1998), re-elevation to

their original full species rank (Voisin 2003), and downgrade to

their current subspecific level (Defaut 2014; see Cigliano et al.

2020 for details on their taxonomic history). The two putative

taxa present similar phenologies and ecological preferences for

montane and alpine xeric open habitats dominated by thorny and

dwarf shrub formations, with most of their populations located at

elevational ranges between 1000 and 1800 m (Massa 1994; Braud

et al. 2002). However, their distributions are parapatric, with C. c.

corsicus being distributed in the northern half of Corsica and C.

c. pascuorum occupying identical habitats in the southern half of

the island (Massa 1994). The distributions of the two taxa over-

lap at the centre of Corsica, with a single known sympatric pop-

ulation where the two forms co-occur (Pfau 1984; Massa 1994).

This raises the question on whether there is a single-wing poly-

morphic species with the co-occurrence of the two forms in at

least one panmictic population (Roff 1990; Simmons & Thomas

2004; Hochkirch & Damerau 2009) or if, rather, they are inde-

pendently evolving entities representing a transition between two

dispersal phenotypes (Waters et al. 2020).

Here, we employ genomic data to shed light on the taxo-

nomic status and demographic history of the Corsican grasshop-

per. In a first step, we reconstructed the phylogenomic relation-

ships among populations of the two morphs to determine whether

they correspond to a single-wing polymorphic taxon or to two in-

dependently evolving lineages (i.e., species) with unimodal phe-

notypes. Our analyses provided strong support for the taxonomic

distinctiveness of long- and short-winged forms, rejecting the hy-

pothesis of intraspecific wing polymorphism. In a second step,

we performed a comprehensive suite of analyses to determine

whether the two taxa are reproductively isolated, infer the tempo

and mode of speciation, and analyse the demographic outcomes

of wing-size reduction. Specifically, we used Bayesian clustering

analyses to determine the genetic ancestry of individuals and test

the hypothesis of contemporary hybridization (i.e., presence of

F1 or F2 hybrids) in the only sympatric population where the two

taxa co-occur. Then, we applied a coalescent-based approach to

evaluate alternative models of speciation and lineage diversifica-

tion and estimate demographic parameters under the most sup-

ported scenarios (Roux et al. 2016; Thome & Carstens 2016).

We used these inferences to test two hypotheses about the conse-

quences of dispersal-trait divergence: (i) differences in dispersal

ability led to asymmetric gene flow from the long- to the short-

winged taxon (Dussex et al. 2016); (ii) dispersal limitation (i.e.,

flightlessness) has diminished interpopulation migration rates, in-

creased genetic structure and, ultimately, fueled geographical di-

versification in the short-winged taxon (Ikeda et al. 2012; Waters

et al. 2020).

Materials and Methods
POPULATION SAMPLING

We sampled populations of Chorthippus (Glyptobothrus) cor-

sicus corsicus and Chorthippus (Glyptobothrus) corsicus pas-

cuorum from Corsica (France) (Table 1 and Fig. 1). Although
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Figure 1. (A) Phylogenetic relationships among populations of Chorthippus corsicus corsicus and C. c. pascuorum as inferred by SNAPP

(4746 SNPs) and their genetic assignments based on the Bayesian clustering method implemented in the program STRUCTURE (pie charts).

Asterisks on SNAPP tree mean fully supported nodes. STRUCTURE analyses were run including all populations of the two taxa (8764 SNPs;

left pie charts) and independently for populations of C. c. corsicus (13,060 SNPs) and C. c. pascuorum (14,730 SNPs) (middle and right pie

charts). (B) Map shows the geographical location of sampling sites (dots) and approximate distributions (dotted lines; based on Massa

1994) of C. c. corsicus (in red) and C. c. pascuorum (in blue). A black dot indicates the locality (Col de Verde) where the two taxa co-occur.

Panel B includes a picture of the short-winged C. c. corsicus (top, female from Lac de Nino) and the long-winged C. c. pascuorum (bottom,

male from Col de la Vaccia) (pictures by Joaquín Ortego). Population codes as described in Table 1.

these two taxa are currently recognized as subspecies (Cigliano

et al. 2020), they were originally described as distinct species

(Chopard 1924) and our present analyses support that their full-

species status should be restored (see “Conclusions” section). For

this reason, hereafter, we treat the two taxa as different species but

maintain their currently accepted designations (i.e., C. c. corsicus

and C. c. pascuorum) pending their respective status to be for-

mally updated. We used occurrence records available in the liter-

ature to design sampling and collect specimens from populations

representative of their respective distribution ranges (Chopard

1924; Pfau 1984; Massa 1994; Braud et al. 2002), with special

interest in the only locality (Col de Verde) where the two taxa are

known to co-occur (Pfau 1984; Table 1 and Fig. 1). Specimens

of Chorthippus (Glyptobothrus) brunneus brunneus (Thunberg,

1815) collected from Sardinia (Italy; Table 1) were used as out-

group in phylogenomic analyses and ABBA/BABA tests. We reg-

istered spatial coordinates using a Global Positioning System and

preserved whole specimens at −20°C in 1500 μL 96% ethanol.

Further details on sampling locations are provided in Table 1.

GENOMIC LIBRARY PREPARATION AND PROCESSING

We used NucleoSpin Tissue (Macherey-Nagel, Düren, Germany)

kits to extract and purify DNA from a hind leg of each individual.

We processed genomic DNA into one genomic library using the

double-digestion restriction-site associated DNA sequencing pro-

cedure (ddRAD-seq) described in Peterson et al. (2012). In brief,

we digested DNA with the restriction enzymes MseI and EcoRI

(New England Biolabs, Ipswich, MA, USA) and ligated Illumina

adaptors, including unique 7-bp barcodes, to the digested frag-

ments of each individual. We pooled ligation products and size

selected them between 475 and 580 bp with a Pippin Prep in-

strument (Sage Science, Beverly, MA, USA). We amplified the

fragments by PCR with 12 cycles using the iProofTM High-

Fidelity DNA Polymerase (BIO-RAD, Veenendaal, Netherlands)

and sequenced the library in a single-read 150-bp lane on an Illu-

mina HiSeq2500 platform at The Centre for Applied Genomics

(Toronto, ON, Canada). Raw sequences were demultiplexed and

preprocessed using STACKS version 1.35 (Catchen et al. 2013) and

assembled using PYRAD version 3.0.66 (Eaton 2014). Methods

EVOLUTION 2021 3



J. ORTEGO ET AL.

T
a
b
le

1
.

Lo
ca
lit
y,

re
g
io
n
an

d
co

u
n
tr
y,

co
d
e,

n
u
m
b
er

o
f
g
en

o
ty
p
ed

in
d
iv
id
u
al
s
(n
),
la
ti
tu
d
e,

lo
n
g
it
u
d
e,

el
ev

at
io
n
,
an

d
p
o
p
u
la
ti
o
n
g
en

et
ic

st
at
is
ti
cs

(π
,
Ta

jim
a´
s
D
,
an

d
Fu

’s
F S
)
fo
r

ea
ch

sa
m
p
le
d
ta
xo

n
an

d
p
o
p
u
la
ti
o
n
.

Ta
xo

n
L

oc
al

ity
R

eg
io

n
(c

ou
nt

ry
)

C
od

e
n

L
at

itu
de

L
on

gi
tu

de
E

le
va

tio
n

π
Ta

jim
a’

s
D

Fu
’s

F S

C
ho

rt
hi

pp
us

co
rs

ic
us

co
rs

ic
us

L
ac

de
N

in
o

C
or

si
ca

(F
ra

nc
e)

N
IN

O
8

42
.2

56
34

0
8.

93
79

95
17

50
0.

00
48

−1
.4

24
0

−0
.4

53
4

C
ho

rt
hi

pp
us

co
rs

ic
us

co
rs

ic
us

L
ac

de
M

el
u

C
or

si
ca

(F
ra

nc
e)

M
E

L
U

8
42

.2
19

56
6

9.
02

49
62

15
40

0.
00

46
−1

.0
59

7
−0

.5
63

0
C

ho
rt

hi
pp

us
co

rs
ic

us
co

rs
ic

us
C

ol
de

V
er

de
C

or
si

ca
(F

ra
nc

e)
V

E
R

C
8

42
.0

26
21

0
9.

20
45

47
14

80
0.

00
32

−0
.9

29
6

−0
.9

22
4

C
ho

rt
hi

pp
us

co
rs

ic
us

pa
sc

uo
ru

m
C

ol
de

V
er

de
C

or
si

ca
(F

ra
nc

e)
V

E
R

P
8

42
.0

27
23

4
9.

20
60

82
14

90
0.

00
40

−0
.7

29
6

−0
.9

60
7

C
ho

rt
hi

pp
us

co
rs

ic
us

pa
sc

uo
ru

m
C

ol
de

la
V

ac
ci

a
C

or
si

ca
(F

ra
nc

e)
V

A
C

C
8

41
.8

24
00

2
9.

08
40

02
11

90
0.

00
35

−1
.0

64
1

−1
.3

56
7

C
ho

rt
hi

pp
us

co
rs

ic
us

pa
sc

uo
ru

m
C

ol
de

B
av

el
la

C
or

si
ca

(F
ra

nc
e)

B
A

V
E

8
41

.7
97

36
5

9.
22

36
56

12
20

0.
00

57
−1

.2
30

9
−1

.8
49

7
C

ho
rt

hi
pp

us
br

un
ne

us
br

un
ne

us
G

en
na

rg
en

tu
Sa

rd
in

ia
(I

ta
ly

)
C

B
R

U
5

39
.9

33
75

0
9.

17
93

80
80

0
-

-
-

S1 provides all details on sequence assembling and data filter-

ing. Unless otherwise indicated (see PCA and BPP analyses), all

downstream analyses were performed using datasets of unlinked

SNPs (i.e., a single SNP per RAD locus) obtained with PYRAD

considering a clustering threshold of sequence similarity of 0.85

(Wclust = 0.85) and discarding loci that were not present in at least

50 % individuals (minCov = 50%).

QUANTIFYING GENETIC STRUCTURE

We analysed population genetic structure and admixture using

the Bayesian Markov Chain Monte Carlo (MCMC) clustering

method implemented in the program STRUCTURE version 2.3.3

(Pritchard et al. 2000). We conducted STRUCTURE analyses hierar-

chically, initially analysing data from all populations and the two

taxa jointly and, subsequently, running independent analyses for

subsets of populations assigned to the same genetic cluster in the

previous hierarchical level analysis (Janes et al. 2017; Pritchard

et al. 2000). We ran STRUCTURE with 200,000 MCMC cycles af-

ter a burn-in step of 100,000 iterations, assuming correlated allele

frequencies and admixture (Pritchard et al. 2000). We performed

15 independent runs for each value of K genetic clusters, where K

ranged from 1 to n + 1 for each data set of n populations, to esti-

mate the most likely number of clusters. We retained the ten runs

having the highest likelihood for each value of K and checked

that all retained replicates reached a similar solution in terms of

individual’s probabilities of assignment to each genetic cluster

(q-values; Gilbert et al. 2012). As recommended by Gilbert et al.

(2012) and Janes et al. (2017), we used two statistics to inter-

pret the most likely number of genetic clusters (K): log proba-

bilities of Pr(X|K) (Pritchard et al. 2000) and �K (Evanno et al.

2005). These statistics were calculated using STRUCTURE HAR-

VESTER (Earl & vonHoldt 2012). We used the Greedy algorithm

in CLUMPP version 1.1.2 to align multiple runs of STRUCTURE for

the same K value (Jakobsson & Rosenberg 2007) and DISTRUCT

version 1.1 (Rosenberg 2004) to visualize as bar plots the individ-

ual‘s probabilities of population membership. Complementary to

Bayesian clustering analyses, we performed principal component

analyses (PCA) as implemented in the R version 3.3.2 (R Core

Team 2020) package adegenet (Jombart 2008). Before running

PCAs, we replaced missing data (∼32%) by the mean frequency

of the corresponding allele estimated across all samples (Jombart

2008).

PHYLOGENOMIC INFERENCE

First, we reconstructed the phylogenetic relationships among taxa

and populations using two coalescent methods, the Bayesian

model implemented in SNAPP version 1.3 (Bryant et al. 2012)

and the quartet-based approach implemented in SVDQUARTETS

(Chifman & Kubatko 2014). Second, we used TREEMIX version

1.12 to assess the potential presence and direction of gene flow
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between nonsister lineages that could distort tree topology (Pick-

rell & Pritchard 2012). Finally, we used the multispecies coales-

cent model implemented BPP version 4.0 to estimate divergence

times (Flouri et al. 2018).

Snapp
We ran SNAPP as implemented in BEAST version 2.4.1 (Bouckaert

et al. 2014). Due to large computational demands of this pro-

gram, we only included in the analyses three individuals per pop-

ulation. We selected the three individuals from each population

that had the lowest proportion of missing data and, thus, retained

the highest number of SNPs. The resulting dataset included 4746

unlinked SNPs shared across tips (i.e., populations). Initially, we

ran pilot analyses with different values of the shape (α) and in-

verse scale (β) parameters of the gamma prior distribution (α =
2, β = 200; α = 2, β = 2000; α = 2, β = 20,000) for the popu-

lation size parameter (θ), leaving default settings for all other pa-

rameters. These analyses yielded the same topology (not shown)

and only results for the intermediate prior for theta are presented

(α = 2, β = 2000). We used different starting seeds to perform

two independent replicate runs of >2 million generations sam-

pled every 1000 steps (i.e., >2000 retained genealogies). We used

TRACER version 1.4 to examine log files and check stationarity

and convergence of the chains and confirm that effective sample

sizes (ESS) for all parameters were >200. We removed 10% of

trees as burn-in and combined tree and log files for replicated

runs using LOGCOMBINER version 2.4.1. We used TREEANNOTA-

TOR version 1.8.3 to obtain maximum credibility trees, TREESE-

TANALYSER version 2.4.1 to identify trees contained in the 95%

highest posterior density (HPD) set, and DENSITREE version 2.2.1

(Bouckaert 2010) to display the full set of trees.

Svdquartets
We ran SVDQUARTETS as implemented in PAUP∗ version 4.0a152

(Swofford 2002). Phylogenetic trees in SVDQUARTETS were con-

structed by exhaustively evaluating all possible quartets from the

dataset (8334 unlinked SNPs, including the outgroup) and uncer-

tainty in relationships was quantified using 1000 bootstrapping

replicates. Five individuals of C. brunneus brunneus were used

as outgroup (Table 1). Given the low computational burden of

SVDQUARTETS in comparison with SNAPP, in this case we included

all genotyped individuals in the analysis.

Treemix
First, we estimated a maximum-likelihood tree rooted with the

outgroup C. brunneus brunneus. Then, we tested a range of mi-

gration events (m from 0 to 5) and used an information-theoretic

model selection approach based on the Akaike’s information cri-

terion (AIC) to determine the model best fitting the data (Burn-

ham & Anderson 2002). The input dataset (allele counts; Pick-

rell & Pritchard 2012) was based on 2444 unlinked SNPs shared

across all tips (i.e., all ingroup populations plus the outgroup).

We assumed independence of all SNPs and used a window size

of one SNP (k = 1).

Bpp
The phylogenetic tree inferred using SVDQUARTETS, SNAPP, and

TREEMIX was fitted as the fixed topology in BPP analyses to esti-

mate divergence times (option A00). Unlike SNP-based analyses

implemented in SNAPP, SVDQUARTETS, and TREEMIX, BPP uses

whole ddRAD-seq loci. The .loci file from PYRAD was edited,

converted into a BPP input file, and filtered using custom R scripts

(J-P. Huang, https://github.com/airbugs/; for details, see Huang

et al. 2020). As all sequences do not have the same length due

to insertion-deletion polymorphisms (indels) at some loci, we

trimmed them to 110 bp and excluded loci that were not repre-

sented in at least one individual per population (i.e., as in SNAPP,

loci with missing taxa/populations were removed). This resulted

in a BPP input file containing 5640 loci. We applied an automatic

adjustment of fine-tune parameters and set the diploid option

to indicate that the input sequences are unphased (Flouri et al.

2018). To ensure the convergence of the runs (ESS > 200), two

independent replicate analyses were run for 200,000 generations,

sampling every 2 generations, after a burn-in of 20,000 genera-

tions. We estimated divergence times using the equation τ = 2μt ,

where τ is the divergence in substitutions per site estimated by

BPP, μ is the per site mutation rate per generation, and t is the ab-

solute divergence time in years (Walsh 2001). We considered the

mutation rate per site per generation of 2.8 × 10−9 estimated for

Drosophila melanogaster (Keightley et al. 2014), which is sim-

ilar to the spontaneous mutation rate estimated for the butterfly

Heliconius melpomene (2.9 × 10−9; Keightley et al. 2015).

TESTS OF INTROGRESSION

We used four-taxon ABBA/BABA tests based on the D-statistic

to infer whether some specific populations from one taxon (C.

c. corsicus or C. c. pascuorum) show a disproportionally higher

signal of introgression from the other taxon (Durand et al. 2011).

Assuming that the sister populations P1 and P2 diverged from

taxon P3 and an outgroup species O, the D-statistic is used to test

the null hypothesis of no introgression (D = 0) between P3 and

P1 or P2. D-values significantly different from zero indicate gene

flow between P1 and P3 (D < 0) or between P2 and P3 (D >

0). We assigned to P1 and P2 two populations from one taxon, to

P3 one population of the other taxon, and to O the outgroup (C.

brunneus brunneus). We performed ABBA/BABA tests consid-

ering all possible population combinations (see Supporting infor-

mation Table S1). Tests were run in PYRAD with 1000 bootstrap

replicates to obtain the standard deviation of the D-statistic and

significance levels (Eaton & Ree 2013).
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Table 2. Comparison of alternative models of (A) speciation and (B, C) intraspecific divergence for Chorthippus corsicus corsicus and C.

c. pascuorum tested using FASTSIMCOAL2, with their respective best supported scenario highlighted in bold.

Model lnL k AIC �AIC ωi

(A) Speciation
(1) SI −6056.22 3 12,118.45 34.33 0.00
(2) IMS −6042.84 4 12,093.68 9.57 0.01
(3) IMA −6038.25 5 12,086.50 2.39 0.21
(4) AMS −6041.36 5 12,092.71 8.60 0.01
(5) AMA −6036.06 6 12,084.11 0.00 0.68
(6) SCS −6042.93 5 12,095.86 11.74 0.00
(7) SCA −6038.07 6 12,088.15 4.03 0.09

(B) Intraspecific divergence—C. c. corsicus
(1) SI ((NINO, MELU), VERC) −4454.55 6 8921.10 6.37 0.02
(2) IMS ((NINO↔MELU)↔VERC) −4450.69 8 8917.39 2.65 0.12
(3) IMA ((NINO↔MELU)↔VERC) −4449.05 10 8918.09 3.36 0.09
(4) SI + IMS ((NINO↔MELU), VERC) −4451.02 7 8916.04 1.30 0.24
(5) SI + IMA ((NINO↔MELU), VERC) −4449.37 8 8914.74 0.00 0.47
(6) SI + IMS ((NINO, MELU)↔VERC) −4453.78 7 8921.57 6.83 0.02
(7) SI + IMA ((NINO, MELU)↔VERC) −4451.83 8 8919.66 4.93 0.04

(C) Intraspecific divergence—C. c. pascuorum
(1) SI ((VERP, VACC), BAVE) −6110.81 6 12,233.62 1.12 0.23
(2) IMS ((VERP↔VACC)↔BAVE) −6108.25 8 12,232.50 0.00 0.39
(3) IMA ((VERP↔VACC)↔BAVE) −6109.72 10 12,239.44 6.93 0.01
(4) SI + IMS ((VERP↔VACC), BAVE) −6111.60 7 12,237.19 4.69 0.04
(5) SI + IMA ((VERP↔VACC), BAVE) −6110.83 8 12,237.66 5.15 0.03
(6) SI + IMS ((VERP, VACC)↔BAVE) −6110.39 7 12,234.78 2.27 0.13
(7) SI + IMA ((VERP, VACC)↔BAVE) −6109.08 8 12,234.15 1.65 0.17

Speciation models include scenarios of divergence in strict isolation (SI), isolation-with-migration (IM), ancestral migration (AM), and secondary contact

(SC), the last three considering either symmetric (IMS, AMS, and SCS) or asymmetric (IMA, AMA, and SCA) gene flow. Models of intraspecific divergence

consider alternative combinations of IM and SI scenarios, with the specific demes exchanging either symmetric or asymmetric gene flow (arrows) indicated

in parentheses (population codes as described in Table 1).

lnL, maximum likelihood value of the model; k, number of parameters in the model; AIC, Akaike’s information criterion value; �AIC, difference in AIC value

from that of the strongest model; ωi, AIC weight.

TESTING ALTERNATIVE DEMOGRAPHIC MODELS

In a first step, we tested alternative models of speciation that

considered two demes corresponding with C. c. corsicus and

C. c. pascuorum. As the two taxa were supported as recipro-

cally monophyletic by phylogenomic analyses (see Results sec-

tion), individuals from the three genotyped populations of each

taxon were pooled together. Specifically, we tested a model of

speciation in strict isolation (SI) and alternative models incorpo-

rating interspecific gene flow including isolation-with-migration

(IM), ancestral migration (AM), and secondary contact (SC). In

turn, the three gene flow models considered either symmetri-

cal or asymmetrical migration matrices connecting the two taxa

(Table 2). In a second step, we tested alternative models of in-

traspecific population divergence focusing on each taxon sepa-

rately. These models included scenarios of divergence in SI, IM,

and alternative combinations of SI and IM scenarios in which

only specific demes exchange either symmetric or asymmetric

gene flow (see Table 2). The number of parameters of each tested

model is detailed in Table 2.

We estimated the composite likelihood of the observed data

given a specified model using the site-frequency spectrum (SFS)

and the simulation-based approach implemented in FASTSIM-

COAL2 (Excoffier et al. 2013). As a reference genome is not

available, we calculated folded joint SFS and considered a sin-

gle SNP per locus to avoid the effects of linkage disequilib-

rium. Because we did not include invariable sites in the SFS,

we fixed the effective population size for one of the demes (C.

c. corsicus for speciation models and populations from Col de

Verde for intraspecific divergence models of C. c. corsicus and

C. c. pascuorum) to enable the estimation of other parameters

in FASTSIMCOAL2 (Excoffier et al. 2013). The effective popula-

tion size fixed in the model was calculated from the level of nu-

cleotide diversity (π) and estimates of mutation rate per site per

generation (μ; 2.8 × 10−9; Keightley et al. 2014). Nucleotide
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diversity (π) was estimated from polymorphic and nonpolymor-

phic loci using DNASP version 6.12.03 (Rozas et al. 2017). To

remove all missing data for the calculation of the joint SFS,

minimize errors with allele frequency estimates and maximize

the number of variable SNPs retained, each population group

was down sampled to 50% of individuals in speciation models

(i.e., 12 individuals per taxon; Table 1) and 62.5% of individ-

uals for intraspecific divergence models (i.e., 5 individuals per

population; Table 1) using the easySFS.py script (I. Overcast,

https://github.com/isaacovercast/easySFS). Final site frequency

spectra contained 3857 variable SNPs for speciation models and

2784 and 3545 variable SNPs for intraspecific divergence models

of C. c. corsicus and C. c. pascuorum, respectively.

Each model was run 100 replicated times considering

100,000-250,000 simulations for the calculation of the compos-

ite likelihood, 10-40 expectation-conditional maximization cy-

cles, and a stopping criterion of 0.001 (Excoffier et al. 2013). We

used an information-theoretic model selection approach based

on the AIC to determine the probability of each model given

the observed data (Burnham & Anderson 2002). After the maxi-

mum likelihood was estimated for each model in every replicate,

we calculated the AIC scores as detailed in Thome & Carsterns

(2016). AIC values for each model were rescaled (�AIC) cal-

culating the difference between the AIC value of each model and

the minimum AIC obtained among all competing models (i.e., the

best model has �AIC = 0). Point estimates of the different de-

mographic parameters for the best supported model were selected

from the run with the highest maximum composite likelihood. Fi-

nally, we calculated confidence intervals of parameter estimates

from 100 parametric bootstrap replicates by simulating SFS from

the maximum composite likelihood estimates and re-estimating

parameters each time (Excoffier et al. 2013).

ANALYSES OF GENETIC DIVERSITY AND CHANGES

OF Ne THROUGH TIME

First, we used DNASP to calculate nucleotide diversity (π) and

ARLEQUIN version 3.5 (Excoffier et al. 2005) to perform Tajima´s

D (Tajima 1989) and Fu’s FS (Fu 1997) tests of neutrality for

each population. Significance of neutrality tests was assessed us-

ing 10,000 coalescent simulations (Excoffier et al. 2005). Second,

we inferred changes in effective population size (Ne) through time

for each population using the program STAIRWAY PLOT, which im-

plements a flexible multiepoch demographic model based on the

SFS that does not require whole-genome sequence data or refer-

ence genome information (Liu & Fu 2015). Each population was

down sampled to 75% of individuals (six individuals per popu-

lation; Table 1) using the easySFS.py script as described above

for FASTSIMCOAL2 analyses. We ran STAIRWAY PLOT considering

the 1-year generation time of Glyptobothrus grasshoppers (Laiolo

et al. 2013; Cárdenas et al. 2017), assuming a mutation rate per

site per generation of 2.8 × 10−9 (Keightley et al. 2014), and

performing 200 bootstrap replicates to estimate 95% confidence

intervals (Liu & Fu 2015).

Results
GENOMIC DATA AND POPULATION GENETIC

STATISTICS

The average number of reads retained per individual after the dif-

ferent quality filtering steps was 2,600,861 (range = 795,629-

3,631,280 reads; Supporting information Fig. S1). On average,

this represented 77% (range = 60-80%) of the total number of

reads recovered for each individual (Supporting information Fig.

S1). After filtering loci considering a minCov = 50% (see Meth-

ods S1), the dataset including the two taxa contained 8764 vari-

able loci with a mean of 10.06 SNPs per RAD locus. The datasets

for C. c. corsicus and C. c. pascuorum contained 13,060 (mean

number of SNPs per RAD locus = 7.43) and 14,730 (mean num-

ber of SNPs per RAD locus = 5.59) loci, respectively.

QUANTIFYING GENETIC STRUCTURE

STRUCTURE analyses (Pritchard et al. 2000) based on all popula-

tions and the two taxa identified that the most likely number of

clusters was K = 2 according to the �K criterion (Evanno et al.

2005), but LnPr(X|K) reached a plateau at K = 3 (Supporting

information Fig. S2A). For K = 2, the two genetic clusters sepa-

rated C. c. corsicus from C. c. pascuorum and the probabilities of

assignment inferred by STRUCTURE revealed no signatures of ge-

netic admixture between the two taxa in any population (q-values

= 1 for all individuals; Fig. 1A and Supporting information Fig.

S3A). STRUCTURE analyses for K = 3 split the three popula-

tions of C. c. corsicus into two clusters, one including the north-

ernmost populations (NINO and MELU) and another including

the geographically more isolated population from Col de Verde

(VERC) (Fig. 1A and Supporting information Fig. S3A). Hier-

archical STRUCTURE analyses ran independently for populations

of the two taxa revealed a marked genetic structure. STRUCTURE

analyses focused on populations of C. c. corsicus identified that

the most likely number of clusters was K = 2 according to the �K

criterion, but LnPr(X|K) reached a plateau at K = 3 (Supporting

information Fig. S2B). As shown for global analyses, STRUCTURE

analyses for K = 2 split the geographically isolated population

from Col de Verde (VERC) and the two northernmost popula-

tions (NINO and MELU) (Fig. 1A and Supporting information

Fig. S3B). In turn, these last two populations separated into two

genetic clusters for K = 3 (Fig. 1A and Supporting information

Fig. S3B). STRUCTURE analyses focused on populations of C. c.

pascuorum identified that the most likely number of clusters was

K = 3 according to the �K criterion and LnPr(X|K) reached a

plateau for the same K value (Fig. S2C). Analyses for K = 2
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separated the population BAVE from VERP and VACC, which in

turn split into two well-defined genetic clusters for K = 3 (Fig. 1A

and Supporting information Fig. S3C). Thus, all populations of

the two taxa were fully assigned to different genetic clusters with

no signatures of genetic admixture (q values = 1 for all individu-

als; Fig. 1A and Supporting information Fig. S3).

PCA (Jombart 2008) were consistent with the results yielded

by STRUCTURE at different hierarchical levels (Supporting in-

formation Fig. S4). Global analyses including all populations

from the two taxa separated C. c. corsicus and C. c. pascuo-

rum along the first principal component (PC1), whereas the

second principal component (PC2) separated the geographically

isolated population from Col de Verde (VERC) from the two

northernmost populations (NINO and MELU) of C. c. corsicus

(Supporting information Fig. S4A). PCA ran independently for

populations of the two taxa separated their respective populations

in three different genetic clusters along PC1 and PC2, supporting

the marked genetic structure inferred by STRUCTURE (Supporting

information Fig. S4B and C). PCA run considering SNP datasets

without missing data (minCov = 100%) yielded qualitatively

analogous results, although individuals within the identified

clusters tended to show a higher dispersion due to only highly

conserved loci shared across all individuals, populations and taxa

are retained in SNP matrices without missing data (Supporting

information Fig. S4D-F).

PHYLOGENOMIC INFERENCE

Phylogenomic analyses based on SNAPP (Bryant et al. 2012;

Fig. 1A) and SVDQUARTETS (Chifman & Kubatko 2014; Sup-

porting information Fig. S5) yielded the same topology and sup-

ported that populations of C. c. corsicus and C. c. pascuorum

are reciprocally monophyletic. Populations and taxa split in the

same order as in the hierarchical analyses with STRUCTURE (see

Fig. 1A and previous section) and phylogenetic relationships

among them were fully supported by both SNAPP (posterior prob-

abilities = 1; Fig. 1A) and SVDQUARTETS analyses (bootstrap sup-

port = 100%; Supporting information Fig. S5). TREESETANAL-

YSER showed that a single topology was contained in the 95%

HPD tree set (Fig. 1A). TREEMIX analyses (Pickrell & Pritchard

2012) retrieved the same topology than SNAPP and SVDQUARTETS

and showed that a population graph model with no migration is

statistically indistinguishable (�AIC < 0.4) or more supported

than models with one or more migration events, indicating no ev-

idence for postdivergence gene flow between nonsister lineages

(Supporting information Table S2 and Fig. S6).

Assuming divergence in SI (i.e., lack of postdivergence gene

flow), a genomic mutation rate of 2.8 × 10−9 per site per gen-

eration (Keightley et al. 2014) and a 1-year generation time, BPP

analyses (Flouri et al. 2018) estimated that the two taxa diverged

from a common ancestor at the beginning of the middle Pleis-

tocene (ca. 0.68 Ma; Supporting information Fig. S7). The sec-

ond oldest split involved the geographically isolated population

from Col de Verde (VERC) and the two northernmost popula-

tions (NINO and MELU) of C. c. corsicus, which diverged at the

mid of the middle Pleistocene (ca. 0.44 Ma; Supporting infor-

mation Fig. S7). The rest of the populations diverged during the

upper Pleistocene (ca. 0.11-0.02 Ma), with the most recent split

involving the geographically close populations VACC and VERP

from C. c. pascuorum (Supporting information Fig. S7).

TESTS OF INTROGRESSION

Most ABBA-BABA tests (Durand et al. 2011) were not signif-

icant, indicating that the signals of historical interspecific gene

flow identified by FASTSIMCOAL2 analyses (see section “Testing

alternative demographic models”) are similar across populations

(Supporting information Table S1). The only exceptions were

some comparisons involving the populations VACC from C. c.

pascuorum and NINO from C. c. corsicus. These populations,

particularly VACC, tended to show higher levels of introgression

than other populations from the same taxon, although this was

not significant for all population combinations (Supporting infor-

mation Table S1). Remarkably, sympatric populations from Col

de Verde of either C. c. corsicus (VERC) or C. c. pascuorum

(VERP) did not show disproportionately higher levels of genetic

introgression in comparison with other populations (Supporting

information Table S1).

TESTING ALTERNATIVE DEMOGRAPHIC MODELS

FASTSIMCOAL2 analyses (Excoffier et al. 2013) showed that the

most supported model of speciation was the one considering AM

with asymmetric gene flow (Fig. 2 and Table 2). Considering a

1-year generation time, the split between C. c. corsicus and C.

c. pascuorum was estimated to take place during the early Pleis-

tocene (ca. 1.3 Ma; Calabrian stage; Table 3) and ancestral gene

flow between the two taxa interrupted at the end of the last glacial

period (ca. 30 ka). Effective migration rate per generation (2 Nm)

from C. c. pascuorum to C. c. corsicus was threefold higher than

in the opposite direction and such differences were statistically

significant (i.e., 95% confidence intervals did not overlap; Ta-

ble 3). Accordingly, posthoc testing of an AM model with uni-

directional gene flow from C. c. pascuorum to C. c. corsicus re-

vealed that it was statistically undistinguishable from a model

considering bidirectional and asymmetric gene flow (�AIC =
0.05), whereas an AM model fitting unidirectional gene flow

from C. c. corsicus to C. c. pascuorum was very poorly supported

(�AIC = 8).

The most supported model of intraspecific divergence for C.

c. corsicus was a mixed scenario considering divergence in SI

of VERC population and isolation with asymmetric gene flow

(IM) for the nearby populations NINO and MELU (Fig. 2 and
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Figure 2. Schematic diagram of the most supported scenario of speciation and intraspecific divergence for the short-winged Chorthip-

pus corsicus corsicus (left, in red) and the long-winged C. c. pascuorum (right, in blue) as inferred from coalescent simulations with

FASTSIMCOAL2. Parameters include mutation-scaled ancestral and contemporary effective population sizes (θ), effective migration rates

per generation (m), and timing of speciation (TSPE), interruption of interspecific gene flow (TISO), and population divergence (TDIV). Point

estimates yielded by FASTSIMCOAL2 were used to scale the different time events (T) (left axis) and effective migration rates per generation

(m, proportional to arrow thickness, with dashed lines indicating estimates 2 Nm < 0.1). Demographic parameter values and confidence

intervals are detailed in Table 3. Population codes as described in Table 1.

Table 2). This model estimated that the split of VERC took place

in the early Pleistocene (ca. 1 Ma, Calabrian stage), whereas the

divergence between the nearby MELU and NINO populations

happened during the middle Pleistocene (ca. 0.65 Ma, Chibanian

age) (Table 3 and Fig. 2). The most supported model of intraspe-

cific divergence for C. c. pascuorum was an IM scenario with

symmetric gene flow (Fig. 2 and Table 2). This model estimated

that the two divergence events took place in the middle Pleis-

tocene (Chibanian age; ca. 0.53 and 0.39 Ma for the earliest and

most recent split, respectively; Table 3 and Fig. 2).

ANALYSES OF GENETIC DIVERSITY AND CHANGES

OF Ne THROUGH TIME

Nucleotide diversity (π) ranged between 0.0032 and 0.0057 (Ta-

ble 1). Tajima´s D and Fu’s FS tests were not significant in any

population (P > 0.1), indicating that genomic variation does not

depart from neutral expectations (Table 1). STAIRWAY PLOT analy-

ses (Liu & Fu 2015) revealed that all analysed populations of the

two taxa experienced parallel changes of Ne through time, un-

dergoing severe demographic declines starting at the onset of the

Holocene that have reduced their Ne by >99 % since the LGM

(Fig. 3 and Supporting information Fig. S8).

Discussion
Genomic analyses supported the taxonomic distinctiveness of the

short-winged C. c. corsicus and the long-winged C. c. pascuo-

rum, rejecting the hypothesis of intraspecific wing polymorphism

(Simmons & Thomas 2004; Hochkirch & Damerau 2009). In

contrast to previous recent studies on other insects (e.g., stone-

flies; McCulloch et al. 2019; beetles: Van Belleghem et al. 2018),

our results point to a single evolutionary transition that is not ap-

parently linked to an ecological shift or any contemporary envi-

ronmental gradient. Considering that the vast majority of Ptery-

gota insects with reduced or no wings have secondarily become

flightless (Roff 1990) and most taxa within the subgenus Glypto-

bothrus are long winged (Cigliano et al. 2020), the divergence of

C. c. corsicus and C. c. pascuorum most likely represents an evo-

lutionary transition from a long- to a short-winged state (see also

McCulloch et al. 2009 2019). Inferences from coalescent-based
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Table 3. Parameters inferred from coalescent simulations with

FASTSIMCOAL2 under the most supported scenario of (A) speciation

and (B, C) intraspecific divergence for Chorthippus corsicus corsi-

cus and C. c. pascuorum.

Parameter Point estimate Lower bound Upper bound

(A) Speciation
θANC 835,961 669,238 733,847
θCOR 1,325,651 - -
θPAS 717,463 702,455 717,111
TSPE 1,273,731 1,343,521 1,417,469
TISO 29,418 28,727 35,053
mC-P 0.0407 0.0384 0.0447
mP-C 0.1249 0.1223 0.1317

(B) Intraspecific divergence—C. c. corsicus
θC-ANC1 2,676,959 1,928,670 1,991,766
θC-ANC2 380,347 435,142 456,854
θC-NINO 1,042,681 953,397 982,958
θC-MELU 625,513 581,588 604,512
θC-VERC 565,064 - -
TC-DIV1 1,005,616 1,064,134 1,079,759
TC-DIV2 654,038 620,772 643,038
mC-1.1 0.3566 0.3420 0.3618
mC-1.2 0.0001 0.0067 0.0161

(C) Intraspecific divergence—C. c. pascuorum
θP-ANC1 1,579,017 1,296,678 1,331,547
θP-ANC2 628,857 482,436 535,203
θP-VERP 708,547 - -
θP-VACC 476,179 443,081 455,092
θP-BAVE 1,477,210 1,324,022 1,369,577
TP-DIV1 528,773 505,146 522,546
TP-DIV2 388,807 381,739 400,775
mP-1.1 0.1613 0.1506 0.1650
mP-1.2 0.2401 0.2384 0.2612
mP-2.1 0.2551 0.2506 0.2686
mP-2.2 0.0822 0.0837 0.0892

Table shows point estimates and lower and upper 95% confidence intervals

for each parameter, which includemutation-scaled ancestral and contempo-

rary effective population sizes (θ), effective migration rates per generation

(m), and timing of speciation (TSPE), interruption of interspecific gene flow

(TISO), and population divergence (TDIV). Parameters θCOR and θPAS in the spe-

ciation model correspond to contemporary effective population sizes of C.

c. corsicus and C. c. pascuorum, respectively. The rest of parameters are il-

lustrated in Figure 2. Estimates of time are given in units of generations and

migration rates (m) are presented as 2 Nm. Note that contemporary effec-

tive population sizes of Chorthippus corsicus corsicus (θCOR) in the speciation

model and for populations from Col de Verde of both C. c. corsicus (θC-VERC)

and C. c. pascuorum (θP-VERP) were calculated from their respective levels of

nucleotide diversity (π) and fixed in FASTSIMCOAL2 analyses to enable the es-

timation of other parameters (see the Materials and Methods section for

further details).

Figure 3. Demographic history of the studied populations of (A)

Chorthippus corsicus corsicus and (B) C. c. pascuorum inferred us-

ing STAIRWAY PLOT. Panels show median effective population sizes

(Ne) over time, estimated assuming a mutation rate of 2.8 × 10−9

and 1-year generation time (both axes in a logarithmic scale). Ver-

tical dashed lines indicate the Last Glacial Maximum (LGM; ∼21 ka

BP). Population codes as described in Table 1.

analyses suggest that wing-size reduction can also have impor-

tant demographic consequences at different stages along the spe-

ciation continuum, impacting both the direction and magnitude

of interspecific gene flow and intraspecific rates of dispersal and

geographical diversification (Waters et al. 2020).

DIVERGENCE WITH ASYMMETRIC GENE FLOW

Our model-based approach in FASTSIMCOAL2 revealed that the

null scenario of divergence in SI was highly unlikely, strongly

supporting a model of speciation with ancestral gene flow

(Fig. 2). This finding is in agreement with several recent stud-

ies suggesting that gene flow might be a common phenomenon

in early stages of the divergence (Hey 2006; Nosil 2008; Pinho &

Hey 2010; Morales et al. 2017). However, it must be noted that

a scenario of speciation with gene flow and a scenario of spe-

ciation in SI with SC are difficult to discern exclusively based

on genomic data and the categorical rejection of speciation in

strict allopatry requires external sources of evidence such as those

provided by the biogeographical setting of divergence (e.g., the
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presence/absence of geographical barriers) and/or functional ge-

nomics (Yang et al. 2017; see also Feder et al. 2013). The island

of Corsica presents an extremely complex topography and its cen-

tral and northern mountains were extensively glaciated during the

coldest stages of the Pleistocene (Kuhlemann et al. 2005), pro-

viding a biogeographic scenario well-suited for allopatric diver-

gence. Also, C. c. corsicus and C. c. pascuorum are patchily dis-

tributed taxa presenting a single known sympatric population at

the centre of the island (Massa 1994). Thus, one possibility is that

the two taxa initially diverged in strict allopatry, came into sec-

ondary contact shortly after (e.g., following demographic expan-

sions), and exchanged genes for a certain period of time (Coyne

& Orr 2004; Feder et al. 2013; Tonzo et al. 2020).

Divergence time estimates under the most supported model

of speciation indicate that the two taxa most likely diverged at the

end of the early Pleistocene (ca. 1.3-1.4 Ma; Fig. 2), which falls

within the range of divergence times reported in previous studies

for sister species in other recent radiations of grasshoppers (e.g.,

Carstens & Knowles 2007a; Scattolini et al. 2018; Huang et al.

2020). As expected, divergence times were considerably under-

estimated by BPP analyses (0.67-0.70 Ma) assuming speciation

without postdivergence gene flow (Fig. 2). Estimates of diver-

gence time yielded by BPP were similar to those obtained under

the highly unsupported model of speciation in SI (TSPE: 0.86-0.87

Ma), a scenario that also overestimated ancestral and contempo-

rary effective population sizes in comparison with the best ranked

model considering ancestral gene flow (see Supporting informa-

tion Table S3). These results illustrate how key demographic pa-

rameters (i.e., effective population sizes and divergence times)

can be severely biased when shared polymorphism is exclusively

attributed to incomplete lineage sorting, highlighting the impor-

tance of modelling gene flow to obtain accurate inferences on

both the tempo and mode of species formation (Leaché et al.

2014; Morales et al. 2017).

DEMOGRAPHIC CONSEQUENCES OF WING-SIZE

REDUCTION

According to neutral expectations, our coalescent-based demo-

graphic analyses suggest that lower dispersal capacity has re-

duced gene flow and accelerated geographical diversification in

the short-winged taxon (Waters et al. 2020; e.g., McCulloch et al.

2009). Statistical comparison of the likelihoods of alternative spe-

ciation models revealed that scenarios including asymmetrical

gene flow were strongly favoured over those considering sym-

metrical migration (Table 2). Specifically, effective migration rate

from C. c. pascuorum to C. c. corsicus was estimated to be three-

fold higher than in the opposite direction (Table 3). Such differ-

ences in ancestral effective migration rates per generation could

be explained by the higher dispersal capacity of the long-winged

C. c. pascuorum in comparison with the short-winged C. c. cor-

sicus, which might have favoured that the former historically dis-

persed more frequently into the range of the latter (e.g., under

changing environmental conditions) and this, ultimately, led to

asymmetrical gene flow (Jacquemyn et al. 2012). These find-

ings are congruent with the results from recent studies on the

saltmarsh beetle (Pogonus chalceus), in which long- and short-

winged ecotypes have repeatedly evolved in response to contrast-

ing hydrological regimes (Dhuyvetter et al. 2007; Van Belleghem

et al. 2018). These two ecotypes have not yet reached reproduc-

tive isolation and demographic models estimating contemporary

gene flow in four spatial replicates revealed that, in three of them,

effective migration rates were significantly higher from the long-

to the short-winged ecotype than in the opposite direction (Van

Belleghem et al. 2018). These results indicate that transitions to

flightlessness probably lead to source-sink dynamics dispropor-

tionately impacting genetic drift in the less dispersive lineage, a

scenario where the fixation of flightlessness, depending on the

magnitude of gene flow, might require strong disruptive selection

(Pinho & Hey 2010). In our specific case, estimated effective mi-

gration rates were well below the threshold (2 Nm∼1; Wright

1931) that would prevent divergence by genetic drift (Table 2)

and, thus, are compatible with the initiation and completion of

the speciation process even in absence of strong selection (Pinho

& Hey 2010; Barton 2020).

Taxon-specific demographic analyses have also revealed

older divergence times among populations of the short-winged

C. c. corsicus, suggesting that limited dispersal capacity has con-

tributed to reduce or disrupt gene flow and speed up geograph-

ical diversification in this taxon (Table 3 and Fig. 2). Despite

the distances among sampled populations are fairly similar in

the two taxa (Fig. 1), estimated divergence times were signifi-

cantly older and interpopulation effective migration rates smaller

(or absent) in the poor flyer C. c. corsicus than in the macropter-

ous C. c. pascuorum (Table 3 and Fig. 2). The magnitude of esti-

mated effective migration rates per generation among populations

in the two taxa are below the threshold (2 Nm∼1; Table 3) that

would impede populations from accumulating divergence by ge-

netic drift (Wright 1931; Pinho & Hey 2010). This, together with

the marked genetic structure of their respective contemporary

populations (Fig. 1 and Supporting information S3-4), indicates

that the two taxa show extraordinarily limited dispersal capacity

in absolute terms. Overall, these results are in agreement with

previous research documenting increased genetic differentiation

accompanying evolutionary transitions to flightlessness (McCul-

loch et al. 2019) and in line with comparative landscape genetic

(Ortego et al. 2015; Phillipsen et al. 2015) and macroecological

(Riginos et al. 2014; Singhal et al. 2018) studies reporting in-

creased genetic structure in taxa with more limited dispersal ca-

pacity (Waters et al. 2020). Our results support the notion that

evolutionary transitions toward reduced dispersal capacity can
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promote genetic divergence and be a key component of incipient

stages of speciation (Ikeda et al. 2012; Waters et al. 2020), partic-

ularly among organisms distributed in topographically complex

landscapes (Noguerales et al. 2016; González-Serna et al. 2019;

McCulloch et al. 2019; Tonzo et al. 2019).

PAST DEMOGRAPHIC HISTORY

Demographic reconstructions indicate that populations from the

two taxa experienced parallel demographic declines starting at

the onset of the Holocene that have resulted in extraordinary re-

ductions of their effective population sizes (>99%) since the end

of the last glacial period (Fig. 3). The two taxa are nowadays pri-

marily distributed in the montane, alpine, and subalpine thermo-

climatic belts of the island, occupying similar xeric open habitats

dominated by thorny and dwarf shrub formations (e.g., Junipe-

rus sp., Genista sp., Erica sp., etc.; Braud et al. 2002; Boitier

et al. 2006). However, an old record of C. c. corsicus at lower el-

evations (Col de Teghime, 530 m; Pfau 1984) suggests that their

distributions might be more limited by the presence of adequate

microhabitats than by elevation per se. The Holocene range ex-

pansion of Mediterranean and temperate forests, nowadays cover-

ing most natural areas of Corsica, are likely to have progressively

pushed to higher elevations the open shrub formations occupied

by the two taxa (Reille et al. 1997). This postglacial shrink of

suitable habitats probably led to the confinement of populations

in sky-islands, resulting in severe demographic declines after the

end of the last glacial period and extreme genetic fragmentation

of relictual contemporary populations of the two taxa (Fig. 1). On

the contrary, demographic expansions during the coldest stages

of the Pleistocene (Fig. 3) likely contributed to put the two taxa

into geographical contact, which might have facilitated histori-

cal gene exchange. In this line, coalescent-based analyses support

that postdivergence gene flow took place until the last glacial pe-

riod (29-35 ka; Table 3), coinciding with the severe demographic

declines experienced by the two taxa according to genomic-based

reconstructions of changes in Ne through time (Fig. 3). Collec-

tively, our results suggest strong fragmentation of populations in

sky islands during interglacials and population reconnections and

demographic expansions during cold glacial periods, which is

congruent with the “interglacial refugia model” (sensu Bennett &

Provan 2008; Stewart et al. 2010) documented in other alpine and

montane organisms from temperate and tropical latitudes (e.g.,

Wang et al. 2013; He et al. 2016; Camacho-Sánchez et al. 2018).

This contrasts with studies on other alpine organisms from tem-

perate regions that were more extensively glaciated and for which

genetic-based demographic inferences support isolation and di-

vergence in glacial refugia and demographic expansions and ad-

mixture during interglacial periods (Carstens & Knowles 2007b;

Schoville et al. 2011; Maier et al. 2019).

RECENT EVOLUTION OF REPRODUCTIVE ISOLATION?

A conclusive line of evidence supporting the taxonomic distinc-

tiveness of C. c. corsicus and C. c. pascuorum is their assign-

ment to distinct genetic clusters and apparent lack of contempo-

rary gene flow in Col de Verde (i.e., “genotypic cluster species

concept”; sensu Mallet 1995; DeQueiroz 2007), the only known

locality where the two taxa co-occur (Pfau 1984; Massa 1994).

We did not find first generation hybrids or backcrosses among

genotyped individuals (Fig. 1 and Supporting information Fig.

S3) or the presence of phenotypically intermediate individuals in

this locality (Joaquín Ortego, pers. obs. 2019; Pfau 1984). Al-

though our sample sizes are small and, thus, we cannot cate-

gorically discard that the two taxa sporadically interbreed, the

fact that levels of genetic introgression are not disproportionately

higher in this sympatric population (D-statistic tests; Supporting

information Table S1) suggests that this phenomenon is infre-

quent or rarely transcends first-generation hybrids. Given that the

presence of the two taxa in this locality was reported >35 years

ago (Pfau 1984), their co-occurrence does not seem to be a conse-

quence of a recent expansion event and, thus, they have had am-

ple opportunity (>35 generations) to interbreed and experience

genetic introgression. These lines of evidence suggest that repro-

ductive isolation, developed through the progressive accumula-

tion of barriers to gene flow via genetic drift (Coyne & Orr 1989;

Sasa et al. 1998; Fitzpatrick 2002) or other mechanisms (Barton

& Hewitt 1985; Butlin 1995; Barton 2001; Ortiz-Barrientos et al.

2004; Pfennig 2016), had probably already evolved when the two

taxa became sympatric in Col de Verde. Although Pfau (1984)

described the two taxa to be syntopic in this locality (i.e., the

mixed co-occurrence of long- and short-winged forms), during

our sampling we found that they inhabit the same thorny shrub

formations of Genista lobelii but occupy habitat patches sepa-

rated ca. 200 m apart (see Supporting information Fig. S9). This

suggests that some sort of spatial segregation or subtle differences

in microhabitat preferences might be at play, which could explain

why the two species very rarely co-occur (Massa 1994). The fact

that the two taxa occupy the same habitats (Braud et al. 2002;

Boitier et al. 2006), present identical phenologies (Pfau 1984;

Massa 1994), and show undistinguishable songs and courtship

behaviors (Ragge & Reynolds 1998), leave pheromonal, tactile,

or visual components of mate recognition (e.g., Ritchie 1990) or

genital or gamete incompatibility (e.g., Tatarnic & Cassis 2013;

Huang et al. 2020) as the only prezygotic reproductive barrier

mechanisms that might explain the apparent lack of contempo-

rary hybridization.

CONCLUSIONS

According to expectations from differences in dispersal ca-

pacity, our analyses support historical asymmetric gene flow

from the long- to the short-winged taxon and lower or absent
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contemporary effective migration rates and deeper divergences

among populations of the flightless C. c. corsicus. Our genomic

data also support reproductive isolation and the distinct taxo-

nomic position of C. c. corsicus and C. c. pascuorum, which

should be upgraded to their original full-species status (Chopard

1924): Chorthippus (Glyptobothrus) corsicus (Chopard 1924)

and Chorthippus (Glyptobothrus) pascuorum (Chopard 1924)

(for a list of synonyms, see Cigliano et al. 2020). These re-

sults point to a within-island diversification scenario, which has

been rarely reported in short-horned grasshoppers but is not

surprising given the relatively large size of the island of Cor-

sica (>8000 km2) and its extraordinarily complex topography

(many peaks >2000 m.a.s.l.). Future hybridization attempts in

the laboratory considering sympatric/allopatric populations of the

species, detailed morphometric studies of genitalic structures,

spatially explicit landscape genetic analyses, formal studies on

ecological and microhabitat preferences, and monitoring of pop-

ulation persistence (i.e., local extinction rates) could contribute

to shed further light on the processes underlying geographical

and phenotypic diversification, reproductive isolation, and his-

torical range dynamics in the two taxa. Likewise, the formal

study of speciation rates in relation with wing size variation

within the subgenus Glyptobothrus might help to elucidate the

processes underlying the diversification of this speciose com-

plex of grasshoppers and deepen into the understanding of the

evolutionary consequences of dispersal reduction (Harvey et al.

2019).
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