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Abstract
Biological invasions, the establishment and spread of non- native species in new re-
gions, can have extensive economic and environmental consequences. Increased 
global connectivity accelerates introduction rates, while climate and land- cover 
changes may decrease the barriers to invasive populations spread. A detailed knowl-
edge of the invasion history, including assessing source populations, routes of spread, 
number of independent introductions, and the effects of genetic bottlenecks and 
admixture on the establishment success, adaptive potential, and further spread, is 
crucial from an applied perspective to mitigate socioeconomic impacts of invasive 
species, as well as for addressing fundamental questions on the evolutionary dy-
namics of the invasion process. Recent advances in genomics together with the de-
velopment of geographic information systems provide unprecedented large genetic 
and environmental datasets at global and local scales to link population genomics, 
landscape ecology, and species distribution modeling into a common framework to 
study the invasion process. Although the factors underlying population invasiveness 
have been extensively reviewed, analytical methods currently available to optimally 
combine molecular and environmental data for inferring invasive population demo-
graphic parameters and predicting further spreading are still under development. In 
this review, we focus on the few recent insect invasion studies that combine different 
datasets and approaches to show how integrating genetic, observational, ecological, 
and environmental data pave the way to a more integrative biological invasion sci-
ence. We provide guidelines to study the evolutionary dynamics of invasions at each 
step of the invasion process, and conclude on the benefits of including all types of 
information and up- to- date analytical tools from different research areas into a single 
framework.
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1  | INTRODUC TION

Biological invasions are becoming a common feature of ecosystems 
worldwide and are recognized as one of the main driver of biodiver-
sity changes in the recent time (Mollot et al., 2017; Seebens et al., 
2017). The impact of introduced species on invaded communities 
and ecosystem functioning is an ever- growing concern out of the 
scope of the present review, which focuses on population processes 
to show that there is much to gain in integrating various types of 
information (historical, genetic, environmental, phenotypic) and of 
approaches (empirical population studies, laboratory experiments, 
modeling) in invasion studies. The many demo- genetic processes in-
volved during the invasion process have been extensively reviewed 
during the last 20 years (Table S1) and are summarized in Box 1. They 
include the many facets of the introduction modalities, such as the 
origin of populations, the number of independent introductions, and 
admixture/hybridization, and the ecological characteristics of the 
niche, such as climatic conditions, landscape features, and biotic in-
teractions, that will constitute the selective landscape faced by in-
troduced populations.

The genetic characteristics of invasive populations can reflect 
neutral processes such as (i) ancestral divergence of native lineages, 
(ii) demo- genetic dynamics during each step of the invasion pro-
cess (founder effects during introduction, allele surfing during ex-
pansion), and (iii) population connectivity (current gene flow), and/
or adaptive processes such as (iv) preadaptation within the native 
or bridgehead invasive source populations, and (v) postintroduction 
adaptations (adaptation during establishment, spatial sorting during 
expansion, adaptive introgression following admixture/ hybridiza-
tion events) (Box 1). Because the complex demographic processes 
and evolutionary adaptive processes are simultaneously at play, dis-
entangling their respective roles during the invasion process is par-
ticularly challenging (Keller & Taylor, 2008). The recent development 

of high- throughput sequencing (HTS) technologies provides unprec-
edented high- quality genomic datasets to simultaneously address 
these challenges, as both neutral variation and adaptive variation 
are accessible from whole genomes or their simplified representa-
tion. Furthermore, the large amount of information available from a 
single genome allows to precisely measure the genomic composition 
at the individual scale, with no need to sample many individuals per 
population to have access to key population genetics parameters 
such as inbreeding coefficients or genetic structure indices, which 
is particularly appreciable when dealing with invasive populations 
(McCartney et al., 2019; Rius et al., 2015).

Genome- scale datasets have triggered the development of new 
analytical methods able to deal with large amount of information. 
Here, we provide an overview of these methods for addressing (i) 
population structure and colonization routes, (ii) demographic infer-
ences, (iii) local adaptation, and (iv) landscape genetics, the type of 
data used and the software names, and their utility and their limits 
(Table 2; Appendix S1). These methods are either based on probabi-
listic models, summary statistics, and intensive computational simu-
lations (e.g., ABC methods), or on model- free ordination approaches 
(e.g., PCA). These flexible analytical approaches provide detailed 
information on population genetic composition, structure, and de-
mographic parameters. They allow testing alternative demographic 
scenarios at all the spatiotemporal scales required to study complex 
invasion histories, from introduction modalities to spread and local 
adaptation. Only some of these methods explicitly integrate geospa-
tial datasets in addition to genomic datasets to determine landscape 
connectivity or to link adaptive and environmental variation.

While HTS was revolutionizing population genomics, geographic 
information systems were revolutionizing ecology. Species distri-
bution models (SDM, Guisan & Thuiller, 2005) combine known oc-
currence records with digital layers of environmental variables to 
assess potentially suitable area for a given species and to predict its 
future distribution at broad scale. At a more local scale, landscape 
genetics combines landscape features with spatial genetic variation 
to infer population connectivity and identify barriers to dispersal 
(Manel et al., 2003). More direct approaches to study establishment 
and spread (e.g., population growth, dispersal) involve tedious mark– 
recapture– release (MRR) experiments and/or experimental designs 
such as performance measures that cannot be undertaken easily 
with all species. Nonetheless, HTS approaches such as environmen-
tal DNA and metabarcoding can also be useful to study the distri-
bution and spread dynamics of invasive species (Piper et al., 2019). 
Although these genomic, ecological, and experimental approaches 
have been undertaken in different studies, none have included all 
these sources of information into a single framework. This frame-
work should also be able to infer the evolutionary history of a bi-
ological invasion and all the associated demo- genetic parameters: 
origin(s) and date(s) of introduction(s), colonization route(s), propa-
gule pressure, admixture, changes in population size, and dispersal 
speed, and to identify environmental parameters acting as barriers/
corridors, as well as adaptive traits and genes that underlie invasion 
success.

BOX 1 Demo- genetic and evolutionary processes 
during biological invasion

Species that succeed in establishing and expanding outside 
their initial range have long been viewed as a genetic para-
dox (Sax & Brown, 2000). Yet, this view is currently chal-
lenged by the interplay between genetic, demographic, 
and environmental factors shown to underlie the invasion 
success (Bock et al., 2015; Estoup et al., 2016; Facon et al., 
2006). The impacts of these factors on the genetic vari-
ability within and between invasive populations and their 
source(s), and their role in the establishment or expansion 
of invasive species have been largely reviewed (Table 1 
and S1). Population processes are governed by spatial and 
temporal patterns. Their understanding therefore requires 
a good knowledge of the invasion history (relevant genetic 
units to compare).
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TA B L E  1   Processes explaining the genetic diversity of introduced populations and the genetic differentiation among invasive populations 
or between invasive populations and their source(s)

Term Description Consequence

Founder effect Subsampling of the gene pool of the source population 
increasing the probability to undergo genetic bottleneck 
(increased influence of genetic drift) (Sakai et al., 2001)

Reduced genetic diversity in the introduced 
population and change in allelic frequencies 
between the introduced population and its 
source

Genetic bottleneck Loss of low- frequency alleles due to genetic drift resulting 
in an inbreed progeny accumulating recessive deleterious 
mutations (genetic load)

Reduced genetic diversity and mean fitness 
(inbreeding depression (Charlesworth & 
Willis, 2009)) of the introduced population

Purge of genetic load Purge of homozygous deleterious alleles reducing genetic 
load (Glémin, 2003)

Increased fitness of the genetically reduced 
introduced population (bottleneck of 
intermediate intensity) compared to its 
source

Expansion load Increased deleterious genetic diversity in expanding wave 
fronts due to successive bottlenecks (spatial pattern) during 
expansion (Peischl & Excoffier, 2015)

Reduction of genetic diversity in edge 
populations compared to their source (core) 
and progressive differentiation due to the 
stochastic fixation of alleles (allele surfing 
(Excoffier & Ray, 2008))

Multiple introductions 
(temporal)

Several independent introduction events at the same location 
(Dlugosch & Parker, 2008)

See propagule pressure for multiple 
introductions from one source, and 
admixture for multiple introductions from 
several sources

Multiple introductions (spatial) Several independent introduction events at different 
locations (independent histories) (Dlugosch & Parker, 2008)

Genetic differentiation between introduced 
populations results from distinct origin 
(multiple sources) or demographic features 
(one source)

Propagule pressure Introduction effort at one location from one source: number 
of individuals in each introduction event (propagule size) 
and number of introduction events (propagule number) 
(Lockwood et al., 2005)

Propagule size determines the founding 
genetic diversity and propagule number 
maintains initial genetic diversity by 
reintroducing alleles lost through genetic 
drift

Admixture/Hybridization Interbreeding following independent introduction events 
at one location (temporal pattern) or secondary contact 
between expanding populations (spatial pattern) within 
species or between introduced populations and another 
species

Increased genetic diversity that can alleviate 
the negative effects of bottlenecks through 
the masking of genetic load (heterosis) 
and create novel genetic combinations 
with new combinations of traits (neutral 
introgression) (Mesgaran et al., 2016; Rius & 
Darling, 2014)

Bridgehead effect Successful invasive populations in any geographic area serve 
as the source for new introductions (Lombaert et al., 2010), 
both at intra-  and at intercontinental scales

Self- accelerating invasion process: 
advantageous changes at the bridgehead 
population further increase invasiveness 
(Bertelsmeier & Keller, 2018)

Preadaptation Introduced population retained the ecological niche of its 
source (niche conservatism) and phenotypic traits required 
to invade preexist in the source population (Hufbauer et al., 
2012; Mack, 2003)

Introduced population diversity depends 
on the demographic features during 
introduction but adaptive traits depend on 
the history of the source population

Post- introduction adaptation The introduced population displays evidence of rapid 
adaptation in response to any change in the environmental 
niche (niche shift) of its source (Lee, 2002; Prentis et al., 
2008)

Both diversity and adaptive traits depend 
on the demographic features during 
introduction. Propagule pressure and 
admixture/hybridization increase genetic 
variance that natural selection can act upon 
(compared to de novo mutation)

Adaptive introgression Gene flow (admixture/hybridization) provides functional 
adaptive alleles that are incorporated in the gene pool of the 
recipient introduced population (Largiadèr, 2008)

Introduced population diversity depends 
on the demographic features during 
introduction but adaptive traits are 
inherited from the donor taxa

Spatial sorting Increased dispersal abilities in low- density inbred populations 
as the result of natural selection during expansion (Phillipds 
& Perkins, 2019)

Acceleration of the expansion speed despite 
lower genetic diversity in expanding 
populations than in its source (core)



1466  |     SHERPA And dESPRÉS

TA
B

LE
 2

 
N

on
ex

ha
us

tiv
e 

lis
t o

f m
et

ho
ds

 u
se

d 
fo

r e
xa

m
in

in
g 

ev
ol

ut
io

na
ry

 p
ro

ce
ss

es
 in

 th
e 

co
nt

ex
t o

f b
io

lo
gi

ca
l i

nv
as

io
ns

 b
as

ed
 o

n 
ge

ne
tic

 d
at

a.
 M

or
e 

de
ta

ils
 o

n 
th

e 
us

e 
an

d 
lim

its
 a

re
 

pr
ov

id
ed

 in
 A

pp
en

di
x 

S1

U
se

 to
 d

et
ec

t/
in

fe
r

So
ft

w
ar

e 
im

pl
em

en
ta

tio
n

U
se

d 
in

fo
rm

at
io

n/
in

de
x

M
od

el
s/

ap
pr

oa
ch

Ty
pe

 o
f d

at
aa  

Re
fe

re
nc

e

Po
pu

la
tio

n 
st

ru
ct

ur
e/

Co
lo

ni
za

tio
n 

ro
ut

es

Ph
yl

og
en

et
ic

 
re

la
tio

ns
hi

ps
R

A
xM

L
Ph

yl
og

en
et

ic
 tr

ee
s

M
ax

im
um

 li
ke

lih
oo

d
M

ul
tip

le
 s

eq
ue

nc
e 

al
ig

nm
en

t
St

am
at

ak
is

 e
t a

l. 
(2

00
8)

G
en

et
ic

 s
tr

uc
tu

re
 o

f 
po

pu
la

tio
ns

R 
(h

ie
rf

st
at

) –
  F

ST
F ST

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

D
ip

lo
id

 m
ul

til
oc

us
 g

en
ot

yp
es

G
ou

de
t (

20
05

)

A
rle

qu
in

 –
  A

M
O

VA
F ST

G
en

et
ic

 v
ar

ia
nc

e 
pa

rt
iti

on
in

g
M

ul
tip

le
 s

eq
ue

nc
e 

al
ig

nm
en

t
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Ex

co
ff

ie
r e

t a
l. 

(2
00

5)

ST
RU

C
TU

RE
A

ss
ig

nm
en

t
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Pr

itc
ha

rd
 e

t a
l. 

(2
00

0)

R 
(L

EA
) –

  S
N

M
F

A
ss

ig
nm

en
t

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

SN
Ps

Fr
ic

ho
t e

t a
l. 

(2
01

4)

A
D

M
IX

TU
RE

A
ss

ig
nm

en
t

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

SN
Ps

A
le

xa
nd

er
 e

t a
l. 

(2
00

9)

R 
(a

de
ge

ne
t) 

–  
D

A
PC

A
ss

ig
nm

en
t

O
rd

in
at

io
n 

m
et

ho
ds

 (P
C

A
 +

 D
A

)
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Jo

m
ba

rt
 e

t a
l. 

(2
01

0)

M
ig

ra
tio

n 
ra

te
s

G
en

eC
la

ss
2

A
ss

ig
nm

en
t

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

D
ip

lo
id

 m
ul

til
oc

us
 g

en
ot

yp
es

Pi
ry

 e
t a

l. 
(2

00
4

Ba
ye

sA
ss

A
ss

ig
nm

en
t

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

D
ip

lo
id

 m
ul

til
oc

us
 g

en
ot

yp
es

W
ils

on
 a

nd
 R

an
na

la
 (2

00
3)

M
IG

R
AT

E
A

ss
ig

nm
en

t
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
M

ul
tip

le
 s

eq
ue

nc
e 

al
ig

nm
en

t
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Be

er
li 

(2
00

2

So
ur

ce
 p

op
ul

at
io

ns
D

IY
A

BC
Po

st
er

io
r p

ro
ba

bi
lit

y 
of

 s
ce

na
rio

s
C

oa
le

sc
en

t b
ac

kw
ar

d 
m

od
el

 +
 A

BC
M

ul
tip

le
 s

eq
ue

nc
e 

al
ig

nm
en

t
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
C

or
nu

et
 e

t a
l. 

(2
00

8)

D
em

og
ra

ph
ic

 in
fe

re
nc

es

G
en

et
ic

 d
iv

er
si

ty
 a

nd
 

bo
tt

le
ne

ck
D

na
SP

H
E, 

A
R,

 H
d;

 T
aj

im
a'

s 
D

, F
u'

s 
F,

 F
u 

&
 L

i's
 F

Fr
eq

ue
nc

ie
s-

 ba
se

d 
m

od
el

A
lig

ne
d 

se
qu

en
ce

s
Ro

za
s 

et
 a

l. 
(2

00
3

R 
(h

ie
rf

st
at

) –
  F

IS
C

oe
ff

ic
ie

nt
 o

f c
on

sa
ng

ui
ni

ty
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
G

ou
de

t (
20

05
)

BO
TT

LE
N

EC
K

H
E e

xc
es

s,
 a

lle
le

 fr
eq

ue
nc

y 
di

st
rib

ut
io

n,
 

“M
- r

at
io

” t
es

t
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Pi

ry
 e

t a
l. 

(1
99

9

C
ha

ng
es

 in
 e

ff
ec

tiv
e 

po
pu

la
tio

n 
si

ze
 o

ve
r 

tim
e

D
IY

A
BC

Po
st

er
io

r p
ro

ba
bi

lit
y 

of
 s

ce
na

rio
s

C
oa

le
sc

en
t b

ac
kw

ar
d 

m
od

el
 +

 A
BC

M
ul

tip
le

 s
eq

ue
nc

e 
al

ig
nm

en
t

D
ip

lo
id

 m
ul

til
oc

us
 g

en
ot

yp
es

C
or

nu
et

 e
t a

l. 
(2

00
8)

da
di

Fo
ld

ed
 o

r u
nf

ol
de

d 
SF

S
D

iff
us

io
n 

ap
pr

ox
im

at
io

n
SN

Ps
G

ut
en

ku
ns

t e
t a

l. 
(2

00
9)

St
ai

rw
ay

 p
lo

t
Fo

ld
ed

 o
r u

nf
ol

de
d 

SF
S

C
oa

le
sc

en
t b

ac
kw

ar
d 

m
od

el
SN

Ps
Li

u 
an

d 
Fu

 (2
01

5)

Po
pS

iz
eA

BC
Fo

ld
ed

 S
FS

 +
 R

ec
om

bi
na

tio
n 

(L
D

)
C

oa
le

sc
en

t b
ac

kw
ar

d 
m

od
el

SN
Ps

Bo
ita

rd
 e

t a
l. 

(2
01

6)

PS
M

C
M

ap
pe

d 
se

qu
en

ce
s 

+
 R

ec
om

bi
na

tio
n 

(L
D

)
C

oa
le

sc
en

t b
ac

kw
ar

d 
m

od
el

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

 
(p

ha
se

d)
Li

 a
nd

 D
ur

bi
n 

(2
01

1)

M
SM

C
M

ap
pe

d 
se

qu
en

ce
s 

+
 R

ec
om

bi
na

tio
n 

(L
D

)
C

oa
le

sc
en

t b
ac

kw
ar

d 
m

od
el

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

 
(p

ha
se

d)
Sc

hi
ff

el
s 

an
d 

D
ur

bi
n 

(2
01

4)

SM
C 

+
+

Fo
ld

ed
 S

FS
 +

 R
ec

om
bi

na
tio

n 
(L

D
)

C
oa

le
sc

en
t b

ac
kw

ar
d 

m
od

el
W

ho
le

- g
en

om
e 

ha
pl

ot
yp

es
/S

N
Ps

 
(p

ha
se

d)
Te

rh
or

st
 e

t a
l. 

(2
01

7)
)

A
dm

ix
tu

re
/

H
yb

rid
iz

at
io

n 
ev

en
ts

PC
A

dm
ix

Lo
ca

l a
nc

es
tr

y 
in

fe
re

nc
e

O
rd

in
at

io
n 

m
et

ho
d 

(P
C

A
)

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

/S
N

Ps
 

(p
ha

se
d)

Br
is

bi
n 

et
 a

l. 
(2

01
2) (C

on
tin

ue
s)



     |  1467SHERPA And dESPRÉS

U
se

 to
 d

et
ec

t/
in

fe
r

So
ft

w
ar

e 
im

pl
em

en
ta

tio
n

U
se

d 
in

fo
rm

at
io

n/
in

de
x

M
od

el
s/

ap
pr

oa
ch

Ty
pe

 o
f d

at
aa  

Re
fe

re
nc

e

Tr
ee

M
ix

Ph
yl

og
en

et
ic

 tr
ee

s 
an

d 
an

ce
st

ry
 

co
ef

fic
ie

nt
s

M
ax

im
um

 li
ke

lih
oo

d
D

ip
lo

id
 m

ul
til

oc
us

 g
en

ot
yp

es
Pi

ck
re

ll 
an

d 
Pr

itc
ha

rd
 

(2
01

2)

RF
M

ix
Lo

ca
l a

nc
es

tr
y 

in
fe

re
nc

e
Ra

nd
om

 F
or

es
t

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

 
(p

ha
se

d)
M

ap
le

s 
et

 a
l. 

(2
01

3)

Lo
te

r
Lo

ca
l a

nc
es

tr
y 

in
fe

re
nc

e
N

ea
re

st
- N

ei
gh

bo
r a

pp
ro

ac
h

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

 
(p

ha
se

d)
D

ia
s-

 A
lv

es
 e

t a
l. 

(2
01

8)

A
dm

ix
To

ol
s

D
 (A

BB
A-

 BA
BA

), 
f-

 st
at

is
tic

s
To

po
lo

gy
 te

st
s

SN
Ps

Pa
tt

er
so

n 
et

 a
l. 

(2
01

2)

C
om

p-
 D

D
 (A

BB
A-

 BA
BA

), 
f-

 st
at

is
tic

s
To

po
lo

gy
 te

st
s

W
ho

le
- g

en
om

e 
ha

pl
ot

yp
es

 
(p

ha
se

d)
M

us
sm

an
n 

et
 a

l. 
(2

01
9)

A
da

pt
iv

e 
ge

no
m

ic
s

Pu
ta

tiv
e 

ad
ap

tiv
e 

lo
ci

Ba
ye

Sc
an

F ST
 o

ut
lie

rs
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
A

lle
le

 fr
eq

ue
nc

ie
s

Fo
ll 

an
d 

G
ag

gi
ot

ti 
(2

00
8)

R 
(O

ut
FL

A
N

K
)

F ST
 o

ut
lie

rs
Fr

eq
ue

nc
ie

s-
 ba

se
d 

m
od

el
SN

Ps
W

hi
tlo

ck
 a

nd
 L

ot
te

rh
os

 
(2

01
5)

R 
(p

ca
da

pt
)

PC
 o

ut
lie

rs
O

rd
in

at
io

n 
m

et
ho

d 
(P

C
A

)
SN

Ps
, a

lle
le

 fr
eq

ue
nc

ie
s

Lu
u 

et
 a

l. 
(2

01
7)

Pu
ta

tiv
e 

ad
ap

tiv
e 

lo
ci

 
sh

ow
in

g 
as

so
ci

at
io

n 
w

ith
 e

nv
iro

nm
en

t

Ba
ye

Sc
En

v
G

en
ot

yp
e–

 en
vi

ro
nm

en
t a

ss
oc

ia
tio

n
Ba

ye
si

an
 m

et
ho

d 
(u

ni
va

ria
te

)
A

lle
le

 fr
eq

ue
nc

ie
s 

+
 o

ne
 

en
vi

ro
nm

en
ta

l/p
he

no
ty

pi
c 

va
ria

bl
e

D
e 

V
ill

em
er

eu
il 

an
d 

G
ag

gi
ot

ti 
(2

01
5)

Ba
yP

as
s

G
en

ot
yp

e–
 en

vi
ro

nm
en

t a
ss

oc
ia

tio
n

Ba
ye

si
an

 m
et

ho
d 

(u
ni

va
ria

te
)

A
lle

le
 fr

eq
ue

nc
ie

s 
+

 o
ne

 
en

vi
ro

nm
en

ta
l/p

he
no

ty
pi

c 
va

ria
bl

e

G
au

tie
r (

20
15

)

R 
(L

EA
) –

  L
FM

M
G

en
ot

yp
e–

 en
vi

ro
nm

en
t a

ss
oc

ia
tio

n
Ba

ye
si

an
 m

et
ho

d 
(u

ni
va

ria
te

)
A

lle
le

 fr
eq

ue
nc

ie
s 

+
 o

ne
 

en
vi

ro
nm

en
ta

l/
 p

he
no

ty
pi

c 
va

ria
bl

e

Fr
ic

ho
t e

t a
l. 

(2
01

3)

Va
ria

nc
e 

at
 p

ut
at

iv
e 

ad
ap

tiv
e 

lo
ci

 
co

ns
tr

ai
ne

d 
by

 
en

vi
ro

nm
en

t

R 
(rd

ad
ap

t)
G

en
ot

yp
e–

 en
vi

ro
nm

en
t a

ss
oc

ia
tio

n
O

rd
in

at
io

n 
m

et
ho

d 
(m

ul
tiv

ar
ia

te
)

SN
Ps

 +
en

vi
ro

nm
en

ta
l +

 
ge

og
ra

ph
ic

 d
at

as
et

s
C

ap
bl

an
cq

 e
t a

l. 
(2

01
8)

R 
(g

dm
)

G
en

ot
yp

e–
 en

vi
ro

nm
en

t a
ss

oc
ia

tio
n

G
en

er
al

iz
ed

 d
is

si
m

ila
rit

y 
m

od
el

in
g

G
en

et
ic

 +
en

vi
ro

nm
en

ta
l +

 
ge

og
ra

ph
ic

 d
is

ta
nc

e 
m

at
ric

es
M

an
io

n 
et

 a
l. 

(2
01

7)

La
nd

sc
ap

e 
ge

ne
tic

s

Is
ol

at
io

n 
by

 d
is

ta
nc

e 
or

 re
si

st
an

ce
R 

(v
eg

an
) –

  m
an

te
l

D
is

si
m

ila
rit

y-
 ba

se
d 

an
al

ys
is

M
an

te
l t

es
ts

G
eo

gr
ap

hi
c/

re
si

st
an

ce
 +

ge
ne

tic
 

di
st

an
ce

 m
at

ric
es

O
ks

an
en

 e
t a

l. 
(2

00
7)

R 
(e

co
di

st
) –

  M
RM

D
is

si
m

ila
rit

y-
 ba

se
d 

an
al

ys
is

M
ul

tip
le

 re
gr

es
si

on
G

eo
gr

ap
hi

c/
re

si
st

an
ce

 +
ge

ne
tic

 
di

st
an

ce
 m

at
ric

es
Li

ch
st

ei
n 

(2
00

7)

Is
ol

at
io

n 
by

 b
ar

rie
rs

SP
LA

TC
H

E 
3

Sp
at

ia
l g

en
et

ic
 s

tr
uc

tu
re

Sp
at

ia
lly

 e
xp

lic
it 

co
al

es
ce

nt
 m

od
el

G
eo

re
fe

re
nc

ed
 m

ul
til

oc
us

 
ge

no
ty

pe
s

C
ur

ra
t e

t a
l. 

(2
01

9)

G
en

el
an

d
Sp

at
ia

l g
en

et
ic

 s
tr

uc
tu

re
M

ap
 o

f p
op

ul
at

io
n 

m
em

be
rs

hi
p

G
eo

re
fe

re
nc

ed
 m

ul
til

oc
us

 
ge

no
ty

pe
s

G
ui

llo
t e

t a
l. 

(2
00

5)

Lo
ca

lD
iff

Sp
at

ia
l g

en
et

ic
 s

tr
uc

tu
re

Ba
ye

si
an

 k
rig

in
g

G
eo

re
fe

re
nc

ed
 m

ul
til

oc
us

 
ge

no
ty

pe
s

D
uf

or
et

- F
re

bo
ur

g 
an

d 
Bl

um
 

(2
01

4)

TA
B

LE
 2

 
(C

on
tin

ue
d)

(C
on

tin
ue

s)



1468  |     SHERPA And dESPRÉS

Here, we provide an overview of the demo- genetic and adaptive 
processes involved at each step of biological invasions, highlighting 
the approaches and type of information that are needed to fully 
describe the invasion process, including historical records (detec-
tion time series), demographic inferences (source populations, col-
onization routes, changes in population size overtime), phenotypic 
measures (fitness traits, dispersal abilities), environmental char-
acterization of source versus invaded areas (niche comparisons), 
identification of traits and genes involved in adaptation to the novel 
environment, and their evolutionary history (de novo mutations, 
pre- adaptations, admixture/hybridization). We discuss the limits 
and advantages of each of these approaches, from data collection 
to analytical methods, highlight their complementarity, and identify 
gaps in our knowledge that need to be filled in order to reach a fully 
integrative understanding of biological invasion. We structured our 
review according to the chronological steps of the invasion process 
although we are aware that assigning the invasive steps can be chal-
lenging or may vary in space for a given species.

Among the most invasive taxa, insects represent one of the main 
threats to socioeconomic systems, as they can have strong impacts 
on forest and crop productions and on domestic animals and human 
health. As a consequence, insect invasions are among the most doc-
umented invasive systems (Garnas et al., 2016; Kirk et al., 2013; 
Liebhold & Tobin, 2008; Renault et al., 2018; Roques et al., 2016), 
with in some cases a good knowledge of the history of introduction 
and spread thanks to dedicated monitoring structures (e.g., public or 
private health agencies, crop production companies). In addition to 
detailed occurrence datasets, phenotypic variation and fitness com-
ponents can be measured in field or controlled experimental settings 
relatively easily given the small size and generation time of insects. 
We take advantage of the large body of literature available on insect 
invasions and on a few particularly well- studied cases to illustrate 
how combining different datasets and approaches can substantially 
improve our understanding of the invasion process. We focus on in-
sect invasions as model systems but the proposed framework can be 
applied to any biological invasion.

2  | IDENTIFIC ATION OF SOURCE 
POPUL ATIONS

The identification of source populations and colonization routes is 
the first and key step to perform in order to be able to address all 
the following steps of the invasion process (Estoup & Guillemaud, 
2010). Introduced populations are expected to be genetically 
closer to their source than to any other population. Thus, the 
source of introductions has been classically deduced using popu-
lation genetics methods (Excoffier & Heckel, 2006 for a review; 
Table 2). However, these methods do not account for demographic 
stochasticity (bottleneck) and complex introduction histories (mul-
tiple introductions and admixture) (Estoup & Guillemaud, 2010; 
Fitzpatrick et al., 2012; Appendix S1). Coalescent modeling cou-
pled with ABC allows testing for different introduction scenarios, U
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involving population split, size changes (bottleneck, expansion) 
and admixture events, and their timing. This framework is the 
most commonly used for reconstructing invasion routes nowadays 
(Garnas et al., 2016 and references therein; Fraimout et al., 2017; 
Lesieur et al., 2019; Sherpa, Blum, Capblancq, et al., 2019), but re-
quires a rigorous design of the sampling, of alternative scenario 
topologies and of prior parameters.

2.1 | Potential sources based on genetic data

The accurate estimation of the number of introduction events and 
identification of source populations strongly rely on the sampling 
design within native and invasive ranges (Cristescu, 2015; Estoup & 
Guillemaud, 2010). Ideally, sampling should be representative of the 
whole native range and should include not only the studied invaded 
area but also all previously invaded areas in order to consider bridge-
head scenarios (Lombaert et al., 2010). Introduced populations may 
be genetically identical to their source especially when introduction 
is recent or when propagule pressure is high (null model). The ge-
netic differentiation between the focal population and all potential 
sources can reflect the introduction modalities, such as founder ef-
fect and subsequent changes in genetic variation over time through 
genetic drift and multiple introductions. Thus, the less the time 
elapsed between first detection and sampling, the higher the prob-
ability of identifying the precise source population (Geller et al., 
2010). Sampling intensity also influences the probability of iden-
tifying the source population (Cristescu, 2015; Geller et al., 2010). 
Broadscale phylogeographic patterns provide the required knowl-
edge for designing the adequate sampling and alternative scenario 
topologies (Figure 1). However, the native and invasive areas can be 
very large especially for human- mediated invasions, leading to two 
methodological issues.

The first lies on the existence of a large number of genetically 
distinct populations. ABC methods require to pool individuals into 
genetically homogeneous samples between which the evolutionary 
relationships are tested. It is therefore advisable to first use classical 
population genetics methods to properly define the genetic samples 
to be used for demographic inferences (Lombaert, Guillemaud, et al., 
2014). Given the large number of plausible introduction scenarios, 
conducting a step- by- step analysis guided by genetic structure is 
recommended in order to limit the number of scenarios being simul-
taneously tested (Kerdelhué et al., 2014; Ryan et al., 2019; Sherpa, 
Blum, Capblancq, et al., 2019). The second consequence is the dif-
ficulty to explore exhaustively the ranges outside the studied area. 
When not much is known about the origin of an invasion or when 
the true source has not been sampled, including an unsampled 
‘ghost population’ is particularly useful (Estoup & Guillemaud, 2010). 
The construction of complex scenarios involving ghost populations 
should be done with caution because past changes in effective pop-
ulation size (Ne) should not exceed the time frame allowed by priors 
(based on time since introduction and mutation rate). A thorough 
evaluation of the quality of the models and conducting independent 

ABC analyses on several sample sets can give confidence in the 
results (Cornuet et al., 2010; Lombaert, Guillemaud, et al., 2014; 
Appendix S1). Finally, hybridization of the introduced species with 
local native related taxa can make the detection of the source pop-
ulation more challenging and can have major consequence on the 
genetic variability and invasion dynamics of the introduced popula-
tions. These consequences vary with the strength of the reproduc-
tive barrier, which may actually be weaker than previously thought, 
as exemplified by hybridization between introduced and native taxa 
that have diverged in allopatry. There are numerous examples of 
these anthropogenic hybridizations both in introduced plants and 
animals (Ellstrand & Schierenbeck, 2000; McFarlane & Pemberton, 
2019).

2.2 | Potential sources based on historical records

Occupancy- detection data represent an important source of infor-
mation for reconstructing colonization routes (Estoup & Guillemaud, 
2010) but not yet fully exploited in genetic studies. Occupancy- 
detection data include dated introductions (first detection of the 
species) and observational data without knowledge of the first oc-
cupancy date (occurrences). Occurrence data inform about the dis-
tribution ranges and can help designing a representative molecular 
sampling. For a few species having economic or public health impact, 
monitoring programs provide high- quality detection time- series 
datasets from early introductions to further expansion (Figure 1). For 
example, dated introductions were coupled with genomic data to re-
construct the European invasion history of the Asian tiger mosquito 
Aedes albopictus (Sherpa, Blum, Capblancq, et al., 2019). The spatial 
expansion of the species was inferred from geographically plausible 
scenarios (i.e., the most likely origin is in geographically close previ-
ously invaded areas) that incorporate the dates of introduction as 
priors in the ABC analysis. Unfortunately, well- documented histori-
cal records are not available for most invasive species.

Historical records can also provide hypothetical routes of col-
onization and identify potential historical sources prior to molecu-
lar sampling (Figure 1). For example, using only ant interceptions at 
airports and seaports between 1914 and 2013, Bertelsmeier et al. 
(2018) showed that a large number of ant species have probably 
been introduced according to a bridgehead scenario. Recent re-
constructions of insect invasion histories shed light on the central 
role of international trade networks in biological invasions. For in-
stance, A. albopictus, Drosophila suzukii, and Harmonia axyridis share 
the same bridgehead invasion scenario, from Eastern Asia to North 
America (NAM) and then to Europe (Fraimout et al., 2017; Lombaert, 
Guillemaud, et al., 2014; Sherpa, Blum, Capblancq, et al., 2019). Data 
on freight routes (e.g., the Port Information Network database for 
the United States, Mccullough et al., 2006) could be used to estimate 
the likelihood of introduction from an area based on trans-  or con-
tinental trade partners, especially when the mode of transportation 
is known (e.g., crops, ornamental plants or tires traders, biocontrol 
strains).
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2.3 | Potential sources based on ecological niches

Ecological similarities encountered by different and geographically 
isolated populations can select for similar evolutionary solutions. 
Thus, fitness- related traits that evolved in response to ecological 
constraints in a given geographic area should allow populations to 
perform well in all the ecologically similar regions they do not yet 
occupy (i.e., niche conservatism; Wiens & Graham, 2005). Neutral 
genetic variation does not provide any information on the niche 
occupied by populations. In biological invasions, SDM constitutes 
a powerful method to predict species potential distribution and to 
anticipate invasion risks (Peterson, 2003). Observational data could 
thus be used to assess the overlap between the distribution ranges 
predicted by several models: one calibrated using occurrences in the 
invaded area and a series of models calibrated using occurrences in 
each potential ecological source. This approach can be applied with-
out prior knowledge on colonization routes but requires describ-
ing the spatial distribution of neutral genetic variability among all 
potential sources (Figure 1). The width of the range overlap gives 
an indication of the probability of establishment of each potential 

ecological source under the niche conservatism hypothesis (null 
model). Incorporating historical data such as transportation net-
works and the environmental characteristics in two connected areas 
can also provide information on the probability of introduction and 
establishment (Tatem & Hay, 2007). The molecular sampling used 
for reconstructing colonization routes and identify potential genetic 
sources should (at least) include all the potential source areas where 
populations have a high probability of establishment in the studied 
invaded area (historical and ecological sources).

3  | THE IMPAC T OF INTRODUC TION 
MODALITIES

Understanding the impact of introduction modalities on invasion 
success requires to (i) identify the most likely source population(s) 
(colonization routes), (ii) describe the introduction dynamics: levels 
of genetic diversity in introduced populations and their source(s) 
or bottleneck intensity (demographic inferences), and (iii) examine 
the relationship between introduction modalities, the changes in 

F I G U R E  1   Types of information needed to identify the potential source populations: genetic, historical, and ecological. Blue: genetic 
variability, orange: dated introductions, green: observational and environmental data. For the illustration, the native range of the species is 
North America. There are five invaded ranges: Africa, Asia, South America, Australia, and Europe, and the studied invaded area is Europe. 
ABC scenario topologies are designed based on genetic hypotheses only: genetic similarities among populations (blue) from a representative 
sampling of the whole distribution range or a reduced sampling based on the likelihood of introduction (orange, no sampling in South 
America due to low proportion of interceptions) and/or establishment (green, sampling restricted to North America and Asia because 
predicted invaded ranges from these populations include Europe)
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demographic features, and the successful establishment (pheno-
typic experiments) (Box 2).

3.1 | Introduction modalities based on 
demographic inferences

A large number of methods have been developed to reconstruct 
the demographic history of populations from genetic data (Salmona 
et al., 2017). In invasion genetics, population demographic param-
eters have been classically measured by population genetic diversity 
indices and testing the deviation from mutation- drift equilibrium 
(Peery et al., 2012; Table 2). The ABC methods allow estimating cur-
rent Ne and bottleneck intensity and duration. Several studies have 
tested for a bottleneck just after introduction by simulating a re-
duction in Ne during few generations followed by a larger stable Ne 
(Facon, Hufbauer, et al., 2011; Kerdelhué et al., 2014; Sherpa, Blum, 
Capblancq, et al., 2019). However, this approach has its own limita-
tions because it requires discrete times for contraction/expansion 

or admixture events, and the proper design of prior distributions for 
all parameters (the coalescent Ne varies with the expected time of 
coalescence).

Several coalescent methods have been developed to reconstruct 
continuous fluctuations in Ne over time (Beichman et al., 2018). 
These methods rely on the use of summary statistics, such as the site 
frequency spectrum (SFS), the linkage disequilibrium (LD) at different 
physical distances, or both (Table 2; Appendix S1). Particularly useful 
for timing deep demographic events for a limited number of samples 
(Mather et al., 2020), they are probably not appropriate for study-
ing invasion timescales. Most of the assumptions of these meth-
ods (i.e., panmixy, no migration) are violated in the case of invasive 
populations because recent history often comprises inbreeding or 
multiple introductions. Analyzing genetically homogeneous groups 
may reduce the confounding effect of population structure in demo-
graphic inferences (Chikhi et al., 2010) but recent migration (multiple 
introductions) can create artifacts of population contraction. Most 
of these methods require a high- quality reference genome assembly 
but RADseq datasets seem to contain the coalescent information 

BOX 2 The demo- genetics of Harmonia axyridis invasions

Routes of colonization

From its native Asian range, the Arlequin ladybird H. axyridis has been intentionally introduced for biological control establish-
ing wild populations in America, Europe, and Africa. Historical data on biocontrol practices and the reconstruction of colonization 
routes from genetic data demonstrated a bridgehead scenario, involving the colonization of NAM from both Eastern and Western 
Asia (admixture event 1) that served as the source for the South American (SAM), South African (SAF), and European (EU) invasions 
(Lombaert et al., 2010). European invasive populations display traces of admixture between NAM and a biological control strain (BIO) 
used in Europe (admixture event 2) (Figure 2).

Demo- genetic dynamics of the introduction

Haplotype diversity estimated from single DNA locus (mitochondrial DNA) reveals a reduced number of haplotypes among inva-
sive populations as compared to the native ones (Blekhman et al., 2020) confirming their most likely same NAM origin (Blekhman 
et al., 2020; Lombaert et al., 2010). Diversity estimates from multilocus microsatellites support the role of introduction modalities 
with lower allelic richness in single introductions from NAM (SAM and SAF) and higher expected heterozygosity in EU than in both 
parents (BIO and NAM) (Lombaert, Guillemaud, et al., 2014). Based on the topology of introductions (Facon, Hufbauer, et al., 2011) 
computed ABC analysis to infer the demographic parameters during introduction in NAM and found a bottleneck of intermediate 
intensity (150 individuals and 20 generations).

Relationship between introduction modalities and establishment success

Colonization routes and demographic inferences were used to recreate (controlled crosses) the introduction history and better 
understand the role of admixture (heterosis) and inbreeding (purge of genetic load). F1 hybrids display higher (Facon, Crespin, et al., 
2011) or intermediate (Turgeon et al., 2011) scores for fitness traits (e.g., developmental time, body length) as compared to parental 
ones (Figure 2). The experimental and wild EU populations exhibit different trait values, suggesting no fixed heterosis (Turgeon 
et al., 2011). Successful introductions in other continents (SAM and SAF) only involved a single NAM source (Lombaert et al., 2010). 
Further controlled crosses performed to evaluate offspring performance from within-  (inbred) and between-  (outbred) population 
crosses found evidence for reduced inbreeding depression in invasive populations (Facon, Hufbauer, et al., 2011; Tayeh et al., 2013). 
Introduction modalities in NAM correspond to the most favorable conditions for the purging of genetic load through drift, while 
strong bottlenecks most of the times lead to fixation of deleterious alleles (Laugier, 2013).
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to reconstruct introduction histories (Liu & Hansen, 2017; Sherpa 
et al., 2018).

Effective population size is not a direct estimate of population 
invasiveness but can be used to evaluate the relationship between 
introduction modalities and the result of an introduction based on 
correlative patterns. Do highly diverse introduced populations tend 
to initiate more often secondary introductions (number of events) 
and/or spread farther or faster (geographic distance or occupied 
area) than low- diversity ones? Concerning the evolution of fitness 
in introduced populations, the genetic load can be estimated from 
genomic data (Henn et al., 2015), for example by screening the ac-
cumulation of deleterious mutations at genes involved in reproduc-
tive traits. Long- established invasive populations are expected to 
accumulate new deleterious mutations masking initial genetic load 
purging in natural populations, except if a key temporal sampling can 
be performed in order to compare the genetic composition of the 
intercepted migrants arriving in the new range and the established 
population after several generations.

3.2 | Introduction modalities based on phenotypic 
experiments

Population genetics studies revealed that propagule pressure might 
be common in insect invasions (Lockwood et al., 2005) but distin-
guishing large founding size and diversity from propagule number 
is impossible from molecular data. Admixture is often observed in 
invasive species that have undergone extreme range expansions 
(Fraimout et al., 2017; Lesieur et al., 2019; Sherpa, Blum, Capblancq, 
et al., 2019) supporting the heterosis hypothesis but only quantita-
tive genetics studies can effectively address its role in the invasion 
success. Finally, several studies found genetic diversity loss between 
introduced populations and their source (Garnas et al., 2016; Uller & 
Leimu, 2011), which did not necessarily prevent some introductions 
to successfully establish (Arca et al., 2015; Puillandre et al., 2008; 
Schmid- Hempel et al., 2007; Zayed et al., 2007). Based on the re-
lationship between genetic diversity and the evolution of genetic 
load and inbreeding depression (Kirkpatrick & Jarne, 2000), one 

F I G U R E  2   Types of information needed to reconstruct and test the role of introduction modalities in the invasion success using studies 
in H. axyridis. Blue: genetic variability, orange: historical data, gray: phenotypic data, and light red: simulated data. Photo from https://
commo ns.wikim edia.org/wiki/File:Harmo nia_axyri dis_(Pallas_1773).png (CC BY- SA 4.0). Figures adapted from cited literature. References 
[1] Lombaert et al. (2010); [2] Blekhman et al. (2020); [3] Lombaert, Guillemaud, et al. (2014)); [4] Facon, Hufbauer, et al. (2011)); [5] Facon, 
Crespin, et al. (2011)); [6] Turgeon et al. (2011); [7] Tayeh et al. (2013); [8] Laugier, (2013).
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could explain the latter pattern by inbreeding- by- environment in-
teractions (Schrieber & Lachmuth, 2017) or by deleterious mutation 
purging (Glémin, 2003) in the absence of environmental filtering. 
However, assessing inbreeding depression in introduced populations 
requires measuring individual fitness traits in addition to inbreeding 
coefficients (Hoffman et al., 2014; Kardos et al., 2016).

Quantitative genetic experiments have been useful to give a the-
oretical understanding of the role of propagule pressure, admixture 
events, and the purging of genetic load in the invasion success. However, 
theoretical results are difficult to apply to invasive populations because 
(i) only successfully established populations are observed, and (ii) demo-
graphic parameters such as population growth or bottleneck intensity 
are hardly measurable in the field. For example, quantifying population 
growth in natural populations would require tedious MRR experiments 
as soon as new arrivals have been detected and over several genera-
tions and then compare the outcome of each detection with the recon-
structed invasion history (number of sources and founding diversity). 
Experimental introductions manipulating the genetics and demography 
simultaneously have shown that establishment success (i.e., successful 
reproduction and population growth) increases with the density and/or 
diversity of founders but depends on the species (Szűcs et al., 2014 and 
references therein). Using the knowledge provided by both colonization 
routes and demographic inferences to design phenotypic experiments 
makes it possible to test the impact of observed demographic changes 
for one specific introduction event while comparing relevant genetic 
units (introduced and source populations). For example, controlled 
crosses in H. axyridis evaluated the respective roles of admixture and 
inbreeding in reducing the genetic load in invasive populations (Box 2, 
Figure 2). Modeling the evolution of allele frequencies allows predict-
ing which combination of demographic parameters during introduction 
may favor the purging of highly deleterious alleles but not to predict the 
outcome of an introduction as the evolution of genetic load (accumu-
lation of slightly deleterious or highly recessive alleles in the genome) 
through drift is a stochastic process.

4  | THE E X TENT AND OUTCOME OF 
ENVIRONMENTAL FILTERING

Understanding the genetic basis of traits involved in the rapid ad-
aptation of introduced populations is a major objective in invasion 
genetics. General guidelines integrating several steps highlight the 
benefit of using complementary approaches and various types of data 
(Bertelsmeier & Keller, 2018; Hufbauer et al., 2012; Rey et al., 2012). 
The first step is to reconstruct the colonization routes, because any 
adaptive genetic variant within the introduced range can simply re-
flect the preexisting variation within the source range. The second 
step is to demonstrate that established populations faced new se-
lective pressures during the colonization process. The classically pro-
posed third step is to perform phenotypic analyses (Bertelesmeier 
& Keller, 2018; Rey et al., 2012). In contrast, we recommend to first 
search for genomic signatures of selection and then perform fitness 
comparison of the divergent genotypes (Swaegers et al., 2015).

4.1 | Environmental filtering based on 
ecological niches

Before questioning the role of adaptive evolution in promoting in-
vasion, it is important to quantify the level of environmental con-
straints faced during introduction. Two main approaches can be used 
to compare niches between invaded and source ranges: ordination- 
based methods and SDM (Broennimann et al., 2012). Both ap-
proaches have weakness and strengths, and several metrics in each 
approach allow evaluating niche changes (Guisan et al., 2014). Most 
comparisons of climatic niches have been performed between global 
invasive and native ranges (Guisan et al., 2014). However, because 
introduced populations can originate from bridgehead invasive pop-
ulations, this step must be conducted between invaded and source 
(i.e., not native) ranges. Based on colonization routes and SDM over-
laps between climatic niches occupied by the invaded populations 
and their source(s), niche conservatism in climatic tolerance was 
demonstrated in the ant Wasmannia auropunctata (Rey et al., 2012) 
and A. albopictus (Sherpa, Guéguen, et al., 2019). Niche comparisons 
should explore both ordination and SDM techniques as they can 
provide contrasting results (Broennimann et al., 2012). For instance, 
SDM predicted a high stability of the niche during the European 
invasion of A. albopictus whereas PCA- based comparison revealed 
substantial changes (Box 3, Figure 3).

In addition to climate, land- use data and human footprint indexes 
should be considered because adaptations to human- modified habitats 
within the native range might further enhance the likelihood of estab-
lishment into a novel range (Hufbauer et al., 2012). For example, W. au-
ropunctata invasive and native populations living in human- modified 
habitats display a larger thermotolerance than native populations living 
in natural habitats (Foucaud et al., 2013). Furthermore, populations 
in areas frequented by humans are more likely to be transported. In 
A. albopictus, invasive populations only breed in artificial containers, 
which initially results from an ecological shift from natural (tree hole) to 
human- modified (used tires, cemetery vases) environments within its 
native range, and artificial containers are the mode of its introduction 
worldwide. Because the realized niche also includes biotic interactions, 
the absence of parallels between climatic distribution in invaded and 
source ranges may reflect competitive interactions setting each range 
limits (Keane & Crawley, 2002; Stachowicz & Tilman, 2005). The use of 
biotic predictor variables in invasive SDM remains scarce (Berzitis et al., 
2014) probably because it requires knowledge on the suspected inter-
actions. Co- occurrence data (e.g., joint SDM; Norberg et al., 2019) and 
molecular methods (e.g., DNA barcoding; Viard & Comtet, 2015) exist 
to detect potential biotic interactions.

Niche comparisons help defining the temporal and spatial scales 
for detecting adaptive shifts in invasion landscape genomic studies: (i) 
before introduction by studying adaptive variation within the source 
range (preadaptation, e.g., Sherpa, Blum, & Després, 2019), (ii) during 
introduction by comparing the intercepted migrants arriving in the new 
range and its source (selection during transportation, e.g., Briski et al., 
2018), (iii) during establishment by comparing the introduced popula-
tions at primary sites of detection and their source(s) (postintroduction 
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adaptation, e.g., Sherpa, Guéguen, et al., 2019), and/or (iv) during ex-
pansion by comparing range core and range edge populations within 
the invaded range (spatial sorting, e.g., Swaegers et al., 2015).

4.2 | Environmental filtering based on 
landscape genomics

Landscape genomics has become a powerful method to detect the ge-
netic variants under selection out of a large set of molecular markers 
without measuring phenotypes (i.e., genome scans outliers, Beaumont 
& Balding, 2004). A large number of methods have been developed, in-
cluding population- based approaches and individual- based ordination 
methods (Hoban et al., 2016; Li et al., 2017 for reviews; Table 2). The 
controversial topics in landscape genomic studies include the sampling 
strategy, the method, and the test for significance (Li et al., 2017; Manel 
et al., 2012; Appendix S1). Methods using only genetic information are 

based on between- population differentiation and do not link the outlier 
loci to specific environmental variables. They can be useful when the se-
lective pressures are evident or known (Sherpa, Blum, & Després, 2019) 
or when populations have the same neutral genetic background (Cattel 
et al., 2020). However, sampling many individuals per population is re-
quired to accurately estimate allele frequencies. Genome– environment 
association tests are correlative approaches explicitly integrating genetic 
information and environmental variation. Because these methods as-
sume that genes involved in local adaptation present shifts along environ-
mental gradients, sampling multiple populations is required to accurately 
estimate allele frequencies at each position of the environmental gradi-
ent (Sherpa, Guéguen, et al., 2019). The complex demographic history 
of invasive populations, such as stochastic loss of alleles through drift 
and gain of alleles after multiple introductions, can lead to the artifactual 
detection of selection signals (i.e., false positives). Several statistical ap-
proaches nevertheless account for the confounding effect of population 
structure and minimize the false discovery rate (Appendix S1).

BOX 3 The invasion of temperate regions by Aedes albopictus

Routes of colonization and niche comparisons

From its native Asian range, the tiger mosquito A. albopictus has been accidentally introduced in all continents but Antarctica in the 
last decades. The reconstruction of colonization routes demonstrated a bridgehead scenario, involving the colonization of NAM 
from China (CHI) and Japan (JAP) (admixture event 1) that served as the source for the initial colonization of North Italy (NIT), 
and independent introductions from CHI in Albania (ALB, single source) and Central Italy (CIT) (admixture event 2) (Sherpa, Blum, 
Capblancq, et al., 2019). Most SDM studies compared invaded range niches to those of the entire native range without taking the 
origin of populations into account, for example (Cunze et al., 2018). Based on colonization routes and using both SDM and ordina-
tion methods, (Sherpa, Guéguen, et al., 2019) demonstrated an overall good overlap between the niche of introduced and source 
populations (Figure 3).

Genomic signatures of cold adaptation

The success of A. albopictus invading temperate regions has been attributed to the photoperiodic diapause response of eggs al-
lowing the species to survive winters in cold environments. Recent work using NGS technologies (RNA- seq (Huang et al., 2015; 
Poelchau et al., 2013) and RAD- seq (Sherpa et al., 2019)) has provided extensive insight into the genetic basis of this response. 
Transcriptome analyses revealed that thousands of genes are differentially expressed between mosquitoes reared under diapause 
and non- diapause inducing photoperiods (Huang et al., 2015; Poelchau et al., 2013). Landscape genomic analyses of population dif-
ferentiation between three native ecogeographic regions found outlier SNPs located in or near candidate transcripts for diapause 
(Sherpa, Blum, & Després, 2019) (Figure 3). These results suggest that the key ‘genetic toolkit’ for invading temperate regions was 
already present in northern latitude of the native range.

Phenotypic characteristics along temperate gradients

Diapausing populations survive better than non- diapausing populations to cold exposure, with similar response in NAM and JAP 
(Lounibos et al., 2003). Temporal and spatial comparisons of this cold- adapted phenotype along the NAM climatic gradient suggest 
rapid local adaptation after introduction (Lounibos et al., 2003; Medley et al., 2019; Urbanski et al., 2012) (Figure 3). However, the 
lack of knowledge on egg survival along the large native range and on the history of introductions in NAM prevents deciphering be-
tween local adaptation and preadaptation. Future research should focus on the possible establishment of different founding popula-
tions in NAM with different diapause responses, and the genetic variation at diapause genes in invasive populations. For instance, 
genetic studies found genetic differences between southern and northern NAM populations (Kotsakiozi et al., 2017) and multiple 
sources in southeast NAM (Sherpa, Blum, Capblancq, et al., 2019).
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The ultimate aim of landscape genomic studies is the indirect val-
idation of candidate loci through the elucidation of gene function. 
Candidate loci are more likely to be physically linked with the selected 
loci than to be the causal mutation itself (Nordborg & Tavare, 2002), 
but represent a first step in localizing the genes involved in adapta-
tion. Most conclusive studies include molecular markers in both anon-
ymous and candidate regions (i.e., genes coding for traits known to 
be involved in local adaptation) together with functional validation. In 
A. albopictus, transcriptome analyses combined with physiological ex-
periments provided relevant information to identify candidate regions 
for cold adaptation among outlier SNPs (Box 3, Figure 3). Most of in-
vasive species are nonmodel species and the detected candidate loci 
do not have functional annotation. A recent genome- wide association 
study in D. suzukii identified several genes that could be involved in the 
invasion of NAM and Europe (Olazcuaga et al., 2020) based on previ-
ously identified colonization routes (Fraimout et al., 2017). However, 
the lack of functional characterization of the genome and of the envi-
ronmental characteristics of the invaded and source ranges makes the 
interpretation of the results challenging (Olazcuaga et al., 2020).

In invasion studies, admixture/hybridization events are commonly 
characterized using global ancestry coefficients (population structure) 
or using estimation of genomic admixture rates as a component of 
demographic history (colonization routes). However, a large number 
of tools, based on genetic differentiation, local ancestry inference, or 

phylogenetic relationships, have been specifically developed to detect 
recent introgression and to determine the population of origin of in-
trogressed fragments (Table 2; Appendix S1). Introgression of genetic 
variation from a donor species into a recipient can provide adaptive 
advantages, and whole- genome data provided information about the 
role of adaptive introgression in expansion success. For instance, in the 
honey bee Apis mellifera expanding from Africa to Europe and SAM, 
European- derived alleles and positive signatures of selection preferen-
tially located in coding regions were detected in the genome of the most 
invasive SAM lineage (Zayed & Whitfield, 2008). Adaptive introgression 
has also been shown among Anopheles gambiae species complex with 
evidence for stress- related (desiccation, immunity) and insecticide resis-
tance alleles being preferentially transferred from a species to another 
(Clarkson et al., 2014; Fouet et al., 2012; Mendes et al., 2010).

4.3 | Environmental filtering based on phenotypic 
experiments

The functional relevance of genes identified using landscape genomics 
remains unknown until the observed genetic changes have been linked to 
phenotypic changes of the selected trait. Establishing this causative link 
represents one of the greatest challenges in invasion genetics. First, it re-
quires experimental settings in order to disentangle phenotypic plasticity 

F I G U R E  3   Types of information needed to test the preadaptation and post- introduction adaptation hypotheses using studies in 
A. albopictus. Blue: genetic variability, green: environmental and occurrence data, orange: historical data, gray: phenotypic data. Photo of 
A. albopictus from https://commo ns.wikim edia.org/wiki/ File:CDC- Gathany- Aedes- albopictus- 1.jpg (CC0, James Gathany). Figures adapted 
from cited literature
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from adaptive evolution in natural populations. The role of phenotypic 
plasticity in biological invasions has been reviewed elsewhere (Renault 
et al., 2018) and is beyond the scope of our review. Demonstrating that 
the phenotypic variation measured between populations reflects their 
genetic difference can be assessed by common garden experiments. 
These experiments allow identifying phenotype– environment clines 
reflecting local adaptation (Box 3, Figure 3). Only reciprocal transplant 
experiments provide evidence for the selective advantage of the focal 
phenotype but this type of experiments is rife with ethical problems in 
the context of biological invasions. Indeed, it can enhance gene flow 
between two areas within the introduced range, re- introduce genetic 
variation, or introduce invasive populations in not occupied areas, which 
can all have ecological and evolutionary consequences on local invasive 
populations (promoting invasiveness) and ecosystems (promoting new 
introductions). To reduce these risks, transplanted populations could be 
removed before they complete their reproductive cycle in plants, or be 
reared in field cages to avoid uncontrolled dispersal.

Second, neutral and adaptive phenotypic variance in invasive pop-
ulations is impacted by both the origin of populations and introduction 
modalities. Comparing an introduced population to its source and char-
acterizing its demographic history is thus needed to accurately detect 
phenotypic changes in response to natural selection in the invaded 
area (Keller & Taylor, 2008). The differentiation at quantitative trait loci 
(QTL) (FSTQ) as compared to neutral genetic differentiation (FST) and 
phenotypic differentiation (QST) has been largely used to detect the loci 
targeted by selection (Le Corre & Kremer, 2012; Leinonen et al., 2013) 
and several quantitative trait detection methods now include popu-
lation structure to account for shared neutral trait divergence among 
populations (de Villemereuil et al., 2020 and references therein).

Third, adaptive phenotypes such as stress and thermal tolerance 
as well as dispersal and reproductive potential are presumably con-
trolled by a large number of loci. In this multigenic case, local ad-
aptation is reached by increased covariance of allelic effects rather 
than via allele frequency changes (Le Corre & Kremer, 2012). The 
recent completion of whole- genome sequencing for many organisms 
and the development of association mapping methods will improve 
the understanding of the evolution of complex invasive phenotypes 
(Savolainen et al., 2013; Stinchcombe & Hoekstra, 2008). For exam-
ple, a combination of QTL mapping and genome- wide association 
analysis allowed to dissect the genetic architecture of a complex 
adaptive quantitative phenotype in Aedes mosquitoes, the resis-
tance level to Bacillus thuringiensis israelensis toxins used in biological 
control, and to identify strong candidate genes (Bonin et al., 2015).

5  | RECONSTRUC TION OF THE 
E XPANSION HISTORY

5.1 | Forecasting expansion based on ecological 
niches

Species distribution models are often used to predict future inva-
sive species distribution under current climate (Fournier et al., 2019; 

Peterson & Vieglais, 2001) or climate change (Bellard et al., 2013) 
but rarely to reconstruct the expansion history. For instance, by 
decomposing time- series detections into two stages of invasion, 
Barbet- Massin et al. (2018) demonstrated that the recent expan-
sion (occurrences from the late stage of invasion) of the Asian hor-
net Vespa velutina in France was well predicted by SDM calibrated 
using the occurrences from the earlier stage of invasion (ESI). This 
approach requires identifying the core and edge populations, which 
is difficult in the absence of dated introductions but genetic diversity 
gradient along the expansion axis can inform about the location of 
ESI (Figure 4).

Integrating global (calibrated in the source area) and regional (cal-
ibrated in the invaded area) models and multiple environmental pre-
dictors (climate and land use) can significantly improve invasive range 
predictions especially for ongoing expansion violating the equilibrium 
assumption of SDM (Fournier et al., 2017; Gallien et al., 2010, 2012). 
However, the spread dynamics of invasive species is also affected 
by a large number of processes including species biology, population 
demography, and local adaptation not accounted for so far in SDMs 
(Peterson et al., 2019), as well as human- aided long- distance dispersal. 
After identifying (i) the most likely source (core) of edge populations 
(colonization routes) and (ii) the spread dynamics: Ne (demographic in-
ferences), dispersal abilities from direct (biological data, experiments) 
or indirect approaches (landscape genetics), and local adaptation 
(landscape genomics), SDM could be used to (iii) retrace the expan-
sion history from ESI by incorporating one or multiple parameters of 
the spread dynamics, and (iv) compare the predicted distributions cal-
ibrated in ESI to the observed expansion (Figure 4).

5.2 | Forecasting expansion based on 
dispersal abilities

Dispersal can result from the combination of passive human- aided 
dispersal, and active local diffusion (i.e., stratified dispersal) (Wilson 
et al., 2009). The contribution of natural dispersal to expansion 
received little attention so far in invasion studies because active 
movements are thought to be of minor importance in the face of 
human- aided long- distance dispersal for invasive species having low 
dispersal capabilities. Understanding the role of natural dispersal 
at the local scale can be assessed by incorporating information on 
the species’ dispersal ability in SDMs (Engler et al., 2012). Dispersal 
abilities estimated from MRR provide particularly relevant data to 
model potential local expansion of invasive species (Marcantonio 
et al., 2019). For example, MRR data were used to build a backward 
dispersal model in a recently invaded urban area by A. albopictus 
(Sherpa et al., 2020). Year- to- year comparisons of occupancy data, 
taking into account the maximum possible number of generations 
from occurrence dates given generation time, fixed dispersal abili-
ties, and habitat suitability, allowed to estimate the role of natural 
dispersal in promoting the expansion of populations. Such dispersal 
model assumes that the occurrence dataset represents the distri-
bution of the species at each temporal step and that the dispersal 
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ability remains constant at each step of the invasion. Because natu-
ral dispersal acts at the local scale, the dispersal abilities should be 
included in local land use- based SDM but not in global climate- based 
models in which migration is mainly driven by passive movements. 
Combined with landscape genetics, all these observational, experi-
mental, and model- inferred information may help to understand 
how post- introduction dispersal and landscape features shape spa-
tial patterns of genetic variation.

5.3 | Forecasting expansion based on empirical 
gene flow

Landscape genetics aims at determining the local factors shaping 
population connectivity (Manel et al., 2003) and should provide a 
better understanding of the role of dispersal in the expansion pro-
cess. Based on the causal relationship between dispersal and gene 
flow, the genetic and geographic distances between populations 

have been used to quantify the effective dispersal across popula-
tions (i.e., isolation by distance, isolation by barriers). Recent ap-
proaches aim at quantifying the distance between populations 
according to the landscape features (i.e., isolation by resistance; 
Table 2; Appendix S1).

At the regional scale, the topography of landscape features also 
shapes human activities, thereby impacting indirectly population connec-
tivity (i.e., long- distance jumps), as demonstrated by landscape genetics 
surveys in A. albopictus showing that long- distance dispersal is facilitated 
along roads (Medley et al., 2015; Sherpa et al., 2020). SDMs could be use-
ful to understand to which extent human activities contribute to invasion 
speed (population persistence at range edges). The abundance of artificial 
habitats created by human activities (local land use- based models) and 
passive movements (anthropogenic networks) can promote the expan-
sion of invasive populations in unsuitable climatic areas (regional climate- 
based models) (Figure 4). For instance, greenhouses provided suitable 
microhabitats for the expansion of Thrips palmi in Northern China where 
the species can probably not overwinter outdoors (Cao et al., 2019).

F I G U R E  4   Types of information needed to assess the spread dynamics of invasive species and to reconstruct the expansion history. Blue: 
genetic variability, orange: dated introductions, green: observational and environmental data, violet: biological data, gray: phenotypic data. For 
the illustration, the studied invasion process is the northward expansion (CORE vs. FRONT 1). SI: stage of invasion; ESI: early stage of invasion
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At the local scale, the genetic structure of populations can partly re-
flect natural dispersal, which can be influenced by geographic distance, 
by environmental barriers, or by resistance of land- cover features. For 
example, testing land- cover features as a barrier or corridor for gene 
flow between populations, Sherpa et al. (2020) demonstrated that pop-
ulations in diffuse urban areas tend to disperse less while roads facilitate 
long- distance dispersal. Studying isolation by resistance requires a pre-
cise knowledge on the expansion history. Indeed, genetic structuring 
among invasive populations can result from independent bottlenecks in 
geographically isolated multiple introductions or a unique introduction 
and further differentiation due to drift and reduced gene flow. When bi-
ological data are not available, such as species dispersal ability, empirical 
gene flow could be used instead for constraining the expansion routes 
with landscape boundaries (e.g., mountain chains).

5.4 | Forecasting expansion based on 
evolutionary dynamics

One of the main traits promoting invasiveness is dispersal ability. The 
selection of traits increasing dispersal ability during range expansion 
(i.e., spatial sorting, Phillips & Perkins, 2019) has been experimen-
tally demonstrated in Callosobruchus maculatus and Tribolium cas-
taneum (Ochocki & Miller, 2017; Weiss- Lehman et al., 2017). These 
two common garden experiments compared the dispersal distances 
between the leading edges of spatially sorted replicate invasions 
and a control that was built by redistributing individuals randomly 
to prevent the carrying of alleles for high dispersal. In both stud-
ies, spatially sorted invasions spread farther than shuffled invasions 
on average. Demonstrating increased dispersal rates as a result of 
spatial selection in natural populations requires comparing popu-
lations that are part of a single spread (same genetic background) 
and along neutral genetic diversity gradients. Indeed, this process is 
only observed in low- density populations with assortative mating, 
whereas high- density populations (Weiss- Lehman et al., 2017) and 
outbred hybrid populations (Wagner et al., 2017) have in any case 
higher dispersal capacities. Yet, such density- dependent adaptive 
pattern was observed in natural expanding populations of H. axy-
ridis (Lombaert, Estoup, et al., 2014) and was correlated with allele 
frequency changes at one locus associated with flight endurance in 
Coenagrion scitulum (Swaegers et al., 2015).

Spatial bottlenecks can compromise local adaptation at range 
edges due to expansion load but gene flow between range and core 
can slow range expansion due to the introduction of maladapted alleles 
that counter local adaptation (Verhoeven et al., 2011). Nonetheless, 
some studies investigating adaptive changes during range expansion 
of invasive species found significant shifts along climatic gradient, 
suggesting a selection for cold- resistant phenotypes in range edge 
regions with lower temperatures (Medley et al., 2019; Swaegers et al., 
2015; Urbanski et al., 2012). A new generation of SDMs that explic-
itly integrate fitness- related trait variation into habitat suitability pre-
diction is currently developing (Benito Garzón et al., 2019; Peterson 
et al., 2019). This approach is so far restricted to forest trees in the 

face of climate change but might also benefit invasive species range 
expansion predictions. More complex models could incorporate (i) the 
probability of population to persist and expand (genetic diversity), (ii) 
the potential for dispersal traits to evolve under selection operating 
through space, and/or (iii) the adaptation of populations along envi-
ronmental gradients during range expansion (Figure 4).

6  | CONCLUSIONS AND PERSPEC TIVES

The demo- genetic and evolutionary processes at play during an in-
vasion have been extensively reviewed (Table S1). Yet, the key de-
terminants of successful invasions remain largely unclear because 
of the numerous factors interacting. Indeed, the demographical 
dynamics and complex genetic structure of invasive species makes 
particularly challenging the study of their evolutionary responses to 
new environments. We advocate for a more integrative invasion bi-
ology science that takes advantage of multiple types of information 
(historical, genetic, environmental, phenotypic) and of up- to- date 
analytical tools. The integrative approach requires effective col-
laborative academic and nonacademic multidisciplinary networks in 
order to (i) improve the quality and complementarity of datasets and 
(ii) develop more integrative analytical methods.

Future progress in invasion science relies on the quality of 
time- series occurrence datasets and sample collections, which 
need to be accessible (e.g., research data publications or archiving, 
monitoring, and management programs results). Historical data are 
still under- represented in invasion studies because early detec-
tion of introductions and careful monitoring of further expansion 
are challenging and costly. However, SDM might not be conclu-
sive if based on a limited number of occurrences. Participative 
citizen science projects represent an interesting alternative to 
monitoring structures, and will potentially provide huge occur-
rence datasets, providing the invasive species is easily identified, 
fueling distribution and evolutionary models (Ryan et al., 2019). 
Remote sensing (satellites, drones) observations of spatiotemporal 
damages as a proxy for forest and/or crop pests presence offers 
promising perspectives to improve time- series occurrence data-
sets, while the use of environmental DNA to track invasive species 
is already widely used (Baudry et al., 2020; Young et al., 2021). 
Public databases make readily accessible worldwide climate data 
at high resolution while access to land- cover information is more 
region- dependent, and not always available at the spatiotempo-
ral scale required. In addition to land- cover information, detailed 
local information about other species possibly interacting with the 
target species (e.g., host- plant, predators, competitors) should ide-
ally complete the environmental predictors to be used for habitat 
suitability evaluation, but SDMs integrating biotic components as 
predictors are still in their infancy (Norberg et al., 2019). Public ge-
nomic databases give access to large and ever- increasing amount 
of genomic and transcriptomic information and the issue of non-
model species lacking annotated reference genome will presum-
ably be soon overcome.
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More integrative analytical methods that take into account si-
multaneously environmental, ecological, phenotypic, and genomic 
datasets are still to be developed. While integrating ecological mod-
els in evolutionary studies is helpful to delineate the neutral and 
adaptive processes shaping diversity patterns at different spatial 
scales, a better use of evolutionary models (adaptive potential at 
range edges) and of changes overtime in human activities in ecologi-
cal studies would allow to go a step further in our capacity to predict 
future invasive range expansions. Developing new methods explic-
itly incorporating different types of data rather than performing sep-
arately different types of analyses represents the future challenge in 
invasion science.

ACKNOWLEDG EMENTS
We thank Nicolas Bierne and three anonymous reviewers for helpful 
comments on a previous version of the manuscript.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analyzed during the current study.

ORCID
Stéphanie Sherpa  https://orcid.org/0000-0001-9958-0073 
Laurence Després  https://orcid.org/0000-0002-0660-6260 

R E FE R E N C E S
Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model- based 

estimation of ancestry in unrelated individuals. Genome Research, 19, 
1655– 1664. https://doi.org/10.1101/gr.094052.109

Arca, M., Mougel, F., Guillemaud, T., Dupas, S., Rome, Q., Perrard, A., 
Muller, F., Fossoud, A., Capdevielle- Dulac, C., Torres- Leguizamon, M., 
Chen, X. X., Tan, J. L., Jung, C., Villemant, C., Arnold, G., & Silvain, J.- F. 
(2015). Reconstructing the invasion and the demographic history of the 
yellow- legged hornet, Vespa velutina. Europe. Biological Invasions, 17(8), 
2357– 2371. https://doi.org/10.1007/s1053 0- 015- 0880- 9

Barbet- Massin, M., Rome, Q., Villemant, C., & Courchamp, F. (2018). Can 
species distribution models really predict the expansion of invasive 
species? PLoS One, 13, e0193085. https://doi.org/10.1371/journ 
al.pone.0193085

Baudry, T., Becking, T., Goût, J. P., Arqué, A., Gan, H. M., Austin, C. M., 
Delaunay, C., Smith- Ravin, J., Roques, J. A. & Grandjean, F. (2020). 
Invasion and distribution of the redclaw crayfish, Cherax quadri-
carinatus, in Martinique. Knowledge and Management of Aquatic 
Ecosystems, 421, 50. https://doi.org/10.1051/kmae/2020041

Beaumont, M. A., & Balding, D. J. (2004). Identifying adaptive genetic diver-
gence among populations from genome scans. Molecular Ecology, 13, 
969– 980. https://doi.org/10.1111/j.1365- 294X.2004.02125.x

Beerli, P. (2002). MIGRATE: documentation and program, part of LAMARC. 
Department of Genome Sciences, University of Washington, Seattle.

Beichman, A. C., Huerta- Sanchez, E., & Lohmueller, K. E. (2018). Using 
genomic data to infer historic population dynamics of nonmodel 
organisms. Annual Review of Ecology, Evolution, and Systematics, 49, 
433– 456. https://doi.org/10.1146/annur ev- ecols ys- 11061 7- 062431

Bellard, C., Thuiller, W., Leroy, B., Genovesi, P., Bakkenes, M., & 
Courchamp, F. (2013). Will climate change promote future invasions? 

Global Change Biology, 19, 3740– 3748. https://doi.org/10.1111/
gcb.12344

Benito Garzón, M., Robson, T. M., & Hampe, A. (2019). ΔTrait SDMs: 
Species distribution models that account for local adaptation and 
phenotypic plasticity. New Phytologist, 222, 1757– 1765. https://doi.
org/10.1111/nph.15716

Bertelsmeier, C., & Keller, L. (2018). Bridgehead effects and role of adap-
tive evolution in invasive populations. Trends in Ecology and Evolution, 
33, 527– 534. https://doi.org/10.1016/j.tree.2018.04.014

Bertelsmeier, C., Ollier, S., Liebhold, A. M., Brockerhoff, E. G., Ward, D., & 
Keller, L. (2018). Recurrent bridgehead effects accelerate global alien 
ant spread. Proceedings of the National Academy of Sciences of the 
United States of America, 115, 5486– 5491. https://doi.org/10.1073/
pnas.18019 90115

Berzitis, E. A., Minigan, J. N., Hallett, R. H., & Newman, J. A. (2014). 
Climate and host plant availability impact the future distribution of 
the bean leaf beetle (Cerotoma trifurcata). Global Change Biology, 20, 
2778– 2792. https://doi.org/10.1111/gcb.12557

Blekhman, A., Goryacheva, I., Schepetov, D., & Zakharov, I. (2020). 
Variability of the mitochondrial CO1 gene in native and invasive pop-
ulations of Harmonia axyridis Pall. comparative analysis. PLoS One, 15, 
e0231009. https://doi.org/10.1371/journ al.pone.0231009

Bock, D. G., Caseys, C., Cousens, R. D., Hahn, M. A., Heredia, S. M., 
Hübner, S., Turner, K. G., Whitney, K. D., & Rieseberg, L. H. (2015). 
What we still don't know about invasion genetics. Molecular Ecology, 
24, 2277– 2297. https://doi.org/10.1111/mec.13032

Boitard, S., Rodriguez, W., Jay, F., Mona, S., & Austerlitz, F. (2016). 
Inferring population size history from large samples of genome- 
wide molecular data- an approximate Bayesian computation ap-
proach. PLoS Genetics, 12, e1005877. https://doi.org/10.1371/journ 
al.pgen.1005877

Bonin, A., Paris, M., Frérot, H., Bianco, E., Tetreau, G., & Després, L. 
(2015). The genetic architecture of a complex trait: Resistance to 
multiple toxins produced by Bacillus thuringiensis israelensis in the 
dengue and yellow fever vector, the mosquito Aedes aegypti. Infection, 
Genetics and Evolution, 35, 204– 213. https://doi.org/10.1016/j.
meegid.2015.07.034

Brisbin, A., Bryc, K., Byrnes, J., Zakharia, F., Omberg, L., Degenhardt, J., 
Reynolds, A., Ostrer, H., Mezey, J. G., & Bustamante, C. D. (2012). 
PCAdmix: Principal components- based assignment of ancestry 
along each chromosome in individuals with admixed ancestry from 
two or more populations. Human Biology, 84, 343– 364. https://doi.
org/10.3378/027.084.0401

Briski, E., Chan, F. T., Darling, J. A., Lauringson, V., MacIsaac, H. J., Zhan, 
A., & Bailey, S. A. (2018). Beyond propagule pressure: Importance 
of selection during the transport stage of biological invasions. 
Frontiers in Ecology and the Environment, 16, 345– 353. https://doi.
org/10.1002/fee.1820

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B., 
Pellissier, L., Yoccoz, N. G., Thuiller, W., Fortin, M.- J., Randin, C., 
Zimmermann, N. E., Graham, C. H., & Guisan, A. (2012). Measuring 
ecological niche overlap from occurrence and spatial environmen-
tal data. Global Ecology and Biogeography, 21, 481– 497. https://doi.
org/10.1111/j.1466- 8238.2011.00698.x

Cao, L.- J., Gao, Y.- F., Gong, Y.- J., Chen, J.- C., Chen, M., Hoffmann, A., & 
Wei, S.- J. (2019). Population analysis reveals genetic structure of an 
invasive agricultural thrips pest related to invasion of greenhouses 
and suitable climatic space. Evolutionary Applications, 12, 1868– 1880. 
https://doi.org/10.1111/eva.12847

Capblancq, T., Luu, K., Blum, M. G., & Bazin, E. (2018). Evaluation 
of redundancy analysis to identify signatures of local adapta-
tion. Molecular Ecology Resources, 18, 1223– 1233. https://doi.
org/10.1111/1755- 0998.12906

Cattel, J., Faucon, F., Le Péron, B., Sherpa, S., Monchal, M., Grillet, L., 
Gaude, T., Laporte, F., Dusfour, I., Reynaud, S., & David, J. P. (2020). 

https://orcid.org/0000-0001-9958-0073
https://orcid.org/0000-0001-9958-0073
https://orcid.org/0000-0002-0660-6260
https://orcid.org/0000-0002-0660-6260
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1007/s10530-015-0880-9
https://doi.org/10.1371/journal.pone.0193085
https://doi.org/10.1371/journal.pone.0193085
https://doi.org/10.1051/kmae/2020041
https://doi.org/10.1111/j.1365-294X.2004.02125.x
https://doi.org/10.1146/annurev-ecolsys-110617-062431
https://doi.org/10.1111/gcb.12344
https://doi.org/10.1111/gcb.12344
https://doi.org/10.1111/nph.15716
https://doi.org/10.1111/nph.15716
https://doi.org/10.1016/j.tree.2018.04.014
https://doi.org/10.1073/pnas.1801990115
https://doi.org/10.1073/pnas.1801990115
https://doi.org/10.1111/gcb.12557
https://doi.org/10.1371/journal.pone.0231009
https://doi.org/10.1111/mec.13032
https://doi.org/10.1371/journal.pgen.1005877
https://doi.org/10.1371/journal.pgen.1005877
https://doi.org/10.1016/j.meegid.2015.07.034
https://doi.org/10.1016/j.meegid.2015.07.034
https://doi.org/10.3378/027.084.0401
https://doi.org/10.3378/027.084.0401
https://doi.org/10.1002/fee.1820
https://doi.org/10.1002/fee.1820
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/eva.12847
https://doi.org/10.1111/1755-0998.12906
https://doi.org/10.1111/1755-0998.12906


1480  |     SHERPA And dESPRÉS

Combining genetic crosses and pool targeted DNA- seq for untan-
gling genomic variations associated with resistance to multiple in-
secticides in the mosquito Aedes aegypti. Evolutionary Applications, 
13, 303– 317. https://doi.org/10.1111/eva.12867

Charlesworth, D., & Willis, J. H. (2009). The genetics of inbreeding 
depression. Nature Reviews Genetics, 10, 783– 796. https://doi.
org/10.1038/nrg2664

Chikhi, L., Sousa, V. C., Luisi, P., Goossens, B., & Beaumont, M. A. (2010). 
The confounding effects of population structure, genetic diver-
sity and the sampling scheme on the detection and quantification 
of population size changes. Genetics, 186, 983– 995. https://doi.
org/10.1534/genet ics.110.118661

Clarkson, C. S., Weetman, D., Essandoh, J., Yawson, A. E., Maslen, 
G., Manske, M., Field, S. G., Webster, M., Antão, T., MacInnis, B., 
Kwiatkowski, D., & Donnelly, M. J. (2014). Adaptive introgression 
between Anopheles sibling species eliminates a major genomic is-
land but not reproductive isolation. Nature Communications, 5, 1– 10. 
https://doi.org/10.1038/ncomm s5248

Cornuet, J. M., Ravigné, V., & Estoup, A. (2010). Inference on population 
history and model checking using DNA sequence and microsatellite 
data with the software DIYABC (v1.0). BMC Bioinformatics, 11, 401. 
https://doi.org/10.1186/1471- 2105- 11- 401

Cornuet, J. M., Santos, F., Beaumont, M. A., Robert, C. P., Marin, J. M., 
Balding, D. J., Guillemaud, T., & Estoup, A. (2008). Inferring popula-
tion history with DIYABC: A user- friendly approach to approximate 
Bayesian computation. Bioinformatics, 24, 2713– 2719. https://doi.
org/10.1093/bioin forma tics

Cristescu, M. E. (2015). Genetic reconstructions of invasion his-
tory. Molecular Ecology, 24, 2212– 2225. https://doi.org/10.1111/
mec.13117

Cunze, S., Kochmann, J., Koch, L. K., & Klimpel, S. (2018). Niche conser-
vatism of Aedes albopictus and Aedes aegypti- two mosquito species 
with different invasion histories. Scientific Reports, 8, 1– 10. https://
doi.org/10.1038/s4159 8- 018- 26092 - 2

Currat, M., Arenas, M., Quilodran, C. S., Excoffier, L., & Ray, N. (2019). 
SPLATCHE3: simulation of serial genetic data under spatially ex-
plicit evolutionary scenarios including long- distance dispersal. 
Bioinformatics, 35, 4480– 4483.

De Villemereuil, P., & Gaggiotti, O. E. (2015). A new FST- based 
method to uncover local adaptation using environmental vari-
ables. Methods in Ecology and Evolution, 6, 1248– 1258. https://doi.
org/10.1111/2041- 210X.12418

de Villemereuil, P., Gaggiotti, O. E., & Goudet, J. (2020). Common 
garden experiments to study local adaptation need to ac-
count for population structure. Journal of Ecology, https://doi.
org/10.1111/1365- 2745.13528

Dias- Alves, T., Mairal, J., & Blum, M. G. (2018). Loter: A software package 
to infer local ancestry for a wide range of species. Molecular Biology and 
Evolution, 35, 2318– 2326. https://doi.org/10.1093/molbe v/msy126

Dlugosch, K. M., & Parker, I. M. (2008). Founding events in species in-
vasions: Genetic variation, adaptive evolution, and the role of mul-
tiple introductions. Molecular Ecology, 17, 431– 449. https://doi.
org/10.1111/j.1365- 294X.2007.03538.x

Duforet- Frebourg, N., & Blum, M. G. (2014). Nonstationary patterns of 
isolation- by- distance: Inferring measures of local genetic differen-
tiation with Bayesian kriging. Evolution, 68, 1110– 1123. https://doi.
org/10.1111/evo.12342

Ellstrand, N. C., & Schierenbeck, K. A. (2000). Hybridization as a stimulus 
for the evolution of invasiveness in plants? Proceedings of the National 
Academy of Sciences of the United States of America, 97, 7043– 7050. 
https://doi.org/10.1073/pnas.97.13.7043

Engler, R., Hordijk, W., & Guisan, A. (2012). The MIGCLIM R package– 
seamless integration of dispersal constraints into projections of 
species distribution models. Ecography, 35, 872– 878. https://doi.
org/10.1111/j.1600- 0587.2012.07608.x

Estoup, A., & Guillemaud, T. (2010). Reconstructing routes of invasion 
using genetic data: Why, how and so what? Molecular Ecology, 19, 
4113– 4130. https://doi.org/10.1111/j.1365- 294X.2010.04773.x

Estoup, A., Ravigné, V., Hufbauer, R., Vitalis, R., Gautier, M., & Facon, 
B. (2016). Is there a genetic paradox of biological invasion? Annual 
Review of Ecology, Evolution, and Systematics, 47, 51– 72. https://doi.
org/10.1146/annur ev- ecols ys- 12141 5- 032116

Excoffier, L., & Heckel, G. (2006). Computer programs for population 
genetics data analysis: A survival guide. Nature Reviews Genetics, 7, 
745– 758. https://doi.org/10.1038/nrg1904

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin (version 3.0): An 
integrated software package for population genetics data analysis. 
Evolutionary Bioinformatics, 1, 47– 50. https://doi.org/10.1177/11769 
34305 00100003

Excoffier, L., & Ray, N. (2008). Surfing during population expansions pro-
motes genetic revolutions and structuration. Trends in Ecology and 
Evolution, 23, 347– 351. https://doi.org/10.1016/j.tree.2008.04.004

Facon, B., Crespin, L., Loiseau, A., Lombaert, E., Magro, A., & Estoup, 
A. (2011). Can things get worse when an invasive species hy-
bridizes? The harlequin ladybird Harmonia axyridis in France as 
a case study. Evolutionary Applications, 4, 71– 88. https://doi.
org/10.1111/j.1752- 4571.2010.00134.x

Facon, B., Genton, B. J., Shykoff, J., Jarne, P., Estoup, A., & David, P. 
(2006). A general eco- evolutionary framework for understanding 
biological invasions. Trends in Ecology and Evolution, 21, 130– 135. 
https://doi.org/10.1016/j.tree.2005.10.012

Facon, B., Hufbauer, R. A., Tayeh, A., Loiseau, A., Lombaert, E., Vitalis, 
R., Guillemaud, T., Lundgren, J. G., & Estoup, A. (2011). Inbreeding 
depression is purged in the invasive insect Harmonia axyridis. Current 
Biology, 21, 424– 427. https://doi.org/10.1016/j.cub.2011.01.068

Fitzpatrick, B. M., Fordyce, J. A., Niemiller, M. L., & Reynolds, R. G. 
(2012). What can DNA tell us about biological invasions? Biological 
Invasions, 14, 245– 253. https://doi.org/10.1007/s1053 0- 011- 0064- 1

Foll, M., & Gaggiotti, O. (2008). A genome- scan method to identify se-
lected loci appropriate for both dominant and codominant mark-
ers: A Bayesian perspective. Genetics, 180, 977– 993. https://doi.
org/10.1534/genet ics.108.092221

Foucaud, J., Rey, O., Robert, S., Crespin, L., Orivel, J., Facon, B., Loiseau, 
A., Jourdan, H., Kenne, M., Masse, P. S., Tindo, M., Vonshak, M., & 
Estoup, A. (2013). Thermotolerance adaptation to human- modified 
habitats occurs in the native range of the invasive ant Wasmannia au-
ropunctata before long- distance dispersal. Evolutionary Applications, 
6, 721– 734. https://doi.org/10.1111/eva.12058

Fouet, C., Gray, E., Besansky, N. J., & Costantini, C. (2012). Adaptation 
to aridity in the malaria mosquito Anopheles gambiae: Chromosomal 
inversion polymorphism and body size influence resistance to 
desiccation. PLoS One, 7, e34841. https://doi.org/10.1371/journ 
al.pone.0034841

Fournier, A., Barbet- Massin, M., Rome, Q., & Courchamp, F. (2017). 
Predicting species distribution combining multi- scale drivers. Global 
Ecology and Conservation, 12, 215– 226. https://doi.org/10.1016/j.
gecco.2017.11.002

Fournier, A., Penone, C., Pennino, M. G., & Courchamp, F. (2019). 
Predicting future invaders and future invasions. Proceedings of the 
National Academy of Sciences of the United States of America, 116, 
7905– 7910. https://doi.org/10.1073/pnas.18034 56116

Fraimout, A., Debat, V., Fellous, S., Hufbauer, R. A., Foucaud, J., Pudlo, 
P., Marin, J. M., Price, D. K., Cattel, J., Chen, X., Deprá, M., François 
Duyck, P., Guedot, C., Kenis, M., Kimura, M. T., Loeb, G., Loiseau, A., 
Martinez- Sañudo, I., Pascual, M., … Estoup, A. (2017). Deciphering 
the routes of invasion of Drosophila suzukii by means of ABC ran-
dom forest. Molecular Biology and Evolution, 34, 980– 996. https://doi.
org/10.1093/molbe v/msx050

Frichot, E., Mathieu, F., Trouillon, T., Bouchard, G., & François, O. 
(2014). Fast and efficient estimation of individual ancestry 

https://doi.org/10.1111/eva.12867
https://doi.org/10.1038/nrg2664
https://doi.org/10.1038/nrg2664
https://doi.org/10.1534/genetics.110.118661
https://doi.org/10.1534/genetics.110.118661
https://doi.org/10.1038/ncomms5248
https://doi.org/10.1186/1471-2105-11-401
https://doi.org/10.1093/bioinformatics
https://doi.org/10.1093/bioinformatics
https://doi.org/10.1111/mec.13117
https://doi.org/10.1111/mec.13117
https://doi.org/10.1038/s41598-018-26092-2
https://doi.org/10.1038/s41598-018-26092-2
https://doi.org/10.1111/2041-210X.12418
https://doi.org/10.1111/2041-210X.12418
https://doi.org/10.1111/1365-2745.13528
https://doi.org/10.1111/1365-2745.13528
https://doi.org/10.1093/molbev/msy126
https://doi.org/10.1111/j.1365-294X.2007.03538.x
https://doi.org/10.1111/j.1365-294X.2007.03538.x
https://doi.org/10.1111/evo.12342
https://doi.org/10.1111/evo.12342
https://doi.org/10.1073/pnas.97.13.7043
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1111/j.1365-294X.2010.04773.x
https://doi.org/10.1146/annurev-ecolsys-121415-032116
https://doi.org/10.1146/annurev-ecolsys-121415-032116
https://doi.org/10.1038/nrg1904
https://doi.org/10.1177/117693430500100003
https://doi.org/10.1177/117693430500100003
https://doi.org/10.1016/j.tree.2008.04.004
https://doi.org/10.1111/j.1752-4571.2010.00134.x
https://doi.org/10.1111/j.1752-4571.2010.00134.x
https://doi.org/10.1016/j.tree.2005.10.012
https://doi.org/10.1016/j.cub.2011.01.068
https://doi.org/10.1007/s10530-011-0064-1
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1111/eva.12058
https://doi.org/10.1371/journal.pone.0034841
https://doi.org/10.1371/journal.pone.0034841
https://doi.org/10.1016/j.gecco.2017.11.002
https://doi.org/10.1016/j.gecco.2017.11.002
https://doi.org/10.1073/pnas.1803456116
https://doi.org/10.1093/molbev/msx050
https://doi.org/10.1093/molbev/msx050


     |  1481SHERPA And dESPRÉS

coefficients. Genetics, 196, 973– 983. https://doi.org/10.1534/genet 
ics.113.160572

Frichot, E., Schoville, S. D., Bouchard, G., & François, O. (2013). Testing 
for associations between loci and environmental gradients using la-
tent factor mixed models. Molecular Biology and Evolution, 30, 1687– 
1699. https://doi.org/10.1093/molbe v/mst063

Gallien, L., Douzet, R., Pratte, S., Zimmermann, N. E., & Thuiller, W. (2012). 
Invasive species distribution models– how violating the equilibrium 
assumption can create new insights. Global Ecology and Biogeography, 
21, 1126– 1136. https://doi.org/10.1111/j.1466- 8238.2012.00768.x

Gallien, L., Münkemüller, T., Albert, C. H., Boulangeat, I., & Thuiller, W. 
(2010). Predicting potential distributions of invasive species: Where 
to go from here? Diversity and Distributions, 16, 331– 342. https://doi.
org/10.1111/j.1472- 4642.2010.00652.x

Garnas, J. R., Auger- Rozenberg, M.- A., Roques, A., Bertelsmeier, C., 
Wingfield, M. J., Saccaggi, D. L., Roy, H. E., & Slippers, B. (2016). 
Complex patterns of global spread in invasive insects: Eco- 
evolutionary and management consequences. Biological Invasions, 
18, 935– 952. https://doi.org/10.1007/s1053 0- 016- 1082- 9

Gautier, M. (2015). Genome- wide scan for adaptive divergence and as-
sociation with population- specific covariates. Genetics, 201, 1555– 
1579. https://doi.org/10.1534/genet ics.115.181453

Geller, J. B., Darling, J. A., & Carlton, J. T. (2010). Genetic perspectives 
on marine biological invasions. Annual Review of Marine Science, 2, 
367– 393. https://doi.org/10.1146/annur ev.marine.010908.163745

Glémin, S. (2003). How are deleterious mutations purged? Drift ver-
sus nonrandom mating. Evolution, 57, 2678– 2687. https://doi.
org/10.1111/j.0014- 3820.2003.tb015 12.x

Goudet, J. (2005). HIERFSTAT, a package for R to compute and test hier-
archical F- statistics. Molecular Ecology Notes, 5, 184– 186. https://doi.
org/10.1111/j.1471- 8286.2004.00828.x

Guillot, G., Mortier, F., & Estoup, A. (2005). GENELAND: A computer 
package for landscape genetics. Molecular Ecology Notes, 5, 712– 715. 
https://doi.org/10.1111/j.1471- 8286.2005.01031.x

Guisan, A., Petitpierre, B., Broennimann, O., Daehler, C., & Kueffer, C. 
(2014). Unifying niche shift studies: Insights from biological in-
vasions. Trends in Ecology and Evolution, 29, 260– 269. https://doi.
org/10.1016/j.tree.2014.02.009

Guisan, A., & Thuiller, W. (2005). Predicting species distribution: Offering 
more than simple habitat models. Ecology Letters, 8, 993– 1009. 
https://doi.org/10.1111/j.1461- 0248.2005.00792.x

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C. 
D. (2009). Inferring the joint demographic history of multiple popu-
lations from multidimensional SNP frequency data. PLoS Genetics, 5, 
e1000695. https://doi.org/10.1371/journ al.pgen.1000695

Henn, B. M., Botigué, L. R., Bustamante, C. D., Clark, A. G., & Gravel, 
S. (2015). Estimating the mutation load in human genomes. Nature 
Reviews Genetics, 16, 333– 343. https://doi.org/10.1038/nrg3931

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., 
Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M. C. 
(2016). Finding the genomic basis of local adaptation: pitfalls, prac-
tical solutions, and future directions. The American Naturalist, 188, 
379– 397. https://doi.org/10.1086/688018

Hoffman, J. I., Simpson, F., David, P., Rijks, J. M., Kuiken, T., Thorne, M. 
A. S., Lacy, R. C., & Dasmahapatra, K. K. (2014). High- throughput 
sequencing reveals inbreeding depression in a natural population. 
Proceedings of the National Academy of Sciences of the United States 
of America, 111, 3775– 3780. https://doi.org/10.1073/pnas.13189 
45111

Huang, X., Poelchau, M. F., & Armbruster, P. A. (2015). Global transcrip-
tional dynamics of diapause induction in non- blood- fed and blood- 
fed Aedes albopictus. PLoS Neglected Tropical Diseases, 9, e0003724. 
https://doi.org/10.1371/journ al.pntd.0003724

Hufbauer, R. A., Facon, B., Ravigné, V., Turgeon, J., Foucaud, J., 
Lee, C. E., Rey, O., & Estoup, A. (2012). Anthropogenically 

induced adaptation to invade (AIAI): Contemporary adapta-
tion to human- altered habitats within the native range can pro-
mote invasions. Evolutionary Applications, 5, 89– 101. https://doi.
org/10.1111/j.1752- 4571.2011.00211.x

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis 
of principal components: A new method for the analysis of genet-
ically structured populations. BMC Genetics, 11, 94. https://doi.
org/10.1186/1471- 2156- 11- 94

Kardos, M., Taylor, H. R., Ellegren, H., Luikart, G., & Allendorf, F. W. 
(2016). Genomics advances the study of inbreeding depression 
in the wild. Evolutionary Applications, 9, 1205– 1218. https://doi.
org/10.1111/eva.12414

Keane, R. M., & Crawley, M. J. (2002). Exotic plant invasions and the 
enemy release hypothesis. Trends in Ecology and Evolution, 17, 164– 
170. https://doi.org/10.1016/S0169 - 5347(02)02499 - 0

Keller, S. R., & Taylor, D. R. (2008). History, chance and adaptation during 
biological invasion: Separating stochastic phenotypic evolution from 
response to selection. Ecology Letters, 11, 852– 866. https://doi.
org/10.1111/j.1461- 0248.2008.01188.x

Kerdelhué, C., Boivin, T., & Burban, C. (2014). Contrasted invasion pro-
cesses imprint the genetic structure of an invasive scale insect across 
southern Europe. Heredity, 113, 390– 400. https://doi.org/10.1038/
hdy.2014.39

Kirk, H., Dorn, S., & Mazzi, D. (2013). Molecular genetics and genomics 
generate new insights into invertebrate pest invasions. Evolutionary 
Applications, 6, 842– 856. https://doi.org/10.1111/eva.12071

Kirkpatrick, M., & Jarne, P. (2000). The effects of a bottleneck on in-
breeding depression and the genetic load. The American Naturalist, 
155, 154– 167. https://doi.org/10.1086/303312

Kotsakiozi, P., Richardson, J. B., Pichler, V., Favia, G., Martins, A. J., 
Urbanelli, S., Armbruster, P. A., & Caccone, A. (2017). Population ge-
nomics of the Asian tiger mosquito, Aedes albopictus: Insights into the 
recent worldwide invasion. Ecology and Evolution, 7, 10143– 10157. 
https://doi.org/10.1002/ece3.3514

Largiadèr, C. R. (2008). Hybridization and introgression between native 
and alien species. In W. Nentwig (Ed.), Biological invasions (pp. 275– 
292). Springer.

Laugier, G. (2013). Evolution du fardeau génétique et des traits liés à la re-
production au cours d'une invasion biologique (Doctoral dissertation. 
Institut National d'Etudes Supérieures Agronomiques de, Montpellier).

Le Corre, V., & Kremer, A. (2012). The genetic differentiation at quanti-
tative trait loci under local adaptation. Molecular Ecology, 2, 1548– 
1566. https://doi.org/10.1111/j.1365- 294X.2012.05479.x

Lee, C. E. (2002). Evolutionary genetics of invasive species. Trends in 
Ecology and Evolution, 17, 386– 391. https://doi.org/10.1016/S0169 
- 5347(02)02554 - 5

Leinonen, T., McCairns, R. J. S., O'Hara, R. B., & Merilä, J. (2013). QST– 
FST comparisons: Evolutionary and ecological insights from genomic 
heterogeneity. Nature Reviews Genetics, 14, 179– 190. https://doi.
org/10.1038/nrg3395

Lesieur, V., Lombaert, E., Guillemaud, T., Courtial, B., Strong, W., 
Roques, A., & Auger- Rozenberg, M. A. (2019). The rapid spread of 
Leptoglossus occidentalis in Europe: A bridgehead invasion. Journal 
of Pest Science, 92, 189– 200. https://doi.org/10.1007/s1034 
0- 018- 0993- x

Li, H., & Durbin, R. (2011). Inference of human population history from 
individual whole- genome sequences. Nature, 475, 493– 496. https://
doi.org/10.1038/natur e10231

Li, Y., Zhang, X. X., Mao, R. L., Yang, J., Miao, C. Y., Li, Z., & Qiu, Y. X. 
(2017). Ten years of landscape genomics: Challenges and opportu-
nities. Frontiers in Plant Science, 8, 2136. https://doi.org/10.3389/
fpls.2017.02136

Lichstein, J. W. (2007). Multiple regression on distance matrices: A multi-
variate spatial analysis tool. Plant Ecology, 188, 117– 131. https://doi.
org/10.1007/s1125 8- 006- 9126- 3

https://doi.org/10.1534/genetics.113.160572
https://doi.org/10.1534/genetics.113.160572
https://doi.org/10.1093/molbev/mst063
https://doi.org/10.1111/j.1466-8238.2012.00768.x
https://doi.org/10.1111/j.1472-4642.2010.00652.x
https://doi.org/10.1111/j.1472-4642.2010.00652.x
https://doi.org/10.1007/s10530-016-1082-9
https://doi.org/10.1534/genetics.115.181453
https://doi.org/10.1146/annurev.marine.010908.163745
https://doi.org/10.1111/j.0014-3820.2003.tb01512.x
https://doi.org/10.1111/j.0014-3820.2003.tb01512.x
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/j.1471-8286.2005.01031.x
https://doi.org/10.1016/j.tree.2014.02.009
https://doi.org/10.1016/j.tree.2014.02.009
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1371/journal.pgen.1000695
https://doi.org/10.1038/nrg3931
https://doi.org/10.1086/688018
https://doi.org/10.1073/pnas.1318945111
https://doi.org/10.1073/pnas.1318945111
https://doi.org/10.1371/journal.pntd.0003724
https://doi.org/10.1111/j.1752-4571.2011.00211.x
https://doi.org/10.1111/j.1752-4571.2011.00211.x
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1111/eva.12414
https://doi.org/10.1111/eva.12414
https://doi.org/10.1016/S0169-5347(02)02499-0
https://doi.org/10.1111/j.1461-0248.2008.01188.x
https://doi.org/10.1111/j.1461-0248.2008.01188.x
https://doi.org/10.1038/hdy.2014.39
https://doi.org/10.1038/hdy.2014.39
https://doi.org/10.1111/eva.12071
https://doi.org/10.1086/303312
https://doi.org/10.1002/ece3.3514
https://doi.org/10.1111/j.1365-294X.2012.05479.x
https://doi.org/10.1016/S0169-5347(02)02554-5
https://doi.org/10.1016/S0169-5347(02)02554-5
https://doi.org/10.1038/nrg3395
https://doi.org/10.1038/nrg3395
https://doi.org/10.1007/s10340-018-0993-x
https://doi.org/10.1007/s10340-018-0993-x
https://doi.org/10.1038/nature10231
https://doi.org/10.1038/nature10231
https://doi.org/10.3389/fpls.2017.02136
https://doi.org/10.3389/fpls.2017.02136
https://doi.org/10.1007/s11258-006-9126-3
https://doi.org/10.1007/s11258-006-9126-3


1482  |     SHERPA And dESPRÉS

Liebhold, A. M., & Tobin, P. C. (2008). Population ecology of insect inva-
sions and their management. Annual Review of Entomology, 53, 387– 
408. https://doi.org/10.1146/annur ev.ento.52.110405.091401

Liu, S., & Hansen, M. M. (2017). PSMC (pairwise sequentially Markovian 
coalescent) analysis of RAD (restriction site associated DNA) se-
quencing data. Molecular Ecology Resources, 17, 631– 641. https://doi.
org/10.1111/1755- 0998.12606

Liu, X., & Fu, Y. X. (2015). Exploring population size changes using 
SNP frequency spectra. Nature Genetics, 47, 555– 559. https://doi.
org/10.1038/ng.3254

Lockwood, J. L., Cassey, P., & Blackburn, T. (2005). The role of 
propagule pressure in explaining species invasions. Trends in 
Ecology and Evolution, 20, 223– 228. https://doi.org/10.1016/j.
tree.2005.02.004

Lombaert, E., Estoup, A., Facon, B., Joubard, B., Grégoire, J. C., Jannin, 
A., & Blin, A., & Guillemaud, T. (2014). Rapid increase in dispersal 
during range expansion in the invasive ladybird Harmonia axyridis. 
Journal of Evolutionary Biology, 27, 508– 517. https://doi.org/10.1111/
jeb.12316

Lombaert, E., Guillemaud, T., Cornuet, J. M., Malausa, T., Facon, B., & 
Estoup, A. (2010). Bridgehead effect in the worldwide invasion of 
the biocontrol harlequin ladybird. PLoS One, 5, e9743. https://doi.
org/10.1371/journ al.pone.0009743

Lombaert, E., Guillemaud, T., Lundgren, J., Koch, R., Facon, B., Grez, 
A., Loomans, A., Malausa, T., Nedved, O., Rhule, E., Staverlokk, A., 
Steenberg, T., & Estoup, A. (2014). Complementarity of statistical 
treatments to reconstruct worldwide routes of invasion: The case 
of the Asian ladybird Harmonia axyridis. Molecular Ecology, 23, 5979– 
5997. https://doi.org/10.1111/mec.12989

Lounibos, L. P., Escher, R. L., & Lourenço- de- Oliveira, R. (2003). 
Asymmetric evolution of photoperiodic diapause in temperate and 
tropical invasive populations of Aedes albopictus (Diptera: Culicidae). 
Annals of the Entomological Society of America, 96, 512– 518.

Luu, K., Bazin, E., & Blum, M. G. B. (2017). pcadapt: An R package to 
perform genome scans for selection based on principal compo-
nent analysis. Molecular Ecology Resources, 1, 67– 77. https://doi.
org/10.1111/1755- 0998.12592

Mack, R. N. (2003). Phylogenetic constraint, absent life forms, and 
preadapted alien plants: A prescription for biological invasions. 
International Journal of Plant Sciences, 164, S185– S196. https://doi.
org/10.1086/368399

Manel, S., Albert, C. H., & Yoccoz, N. G. (2012). Sampling in landscape 
genomics. In F. Pompanon, & A. Bonin (Eds.), Data production and 
analysis in population genomics (pp. 3– 12). Humana Press.

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. (2003). Landscape 
genetics: Combining landscape ecology and population genetics. 
Trends in Ecology and Evolution, 18, 189– 197. https://doi.org/10.1016/
S0169 - 5347(03)00008 - 9

Manion, G., Lisk, M., Ferrier, S., Nieto- Lugilde, D., Mokany, K., & 
Fitzpatrick, M. C. (2017). gdm: generalized dissimilarity modeling. R 
package. Retrieved from https://CRAN.R- proje ct.org/

Maples, B. K., Gravel, S., Kenny, E. E., & Bustamante, C. D. (2013). RFMix: 
A discriminative modeling approach for rapid and robust local- 
ancestry inference. The American Journal of Human Genetics, 93, 278– 
288. https://doi.org/10.1016/j.ajhg.2013.06.020

Marcantonio, M., Reyes, T., & Barker, C. M. (2019). Quantifying Aedes 
aegypti dispersal in space and time: A modeling approach. Ecosphere, 
10, e02977. https://doi.org/10.1002/ecs2.2977

Mather, N., Traves, S. M., & Ho, S. Y. (2020). A practical introduction to 
sequentially Markovian coalescent methods for estimating demo-
graphic history from genomic data. Ecology and Evolution, 10, 579– 
589. https://doi.org/10.1002/ece3.5888

McCartney, M. A., Mallez, S., & Gohl, D. M. (2019). Genome projects in 
invasion biology. Conservation Genetics, 20, 1201– 1222. https://doi.
org/10.1007/s1059 2- 019- 01224 - x

McCullough, D. G., Work, T. T., Cavey, J. F., Liebhold, A. M., & Marshall, 
D. (2006). Interceptions of nonindigenous plant pests at US ports of 
entry and border crossings over a 17- year period. Biological Invasions, 
8, 611. https://doi.org/10.1007/s1053 0- 005- 1798- 4

McFarlane, S. E., & Pemberton, J. M. (2019). Detecting the true extent of 
introgression during anthropogenic hybridization. Trends in Ecology and 
Evolution, 34, 315– 326. https://doi.org/10.1016/j.tree.2018.12.013

Medley, K. A., Jenkins, D. G., & Hoffman, E. A. (2015). Human- aided 
and natural dispersal drive gene flow across the range of an invasive 
mosquito. Molecular Ecology, 24, 284– 295. https://doi.org/10.1111/
mec.12925

Medley, K. A., Westby, K. M., & Jenkins, D. G. (2019). Rapid local adap-
tation to northern winters in the invasive Asian tiger mosquito Aedes 
albopictus: A moving target. Journal of Applied Ecology, 56, 2518– 
2527. https://doi.org/10.1111/1365- 2664.13480

Mendes, C., Felix, R., Sousa, A.- M., Lamego, J., Charlwood, D., do Rosário, 
V. E., Pinto, J., & Silveira, H. (2010). Molecular evolution of the three 
short PGRPs of the malaria vectors Anopheles gambiae and Anopheles 
arabiensis in East Africa. BMC Evolutionary Biology, 10, 1– 12. https://
doi.org/10.1186/1471- 2148- 10- 9

Mesgaran, M. B., Lewis, M. A., Ades, P. K., Donohue, K., Ohadi, S., Li, C., & 
Cousens, R. D. (2016). Hybridization can facilitate species invasions, 
even without enhancing local adaptation. Proceedings of the National 
Academy of Sciences of the United States of America, 113, 10210– 
10214. https://doi.org/10.1073/pnas.16056 26113

Mollot, G., Pantel, J. H., & Romanuk, T. N. (2017). The effects of invasive 
species on the decline in species richness: A global meta- analysis. In 
D. A. Bohan, A. J. Dumbrell, & F. Massol (Eds.), Advances in ecological 
research (pp. 61– 83). Academic Press.

Mussmann, S. M., Douglas, M. R., Bangs, M. R., & Douglas, M. E. (2019). 
Comp- D: A program for comprehensive computation of D- statistics 
and population summaries of reticulated evolution. Conservation 
Genetics Resources, 12, 263– 267. https://doi.org/10.1007/s1268 6- 
019- 01087 - x

Norberg, A., Abrego, N., Blanchet, F. G., Adler, F. R., Anderson, B. J., 
Anttila, J., Araújo, M. B., Dallas, T., Dunson, D., Elith, J., Foster, S. 
D., Fox, R., Franklin, J., Godsoe, W., Guisan, A., O'Hara, B., Hill, N. 
A., Holt, R. D., Hui, F. K. C., … Ovaskainen, O. (2019). A comprehen-
sive evaluation of predictive performance of 33 species distribution 
models at species and community levels. Ecological Monographs, 89, 
e01370. https://doi.org/10.1002/ecm.1370

Nordborg, M., & Tavaré, S. (2002). Linkage disequilibrium: What history 
has to tell us. Trends in Genetics, 18, 83– 90. https://doi.org/10.1016/
S0168 - 9525(02)02557 - X

Ochocki, B. M., & Miller, T. E. (2017). Rapid evolution of dispersal abil-
ity makes biological invasions faster and more variable. Nature 
Communications, 8, 1– 8. https://doi.org/10.1038/ncomm s14315

Oksanen, J., Kindt, R., Legendre, P., & O’Hara, B. (2007). Vegan: commu-
nity ecology package. R package. Retrieved from: http://cran.r- proje 
ct.org/

Olazcuaga, L., Loiseau, A., Parrinello, H., Paris, M., Fraimout, A., Guedot, 
C., Diepenbrock, L. M., Kenis, M., Zhang, J., Chen, X., Borowiec, N., 
Facon, B., Vogt, H., Price, D. K., Vogel, H., Prud’homme, B., Estoup, 
A., & Gautier, M. (2020). A whole- genome scan for association with 
invasion success in the fruit fly Drosophila suzukii using contrasts 
of allele frequencies corrected for population structure. Molecular 
Biology and Evolution, 37, 2369– 2385. https://doi.org/10.1093/molbe 
v/msaa098

Patterson, N., Moorjani, P., Luo, Y., Mallick, S., Rohland, N., Zhan, Y., 
Genschoreck, T., Webster, T., & Reich, D. (2012). Ancient admixture in 
human history. Genetics, 192, 1065– 1093. https://doi.org/10.1534/
genet ics.112.145037

Peery, M. Z., Kirby, R., Reid, B. N., Stoelting, R., Doucet- bëer, E., 
Robinson, S., Vásquez- carrillo, C., Pauli, J. N., & Palsbøll, P. J. 
(2012). Reliability of genetic bottleneck tests for detecting recent 

https://doi.org/10.1146/annurev.ento.52.110405.091401
https://doi.org/10.1111/1755-0998.12606
https://doi.org/10.1111/1755-0998.12606
https://doi.org/10.1038/ng.3254
https://doi.org/10.1038/ng.3254
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1111/jeb.12316
https://doi.org/10.1111/jeb.12316
https://doi.org/10.1371/journal.pone.0009743
https://doi.org/10.1371/journal.pone.0009743
https://doi.org/10.1111/mec.12989
https://doi.org/10.1111/1755-0998.12592
https://doi.org/10.1111/1755-0998.12592
https://doi.org/10.1086/368399
https://doi.org/10.1086/368399
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1016/S0169-5347(03)00008-9
https://CRAN.R-project.org/
https://doi.org/10.1016/j.ajhg.2013.06.020
https://doi.org/10.1002/ecs2.2977
https://doi.org/10.1002/ece3.5888
https://doi.org/10.1007/s10592-019-01224-x
https://doi.org/10.1007/s10592-019-01224-x
https://doi.org/10.1007/s10530-005-1798-4
https://doi.org/10.1016/j.tree.2018.12.013
https://doi.org/10.1111/mec.12925
https://doi.org/10.1111/mec.12925
https://doi.org/10.1111/1365-2664.13480
https://doi.org/10.1186/1471-2148-10-9
https://doi.org/10.1186/1471-2148-10-9
https://doi.org/10.1073/pnas.1605626113
https://doi.org/10.1007/s12686-019-01087-x
https://doi.org/10.1007/s12686-019-01087-x
https://doi.org/10.1002/ecm.1370
https://doi.org/10.1016/S0168-9525(02)02557-X
https://doi.org/10.1016/S0168-9525(02)02557-X
https://doi.org/10.1038/ncomms14315
http://cran.r-project.org/
http://cran.r-project.org/
https://doi.org/10.1093/molbev/msaa098
https://doi.org/10.1093/molbev/msaa098
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1534/genetics.112.145037


     |  1483SHERPA And dESPRÉS

population declines. Molecular Ecology, 21, 3403– 3418. https://doi.
org/10.1111/j.1365- 294X.2012.05635.x

Peischl, S., & Excoffier, L. (2015). Expansion load: Recessive mutations 
and the role of standing genetic variation. Molecular Ecology, 24, 
2084– 2094. https://doi.org/10.1111/mec.13154

Peterman, W. E. (2014). ResistanceGA: An R package for the optimization 
of resistance surfaces using genetic algorithms. Methods in Ecology and 
Evolution, 9, 1638– 1647. https://doi.org/10.1111/2041- 210X.12984

Peterson, A. T. (2003). Predicting the geography of species’ invasions via 
ecological niche modeling. The Quarterly Review of Biology, 78, 419– 
433. https://doi.org/10.1086/378926

Peterson, A. T., & Vieglais, D. A. (2001). Predicting Species Invasions Using 
Ecological Niche Modeling: New Approaches from Bioinformatics 
Attack a Pressing Problem: A new approach to ecological niche mod-
eling, based on new tools drawn from biodiversity informatics, is 
applied to the challenge of predicting potential species’ invasions. 
BioScience, 51, 363– 371.

Peterson, M. L., Doak, D. F., & Morris, W. F. (2019). Incorporating local 
adaptation into forecasts of species’ distribution and abundance 
under climate change. Global Change Biology, 25, 775– 793. https://
doi.org/10.1111/gcb.14562

Petkova, D., Novembre, J., & Stephens, M. (2016). Visualizing spatial pop-
ulation structure with estimated effective migration surfaces. Nature 
Genetics, 48, 94. https://doi.org/10.1038/ng.3464

Phillips, B. L., & Perkins, T. A. (2019). Spatial sorting as the spatial ana-
logue of natural selection. Theoretical Ecology, 12, 155– 163. https://
doi.org/10.1007/s1208 0- 019- 0412- 9

Pickrell, J., & Pritchard, J. (2012). Inference of population splits and mix-
tures from genome- wide allele frequency data. Nature Precedings, 8, 
e1002967. https://doi.org/10.1038/npre.2012.6956.1

Piper, A. M., Batovska, J., Cogan, N. O., Weiss, J., Cunningham, J. P., 
Rodoni, B. C., & Blacket, M. J. (2019). Prospects and challenges of 
implementing DNA metabarcoding for high- throughput insect sur-
veillance. GigaScience, 8, giz092. https://doi.org/10.1093/gigas cienc 
e/giz092

Piry, S., Alapetite, A., Cornuet, J. M., Paetkau, D., Baudouin, L., & Estoup, 
A. (2004). GENECLASS2: A software for genetic assignment and 
first- generation migrant detection. Journal of Heredity, 95, 536– 539. 
https://doi.org/10.1093/jhered

Piry, S., Luikart, G., & Cornuet, J. M. (1999). BOTTLENECK: A program 
for detecting recent effective population size reductions from al-
lele data frequencies. Journal of Heredity, 90, 502– 503. https://doi.
org/10.1093/jhere d/90.4.502

Poelchau, M. F., Reynolds, J. A., Denlinger, D. L., Elsik, C. G., & Armbruster, 
P. A. (2013). Transcriptome sequencing as a platform to elucidate 
molecular components of the diapause response in the Asian tiger 
mosquito Aedes albopictus. Physiological Entomology, 38, 173– 181. 
https://doi.org/10.1111/phen.12016

Prentis, P. J., Wilson, J. R., Dormontt, E. E., Richardson, D. M., & 
Lowe, A. J. (2008). Adaptive evolution in invasive species. Trends 
in Plant Science, 13, 288– 294. https://doi.org/10.1016/j.tplan 
ts.2008.03.004

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155, 
945– 959.

Puillandre, N., Dupas, S., Dangles, O., Zeddam, J.- L., Capdevielle- Dulac, 
C., Barbin, K., Torres- Leguizamon, M., & Silvain, J.- F. (2008). Genetic 
bottleneck in invasive species: The potato tuber moth adds to the 
list. Biological Invasions, 10, 319– 333. https://doi.org/10.1007/s1053 
0- 007- 9132- y

Ray, N. (2005). PATHMATRIX: A geographical information system tool to 
compute effective distances among samples. Molecular Ecology Notes, 
5, 177– 180. https://doi.org/10.1111/j.1471- 8286.2004.00843.x

Renault, D., Laparie, M., McCauley, S. J., & Bonte, D. (2018). Environmental 
adaptations, ecological filtering, and dispersal central to insect 

invasions. Annual Review of Entomology, 63, 345– 368. https://doi.
org/10.1146/annur ev- ento- 02011 7- 043315

Rey, O., Estoup, A., Vonshak, M., Loiseau, A., Blanchet, S., Calcaterra, 
L., Chifflet, L., Rossi, J.- P., Kergoat, G. J., Foucaud, J., Orivel, J., 
Leponce, M., Schultz, T., & Facon, B. (2012). Where do adaptive 
shifts occur during invasion? A multidisciplinary approach to un-
ravelling cold adaptation in a tropical ant species invading the 
Mediterranean area. Ecology Letters, 15, 1266– 1275. https://doi.
org/10.1111/j.1461- 0248.2012.01849.x

Rius, M., Bourne, S., Hornsby, H. G., & Chapman, M. A. (2015). 
Applications of next- generation sequencing to the study of biologi-
cal invasions. Current Zoology, 61, 488– 504. https://doi.org/10.1093/
czool o/61.3.488

Rius, M., & Darling, J. A. (2014). How important is intraspecific genetic ad-
mixture to the success of colonising populations? Trends in Ecology and 
Evolution, 29, 233– 242. https://doi.org/10.1016/j.tree.2014.02.003

Roques, A., Auger- Rozenberg, M. A., Blackburn, T. M., Garnas, J., Pyšek, 
P., Rabitsch, W., Richardson, D. M., Wingfield, M. J., Liebhold, A. M. & 
Duncan, R. P. (2016). Temporal and interspecific variation in rates of 
spread for insect species invading Europe during the last 200 years. 
Biological Invasions, 18, 907– 920. https://doi.org/10.1007/s1053 
0- 016- 1080- y

Rozas, J., Sánchez- DelBarrio, J. C., Messeguer, X., & Rozas, R. (2003). 
DnaSP, DNA polymorphism analyses by the coalescent and other 
methods. Bioinformatics, 19, 2496– 2497. https://doi.org/10.1093/
bioin forma tics/btg359

Ryan, S. F., Lombaert, E., Espeset, A., Vila, R., Talavera, G., Dincă, V., 
Doellman, M. M., Renshaw, M. A., Eng, M. W., Hornett, E. A., Li, Y., 
Pfrender, M. E., & Shoemaker, D. (2019). Global invasion history of 
the agricultural pest butterfly Pieris rapae revealed with genomics 
and citizen science. Proceedings of the National Academy of Sciences 
of the United States of America, 116, 20015– 20024. https://doi.
org/10.1073/pnas.19074 92116

Sakai, A. K., Allendorf, F. W., Holt, J. S., Lodge, D. M., Molofsky, J., 
With, K. A., Baughman, S., Cabin, R. J., Cohen, J. E., Ellstrand, N. C., 
McCauley, D. E., O'Neil, P., Parker, I. M., Thompson, J. N., & Weller, S. 
G. (2001). The population biology of invasive species. Annual Review 
of Ecology and Systematics, 32, 305– 332. https://doi.org/10.1146/
annur ev.ecols ys.32.081501.114037

Salmona, J., Heller, R., Lascoux, M., & Shafer, A. (2017). Inferring demo-
graphic history using genomic data. In O. P. Rajora (Ed.), Population ge-
nomics: Concepts, approaches and applications (pp. 511– 537). Springer.

Savolainen, O., Lascoux, M., & Merilä, J. (2013). Ecological genomics of 
local adaptation. Nature Reviews Genetics, 14, 807– 820. https://doi.
org/10.1038/nrg3522

Sax, D. F., & Brown, J. H. (2000). The paradox of invasion. 
Global Ecology and Biogeography, 9, 363– 371. https://doi.
org/10.1046/j.1365- 2699.2000.00217.x

Schiffels, S., & Durbin, R. (2014). Inferring human population size and 
separation history from multiple genome sequences. Nature Genetics, 
46, 919– 925. https://doi.org/10.1038/ng.3015

Schmid- Hempel, P., Schmid- Hempel, R., Brunner, P. C., Seeman, O. D., 
& Allen, G. R. (2007). Invasion success of the bumblebee, Bombus 
terrestris, despite a drastic genetic bottleneck. Heredity, 99, 414– 422. 
https://doi.org/10.1038/sj.hdy.6801017

Schrieber, K., & Lachmuth, S. (2017). The genetic paradox of invasions 
revisited: The potential role of inbreeding× environment interac-
tions in invasion success. Biological Reviews, 92, 939– 952. https://doi.
org/10.1111/brv.12263

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., 
Jeschke, J. M., Pagad, S., Pyšek, P., Winter, M., Arianoutsou, M., 
Bacher, S., Blasius, B., Brundu, G., Capinha, C., Celesti- Grapow, L., 
Dawson, W., Dullinger, S., Fuentes, N., Jäger, H., … Essl, F. (2017). 
No saturation in the accumulation of alien species worldwide. Nature 
Communications, 8, 1– 9. https://doi.org/10.1038/ncomm s14435

https://doi.org/10.1111/j.1365-294X.2012.05635.x
https://doi.org/10.1111/j.1365-294X.2012.05635.x
https://doi.org/10.1111/mec.13154
https://doi.org/10.1111/2041-210X.12984
https://doi.org/10.1086/378926
https://doi.org/10.1111/gcb.14562
https://doi.org/10.1111/gcb.14562
https://doi.org/10.1038/ng.3464
https://doi.org/10.1007/s12080-019-0412-9
https://doi.org/10.1007/s12080-019-0412-9
https://doi.org/10.1038/npre.2012.6956.1
https://doi.org/10.1093/gigascience/giz092
https://doi.org/10.1093/gigascience/giz092
https://doi.org/10.1093/jhered
https://doi.org/10.1093/jhered/90.4.502
https://doi.org/10.1093/jhered/90.4.502
https://doi.org/10.1111/phen.12016
https://doi.org/10.1016/j.tplants.2008.03.004
https://doi.org/10.1016/j.tplants.2008.03.004
https://doi.org/10.1007/s10530-007-9132-y
https://doi.org/10.1007/s10530-007-9132-y
https://doi.org/10.1111/j.1471-8286.2004.00843.x
https://doi.org/10.1146/annurev-ento-020117-043315
https://doi.org/10.1146/annurev-ento-020117-043315
https://doi.org/10.1111/j.1461-0248.2012.01849.x
https://doi.org/10.1111/j.1461-0248.2012.01849.x
https://doi.org/10.1093/czoolo/61.3.488
https://doi.org/10.1093/czoolo/61.3.488
https://doi.org/10.1016/j.tree.2014.02.003
https://doi.org/10.1007/s10530-016-1080-y
https://doi.org/10.1007/s10530-016-1080-y
https://doi.org/10.1093/bioinformatics/btg359
https://doi.org/10.1093/bioinformatics/btg359
https://doi.org/10.1073/pnas.1907492116
https://doi.org/10.1073/pnas.1907492116
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://doi.org/10.1038/nrg3522
https://doi.org/10.1038/nrg3522
https://doi.org/10.1046/j.1365-2699.2000.00217.x
https://doi.org/10.1046/j.1365-2699.2000.00217.x
https://doi.org/10.1038/ng.3015
https://doi.org/10.1038/sj.hdy.6801017
https://doi.org/10.1111/brv.12263
https://doi.org/10.1111/brv.12263
https://doi.org/10.1038/ncomms14435


1484  |     SHERPA And dESPRÉS

Shah, V. B., & McRae, B. H. (2008). CIRCUITSCAPE: A tool for landscape 
ecology. In Proceedings of the 7th Python in Science Conference (pp. 62– 
66). Pasadena, California: SciPy. https://doi.org/10.1890/07- 1861.1

Sherpa, S., Blum, M. G., Capblancq, T., Cumer, T., Rioux, D., & Després, L. 
(2019). Unravelling the invasion history of the Asian tiger mosquito in 
Europe. Molecular Ecology, 28, 2360– 2377. https://doi.org/10.1111/
mec.15071

Sherpa, S., Blum, M. G., & Després, L. (2019). Cold adaptation in the Asian 
tiger mosquito's native range precedes its invasion success in temperate 
regions. Evolution, 73, 1793– 1808. https://doi.org/10.1111/evo.13801

Sherpa, S., Guéguen, M., Renaud, J., Blum, M. G. B., Gaude, T., Laporte, F., 
Akiner, M., Alten, B., Aranda, C., Barre- Cardi, H., Bellini, R., Bengoa 
Paulis, M., Chen, X.- G., Eritja, R., Flacio, E., Foxi, C., Ishak, I. H., Kalan, 
K., Kasai, S., … Després, L. (2019). Predicting the success of an in-
vader: Niche shift versus niche conservatism. Ecology and Evolution, 
9, 12658– 12675. https://doi.org/10.1002/ece3.5734

Sherpa, S., Renaud, J., Guéguen, M., Besnard, G., Mouyon, L., Rey, D., & 
Després, L. (2020). Landscape does matter: Disentangling founder 
effects from natural and human- aided post- introduction dispersal 
during an ongoing biological invasion. Evolutionary Applications, 89, 
2027– 2042. https://doi.org/10.1111/1365- 2656.13284

Sherpa, S., Rioux, D., Goindin, D., Fouque, F., François, O., & Despres, L. 
(2018). At the origin of a worldwide invasion: Unraveling the genetic 
makeup of the Caribbean bridgehead populations of the dengue vec-
tor Aedes aegypti. Genome Biology and Evolution, 10, 56– 71. https://
doi.org/10.1093/gbe/evx267

Stachowicz, J. J., & Tilman, D. (2005). What species invasions tell us 
about the relationship between community saturation, species di-
versity and ecosystem functioning. In S. F. Sax, J. J. Stachovwicz, & S. 
D. Gaines (Eds.), Species invasions: Insights into ecology, evolution and 
biogeography (pp. 41– 64). Sinauer.

Stamatakis, A., Hoover, P., & Rougemont, J. (2008). A rapid bootstrap al-
gorithm for the RAxML web servers. Systematic Biology, 57, 758– 771. 
https://doi.org/10.1080/10635 15080 2429642

Stinchcombe, J. R., & Hoekstra, H. E. (2008). Combining population 
genomics and quantitative genetics: Finding the genes underlying 
ecologically important traits. Heredity, 100, 158– 170. https://doi.
org/10.1038/sj.hdy.6800937

Swaegers, J., Mergeay, J., Van Geystelen, A., Therry, L., Larmuseau, M. 
H. D., & Stoks, R. (2015). Neutral and adaptive genomic signatures of 
rapid poleward range expansion. Molecular Ecology, 24, 6163– 6176. 
https://doi.org/10.1111/mec.13462

Szűcs, M., Melbourne, B. A., Tuff, T., & Hufbauer, R. A. (2014). The roles 
of demography and genetics in the early stages of colonization. 
Proceedings of the Royal Society B: Biological Sciences, 281, 20141073. 
https://doi.org/10.1098/rspb.2014.1073

Tatem, A. J., & Hay, S. I. (2007). Climatic similarity and biological ex-
change in the worldwide airline transportation network. Proceedings 
of the Royal Society B: Biological Sciences, 274, 1489– 1496. https://doi.
org/10.1098/rspb.2007.0148

Tayeh, A., Estoup, A., Hufbauer, R. A., Ravigné, V., Goryacheva, I., 
Zakharov, I. A., Lombaert, E., & Facon, B. (2013). Investigating the 
genetic load of an emblematic invasive species: The case of the in-
vasive harlequin ladybird Harmonia axyridis. Ecology and Evolution, 3, 
864– 871. https://doi.org/10.1002/ece3.490

Terhorst, J., Kamm, J. A., & Song, Y. S. (2017). Robust and scalable in-
ference of population history from hundreds of unphased whole 
genomes. Nature Genetics, 49, 303– 309. https://doi.org/10.1038/
ng.3748

Turgeon, J., Tayeh, A., Facon, B., Lombaert, E., De clercq, P., Berkvens, 
N., Lundgren, J. G., & Estoup, A. (2011). Experimental evidence for 
the phenotypic impact of admixture between wild and biocontrol 
Asian ladybird (Harmonia axyridis) involved in the European inva-
sion. Journal of Evolutionary Biology, 24, 1044– 1052. https://doi.
org/10.1111/j.1420- 9101.2011.02234.x

Uller, T., & Leimu, R. (2011). Founder events predict changes in genetic diver-
sity during human- mediated range expansions. Global Change Biology, 
17, 3478– 3485. https://doi.org/10.1111/j.1365- 2486.2011.02509.x

Urbanski, J., Mogi, M., O’Donnell, D., DeCotiis, M., Toma, T., & Armbruster, 
P. (2012). Rapid adaptive evolution of photoperiodic response during 
invasion and range expansion across a climatic gradient. The American 
Naturalist, 179, 490– 500. https://doi.org/10.1086/664709

van Etten, J. (2012). gdistance: Distances and routes on geographical grids. 
R package. Retrieved from https://CRAN.R- proje ct.org/

Verhoeven, K. J., Macel, M., Wolfe, L. M., & Biere, A. (2011). Population ad-
mixture, biological invasions and the balance between local adaptation 
and inbreeding depression. Proceedings of the Royal Society B: Biological 
Sciences, 278, 2– 8. https://doi.org/10.1098/rspb.2010.1272

Viard, F., & Comtet, T. (2015). 18. Applications of DNA- based methods 
for the study of biological invasions. Biological invasions in changing 
ecosystems (pp. 411– 435). Sciendo Migration.

Wagner, N. K., Ochocki, B. M., Crawford, K. M., Compagnoni, A., & Miller, 
T. E. (2017). Genetic mixture of multiple source populations acceler-
ates invasive range expansion. Journal of Animal Ecology, 86, 21– 34. 
https://doi.org/10.1111/1365- 2656.12567

Weiss- Lehman, C., Hufbauer, R. A., & Melbourne, B. A. (2017). Rapid trait 
evolution drives increased speed and variance in experimental range 
expansions. Nature Communications, 8, 1– 7. https://doi.org/10.1038/
ncomm s14303

Whitlock, M. C., & Lotterhos, K. E. (2015). Reliable detection of loci 
responsible for local adaptation: Inference of a null model through 
trimming the distribution of FST. The American Naturalist, 186, S24– 
S36. https://doi.org/10.1111/mec.13100

Wiens, J. J., & Graham, C. H. (2005). Niche conservatism: Integrating evo-
lution, ecology, and conservation biology. Annual Review of Ecology 
Evolution and Systematics, 36, 519– 539. https://doi.org/10.1146/
annur ev.ecols ys.36.102803.095431

Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migra-
tion rates using multilocus genotypes. Genetics, 163, 1177– 1191.

Wilson, J. R., Dormontt, E. E., Prentis, P. J., Lowe, A. J., & Richardson, 
D. M. (2009). Something in the way you move: Dispersal pathways 
affect invasion success. Trends in Ecology and Evolution, 24, 136– 144. 
https://doi.org/10.1016/j.tree.2008.10.007

Young, R. G., Milián- García, Y., Yu, J., Bullas- Appleton, E., & Hanner, R. 
H. (2021). Biosurveillance for invasive insect pest species using an 
environmental DNA metabarcoding approach and a high salt trap 
collection fluid. Ecology and Evolution, 11, 1558– 1569. https://doi.
org/10.1002/ece3.7113

Zayed, A., Constantin, Ş. A., & Packer, L. (2007). Successful biological 
invasion despite a severe genetic load. PLoS One, 2, e868. https://doi.
org/10.1371/journ al.pone.0000868

Zayed, A., & Whitfield, C. W. (2008). A genome- wide signature of positive 
selection in ancient and recent invasive expansions of the honey bee 
Apis mellifera. Proceedings of the National Academy of Sciences of the 
United States of America, 105, 3421– 3426. https://doi.org/10.1073/
pnas.08001 07105

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Sherpa S, Després L. The evolutionary 
dynamics of biological invasions: A  multi- approach perspective. 
Evol Appl. 2021;14:1463– 1484. https://doi.org/10.1111/
eva.13215

https://doi.org/10.1890/07-1861.1
https://doi.org/10.1111/mec.15071
https://doi.org/10.1111/mec.15071
https://doi.org/10.1111/evo.13801
https://doi.org/10.1002/ece3.5734
https://doi.org/10.1111/1365-2656.13284
https://doi.org/10.1093/gbe/evx267
https://doi.org/10.1093/gbe/evx267
https://doi.org/10.1080/10635150802429642
https://doi.org/10.1038/sj.hdy.6800937
https://doi.org/10.1038/sj.hdy.6800937
https://doi.org/10.1111/mec.13462
https://doi.org/10.1098/rspb.2014.1073
https://doi.org/10.1098/rspb.2007.0148
https://doi.org/10.1098/rspb.2007.0148
https://doi.org/10.1002/ece3.490
https://doi.org/10.1038/ng.3748
https://doi.org/10.1038/ng.3748
https://doi.org/10.1111/j.1420-9101.2011.02234.x
https://doi.org/10.1111/j.1420-9101.2011.02234.x
https://doi.org/10.1111/j.1365-2486.2011.02509.x
https://doi.org/10.1086/664709
https://CRAN.R-project.org/
https://doi.org/10.1098/rspb.2010.1272
https://doi.org/10.1111/1365-2656.12567
https://doi.org/10.1038/ncomms14303
https://doi.org/10.1038/ncomms14303
https://doi.org/10.1111/mec.13100
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1016/j.tree.2008.10.007
https://doi.org/10.1002/ece3.7113
https://doi.org/10.1002/ece3.7113
https://doi.org/10.1371/journal.pone.0000868
https://doi.org/10.1371/journal.pone.0000868
https://doi.org/10.1073/pnas.0800107105
https://doi.org/10.1073/pnas.0800107105
https://doi.org/10.1111/eva.13215
https://doi.org/10.1111/eva.13215

