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Abstract Biological invasions are a continuous feature of a non-equilibrium world ever more so as a re-

sult of accidental and deliberate introductions by mankind. While many of these introductions are appar-
ently harmless others have significant consequences for organisms native to the invaded range and entire
communities may be affected. Here we provide a survey of common models of range expansion and out-
line the consequences these models have for patterns in genetic diversity and population structure. We de-
scribe how patterns of genetic diversity at a range of markers can be used to infer invasion routes and to
reveal the roles of selection and drift in shaping population genetic patterns that accompany range expan-
sion. We summarise a growing range of population genetic techniques that allow large changes in popula-
tion size

bottlenecks and population expansions to be inferred over a range of timescales. Finally we

illustrate some of the approaches described using data for a suite of invasions by oak gallwasps Hyme-

noptera Cynipidae Cynipini in Europe. We show that over timescales ranging from 500 ~ 10000
years allele frequency data for polymorphic allozymes reveal a a consistent loss of genetic diversity a-
long invasion routes confirming the role of glacial refugia as centres of genetic diversity over these times-
cales and b that populations in the invaded range are more subdivided genetically than those in the n-
ative range of each species. This spatial variation in population structure may be the result of variation in

the patchiness of resources exploited by gallwasps particularly host oak plants.

Key words invasion introduction population genetics gall wasps Cynipidae

Introduction

The distributions of all organisms are not static in time
and space and range expansion on some temporal and
spatial scale is a feature of the recent history of all spe-
cies. A large body of theoretical and simulation-based
literature shows that the processes underlying range ex-
pansion have important consequences for the genetic
diversity and spatial structure of populations. This has
resulted in turn in the development of methods which
allow a range of aspects of the invasion process to be
inferred using genetic data including the origin of in-
vaders their pattern and sometimes mode of dispersal

and the direction and timescale of major changes in
population size.

Study of the population genetics of biological inva-

sions is important for a wide range of reasons. Pin-
pointing the origin of invaders can be important in dis-
criminating among alternative colonisation scenarios
and is of obvious relevance in attempts to minimise the
spread of pests Davies et al. 1999 Ibrahim et al.
2000  vectors of disease such as mosquito vectors of
1997 Fonseca et al.
2001 and species threatening local biodiversity

Geller et al. 1997 Wilson et al. 1999

of changes in population structure that accompany

malaria  Besansky et al.

. Analysis

range expansion is essential to understanding the de-
mography of invading populations both for predicting
future rates and patterns of spread and for understand-
ing why some invasions succeed while others fail Hard

et al. 1993 Hariston et al. 1999

portant to know whether genetic changes associated

It can be im-
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with range expansion are the result of selection on spe-
cific loci for example those associated with dispersal
ability per se or tolerance of aspects of the invaded
habitat e. g. Daehler 1998 Hard et al. 1993
Lee 1999 Weber & Schmid 1998

ted principally by genetic drift

or are genera-
e. g Stone & Sun-
nucks 1993 . Genetic markers can also reveal the ex-
tent to which invading organisms are interbreeding with
native taxa and so identifying threats due to introgres-
sion and wultimately genetic assimilation Anttila et

al. 2000 Baumel et al. 2001
2001 . Hybridisation of invading species with more

Perry et al.

benign taxa can also be a tool in the genetic manage-
ment of aggressive invading species or races such as
the " Africanised" strains of the honeybee Apis mellif-
Rinderer et al. 1991

Assessment of the timescales on

era in the Americas Shepp-
ard et al. 1991
which invasions generate geographic patterning in ge-
netic diversity is important in assessment of conserva-
tion priorities particularly for species in which a spe-
cific part of the range is threatened Bos & Sites
2001 Mangel et al. 1996 Pamilo & Savolainen
1999 . Global warming is the greatest potential threat
to populations at low latitudes and for many species
these same regions represent refugia during recent gla-

Hewitt 1996 1999

can reveal the extent to which such refugia remain cen-

cial cycles Genetic analyses
tres of genetic diversity. Finally a major application of
the techniques discussed below has been to the com-
plex issue of human radiations reflecting both the a-
bundance of genetic markers available for Homo sapi-
ens and an understandable interest in our own past
Hammer et al. 1998 Reich & Goldstein 1998
Reich et al. 1999 Ruiz-Linares et al. 1999 Thom-
as et al. 2000
Invasion processes operate over a vast range of
spatial and temporal scales and concern a range of bi-
ranging from the dynamics of selfish
genetic elements within genomes  Gimble 2000
Quesneville & Anxolabehere 1998 Smith 1998 to

range changes by multicellular organisms over thou-

ological entities

sands of kilometres that take place over millenia. In
this paper we concentrate on patterns in multicellular
animals but include reference to patterns such as se-
lective sweeps  resulting from interactions between
these organisms and pathogens. The paper is divided

into two main sections. The first summarises existing
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models of range expansion the predictions these make
for patterns of genetic diversity and spatial structure

and illustrates application of analytical techniques de-
signed to detect such patterns in real data. The second
highlights pattern and process during range expansion
in a specific group of insect invasions — the colonisati-
on of northern Europe by oak-feeding gall wasps Hy-

menoptera Cynipidae
Models of range expansion

Models of range expansion and of population structure

in general can be divided into two types island mod-
els and stepping stone models e. g. Gandon & Rous-
set 1999 Goodisman et al. 1998
2000 Le Corre & Kremer 1998

been widely used in analytical and simulation-based

Irwin & Taylor
The models have
studies of population structure and are applied either
to a one-dimensional line of habitat patches or to a two-
dimensional array of habitat patches. Each patch can
support a population and once occupied can contrib-
ute colonists to other patches. Island and stepping
stone models differ principally in the spatial arrange-
ment of populations contributing colonists to a given
patch.

a In island models unoccupied patches are
colonised independently by migrants from a single
specified source population. In models involving multi-
ple sources colonists contributing to the establishment
of a new population are taken at random from the entire
set of populations.

b In stepping stone models colonists arriving
at a given patch are drawn from a limited neighbour-
hood around the patch. The probability that a popula-
tion will contribute colonists to another patch is mod-
elled as a function of distance between patches through
the stepping stone network. Models vary from those in
which colonisation is only from neighbouring patches
to those in which dispersal distances are normally dis-
tributed and those with a leptokurtic distribution for
normal and leptokurtic distributions of equal variance
a leptokurtic distribution is skewed to lower mean dis-
persal distances but has a long tail encompassing
rare long-range dispersal events The rare long-
range dispersal events in leptokurtic models may have
significant consequences for spatial patterns in genetic
diversity established during invasion.

Island and neighbour-only stepping stone models
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represent two ends of a continuum of models. Although
island models are assumed in a range of population ge-
for example in the calculation

Roderick 1996 the

assumptions of stepping-stone models involving a distri-

netic approximations

of N, from estimates of F

bution of dispersal distances are generally regarded as
more biologically appropriate. In general the genetic
consequences of range expansion are also far more pro-
nounced and lasting in stepping stone models than in

island models.

Invasion models and spatial patterns in ge-
netic diversity

What determines how much of the genetic diversity
present in an invasion source is present in populations
at the limit of the invaded range For selectively neu-
tral markers both island and stepping-stone models
predict the proportion of source genetic diversity that is
present in an invaded patch to depend on a the
founding population size b the number of new colo-
nists per generation ¢ the generation time of the
species and d the spatial distribution of patches
that contribute those colonists  Austerlitz et al.

1997 2000 Comps et al. 2001 Le Corre & Krem-

er 1998 . For selectively neutral markers

ler the number of founders

the smal-
or of migrants between ex-
isting populations  the greater the potential for chan-
ges in gene frequencies by genetic drift. A major con-
sequence of small founding population size is loss of ge-
also termed a genetic bottleneck or
founder effect  Ellstrand & Elam 1993 Nei et al.

1975 Lacy 1987 Barton & Charlesworth 1984

Both island and stepping stone models of colonisation

netic diversity

commonly predict loss of genetic diversity along an in-
vasion route although simulation studies have shown
the loss of diversity to be most severe in stepping stone

1996 Le Corre & Kremer

. This is because stepping stone colonisation in-

models  Ibrahim et al.
1998
volves repeated founder effects as the invasion front
moves through an array of patches and colonists are
derived principally from neighbouring recently foun-
ded populations which have themselves experienced ge-
netic bottlenecks in the recent past Le Corre & Krem-
er 1998

Selection can also generate changes in diversity
during range expansion — particularly where invasion

has occurred over large distances and steep environ-
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Davis & Shaw 2001 Pamilo &

. The most common pattern is a loss

mental gradients
1999

of diversity in the invaded range — either because a

Savolainen

small proportion of the source variation is favoured in

the invaded range or because a selective agent such

as a parasite that maintains genetic diversity in the
source distribution is absent. Selection accompanying
range expansion has been demonstrated for loci directly
1982 Gu
1992 and for traits improving fit-
ness in the invaded range Daehler 1998 Hard et
al. 1993 Lee 1999 Weber & Schmid 1998

It is important to appreciate that loss of diversity

associated with dispersal Florence et al.

& Danthanarayana

for selectively neutral markers can potential result from

the effect of selection on other loci. First when a se-
lectively advantageous mutation spreads through a pop-
ulation to fixation a' selective sweep’ a particular
selectively neutral variant at a closely linked locus may
also be fixed a process termed hitch-hiking Maynard
Smith & Haigh 1974

on nuclear loci mitochondrial DNA can also be ex-

In addition to sweeps acting

posed to sweeps by selection acting on other maternally
inherited entities. One example of this process is pro-
vided by work on the endoparasitic bacterium Wolba-
chia. Wolbachia strains infect a wide diversity of ar-
thropods and nematodes and cause a range of effects
on the reproductive biology of their host Werren
1997

plasmic incompatibility

In some host taxa infection results in cyto-
such that crosses between
hosts infected with different Wolbachia strains are infer-

1996 Turelli et al. 1992 Wer-

Cytoplasmic incompatibility prevents any

tile Ballard et al.
ren 1997
recombination between host mtDNA haplotypes and the
Wolbachia strain present in the host germline and the
spread of a single dominant Wolbachia strain through
the host population may lead to the establishment by
hitch-hiking of a single dominant mitochondrial haplo-
type. There is increasing evidence for such an effect in

1992 Ballard et
. In many arthropods the impact of Wolba-

many arthropods e. g. Turelli et al.
al. 1996
chia infection is unknown and it is hard to predict the
effect of infection on mitochondrial sequence diver-
gence a priori. Low haplotype diversity in a species in-
fected with Wolbachia could be the result of a selective
sweep on maternally-inherited markers or the result of
demographic processes affecting the whole host genome
these alter-

such as a founder effect . In such cases
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natives can be distinguished by comparing patterns in
nuclear and mitochondrial markers  Rokas et al.
2002  a Wolbachia selective sweep should affect only
mitochondrial diversity ~while a genetic bottleneck
should also reduce diversity at nuclear markers.
Second though mitochondrial haplotypes are com-
monly assumed to be selectively neutral they may not
be Excoffier 1990 Ballard & Kreitman 1995 . As
a result the population genetic consequences of range
expansion should generally be regarded as the summa-
tion of selection and drift Pamilo & Savolainen
1999
Finally invaded range populations need not al-
ways have lower genetic diversity than source popula-
tions. Invasions may have multiple origins and occur o-
ver a range of timescales — such that the patterning
seen in a given invaded area represents the summation
of these multiple processes. This situation has been
termed a metainvasion by Davies et al. 1999
Where alternative origins have diverged genetically
and both contribute adequate numbers of colonists to
the same invaded range it is possible for newly colo-
nised areas to have higher genetic diversity than either
origin Slatkin 1977 Comps et al. 2001
Empirical patterns in genetic diversity
Genetic diversity at polymorphic allozyme or microsat-
ellite loci is commonly summarised by two statistics —
heterozygosity ~the mean probability of a locus being

heterozygous and allelic diversity the mean number

of alleles per locus . These indices are differentially
affected by changes in population size and the diver-
gence of the relationship from predictions based on mu-
tation-drift equilibrium forms the basis of a test for de-

described below

Diversity in mitochondrial haplotype data is expressed

tection of population bottlenecks
either as haplotype diversity a measure equivalent to
allelic diversity but with an effective population size
1/4 that of a nuclear marker  or as nucleotide diver-
sity W

pend on timescale the evolutionary rate of the marker

. Patterns accompanying range expansion de-

in question the information content of the marker and
Roderick
1996 . Thus glacial refuges that have been separated

the effective population size of the marker

without migrants for 10 000 years may be in the
process of sorting ancestral polymorphism for allozyme
loci  high population size low mutation rate but

have mutually discrete clades of mitochondrial haplo-

types 1/4 of the population size for nuclear loci
higher mutation rate — this effect is illustrated for
gallwasps below. Populations that show little or no di-
vergence in either of these markers may still be differ-
entiated using sequence data for long highly variable
intron sequences Davies et al. 1999 . Selection of a
marker showing adequate variation among possible
sources allows the origin of invading individuals to be i-
dentified using source-specific polymorphism e. g.
1999 Demesure et al. 1996 Dumo-
1997 Ferris et al. 1995 Geller
1995 Matyas &

. In Europe colonisation routes for e-

Davies et al.
lin-Lapegue et al.
et al. 1997 Konnert & Bergmann
Sperisen 2001
nough species have been identified in this way to allow
major invasion routes to be identified Hewitt 1999

Taberlet et al. 1998

showing low genetic diversity is to study genetic pat-

An alternative for species

terns in closely associated organisms such as commen-
sals or parasites human range expansion has been re-
constructed using genetic diversity in disease pathogens
Fisher et al. 2001
Matisoo-Smith et al.

in the neotropics and in com-

mensal rats in Polynesia
1998

The vast majority of empirical studies of genetic
variation in invading organisms show reduced diversity
in the invaded range particularly in cases of rare long-
range anthropogenic dispersal — Broughton & Grace
1994 Daehler 1998 Davies et al. 1999 Tarr et
al. 1998 2000 Villani et al.

1994 . The same general pattern is also generally seen

Tsutsui et al.

in natural post-glacial range expansion with lower di-
versity in apparently neutral markers at higher latitudes
whether in plants  Broyles 1998 La-
1990 Demesure et al. 1996
1997 King & Ferris 1998

insects

Fig. 1a
gerkrantz & Ryman
Dumolin-Lapegue et al.
Tomaru et al. 1997
1998 Hard et al. 1993 Cooper et al. 1995 Wil-
cock et al. 2001 Ball et al. 1988
1997 Sage & Wolff 1986

tions to a general rule of loss of diversity with increas-

Armbruster et al.

or vertebrates
Merild et al. Excep-
ing latitude can be divided into three types a spe-
cies in which colonisation of lower latitude distributions

occurred from high latitude refugia Leonard et al.

2000 b
have been invaded from multiple refugia at lower lati-

tudes Fry & Zink 1998 Green et al. 1996  and

¢ cases in which the colonization process has gener-

species in which higher latitude ranges
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Fig. 1 Spatial autocorrelation patterns generated by different microevolutionary patterns.

C  Directional stepping stone migration with limited gene flow between populations

1997

ures are based on Sokal & Jacquez 1991 and Sokal et al.

ated conflicting signals in allelic diversity and heterozy-
2001 popu-

lations in the postglacial invaded range of a tree spe-

gosity Comps et al. . In this last case

cies the European beech Fagus sylvatica show loss of

alleles due to founder effects but an increase in het-
erozygosity due to genetic contributions from multiple
sources relative to refuge populations. The general
persistence of declines in neutral genetic diversity with
distance from glacial refugia over long timescales is
most compatible with the predictions of the leptokurtic
dispersal model described below.

Does such loss of neutral genetic diversity matter
The significance of genetic diversity as estimated by
surveys of apparently selectively neutral markers re-
mains a debated issue. Genetic diversity is the raw ma-
terial of evolutionary change including adaptation and

speciation so loss of diversity and particularly of al-

leles during range expansion may have long-term im-
plications for invading organisms. Populations in the

invaded range of a species often show evidence of pop-

Vol. 10

B. Isolation by distance
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Isolation by distance

ulation bottlenecks and of increased population frag-
mentation which together result in genetic drift and di-
minished gene flow. As a result low regional genetic
diversity in the invaded range may conceal even lower
effective diversity at the population level. Perhaps
more importantly for invaders these combined effects
can prevent the spread of adaptive complexes outside
their population of origin thereby disrupting adaptation

to novel selection pressures  Templeton et al.

2001 . The case of the argentine ant Linepithema hu-
shows that loss of diversity can result directly in

1996

In its Argentinean native

mile
major changes in species ecology Ross et al.
2000

this species exists in small colonies

Tsutsui et al.
range while in
California the same species exists as supercolonies that
come to dominate the local arthropod fauna. Analysis
of colony genetic diversity in Argentina has shown that
the extent of aggression between colonies correlates
negatively with the genetic similarity between them.

Surveys of colonies in California show very low genetic
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diversity compatible with a severe founder effect for
this invader. This low genetic diversity results in very
high genetic similarity among colonies and hence low
or non-existent intercolony aggression and the forma-

tion of supercolonies.

Spatial patterns in gene frequencies resulting
from range expansion

Many studies have examined the consequences of range
expansion on patterns of genetic subdivision between
populations and on the persistence of those patterns
through time Wade & McCauley 1988 Comps et
al. 2001 Stone & Sunnucks 1993 . As with genet-
ic diversity patterning in spatial structure depends on
the origin and frequency of migrants Ibrahim et al.
1996 Nichols & Hewitt 1994 Slatkin 1977 Wade
& McCauley 1988 . Rare long-range dispersal as
encompassed in leptokurtic dispersal models predicts
both the establishment of stronger genetic subdivision
in the invaded range than other models and greater
persistence of this substructuring through time Le
Corre et al. 1997 Hewitt 1996
1996 Nichols & Hewitt 1994

substructuring has sometimes been attributed to the oc-

Ibrahim et al.

The persistence of

cupation of all available niche space by early colonists
such that later migrants are unable to establish them-
Hewitt 1996 1999

tion-based exclusion of colonists has yet to be demon-

selves Such resource limita-

strated and the nature of limiting resources remains

little understood for the vast majority of organisms.

Empirical patterns in population differentiation

during range expansion

Wade and McCauley 1988

invaders higher rates of population extinction and low-

suggested that for many

er rates of migration would result in greater genetic di-
vergence between populations in the invaded range of a
Some invading and introduced species do
1993 Tarr et

long distance gene

species.
show this pattern Stone & Sunnucks

al. 1998 . In others

flow in the invaded range and limited gene flow in lo-

however

calised refugia generates the opposite trend Comps et
al. 2001 Tomaru et al. 1997

possible to make general predictions. The inability to

and it remains im-

draw a consensus is in part due to the rarity of studies
with adequate sampling effort in terms of spatial scale

and number of polymorphic loci scored.

Inference of population processes by analysis of
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spatial patterns in genetic structure

The modelling of invasion processes has led to the de-
velopment of techniques designed to reveal range ex-
pansion from spatial patterning in genetic data. The
two most widely applied approaches are a Mantel
tests or spatial autocorrelation analysis of allele fre-
quency data and b nested clade analysis of the dis-
tribution of mitochondrial haplotypes discussed in turn
below. The former reveals patterns by comparing signa-
tures across multiple loci while the latter can reveal
multiple effects through spatial patterning for a single
marker. In both approaches very high levels of gene

flow among patches effective panmixia make distinc-
tion among alternate models of dispersal using genetic
data either difficult or impossible. However under a
range of circumstances island and stepping-stone mod-
els predict different spatial structures for selectively
neutral markers. Pure island models predict neighbour-
ing occupied patches to be no more similar genetically
than expected by chance because each patch is colo-
nised independently from the source or from a spatially
random set of sites. In contrast stepping stone models
predict neighbouring patches to be more similar than
expected by chance. The relationship between similari-
ty and the spatial separation between sites is also sensi-
tive to the extent and direction of gene flow producing
differences that allow the identification of directional
invasion processes. If gene flow occurs without direc-
tional bias across an array of patches then stepping
stone models predict the genetic similarity between pat-
ches to decline until it approaches that expected by
chance. This signature is characteristic of isolation by
distance and is predicted for arrays of long-established
if dis-

as in invasions

populations with limited gene flow. However
persal has a strong directional bias
distant sites are also predicted to be significantly more

different than expected by chance  Sokal et al.

1997

Spatial autocorrelation analysis of allele frequen-

cies

Spatial autocorrelation quantifies the similarity in allele
frequency between two sites relative to the similarity
expected for the same trait were any two sites compared
at random. The correlation is expressed as a normali-
such as Moran’ s |

through 0

no more similar than expected at random to -1

sed autocorrelation coefficient

which ranges from 1 maximum similarity
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maximum difference . The pairwise comparisons for

each allele are sorted into sets distance classes on
the basis of the spatial separation between them and
the spatial structure in the data visualised by plotting
the autocorrelation coefficient as a function of distance
class. The resulting diagram is termed a correlogram.
Extensive simulation studies show that a range of mi-
croevolutionary processes can be inferred by examining
the shape of correlograms for individual alleles and
the congruence in pattern among alleles Sokal & Jac-

1991 Sokal & Menozzi 1982 Sokal et al.

Allele frequencies at a given locus may them-

quez
1997
selves be correlated in the extreme if there are only
two alleles at a locus their frequencies must be inverse-
ly correlated  so a conservative result is obtained by
using data from only a single allele per locus. For un-

linked

narios above predict qualitatively similar patterns across

selectively neutral loci the stepping-stone sce-

loci and consistent differences between models invol-
isolation by distance and directional
1991 Sokal & Menozzi
Fig.s la-c

ving panmixia
migration Sokal & Jacquez
1982 Sokal et al. 1997

tocorrelation also allows the identification of patterns in

Spatial au-
allele frequency resulting from selection an allele
showing clinal variation across a series of patches will
show high similarity in neighbouring patches but differ
more significantly in frequency than predicted by
chance when the two ends of the cline are compared

Fig. 1d

for directional migration except that here the pattern is

This is a similar pattern to that expected
expected only for the locus or set of linked loci un-
der selection and other unlinked and non-selected loci
are expected to indicate processes affecting the genome
as a whole. A consistent pattern across many loci can
be generated in other scenarios unconnected with range
expansion such as the meeting of two genetically dis-

crete taxa including forms able to hybridize at a con-
tact zone. The possibility that invaders may be exchan-
ging genes with native taxa should always be borne in

mind when analysing genetic patterns.
Nested Clade Analysis

Spatial population processes can also be inferred using
sequence-based methods. The most widely applied of
these methods is Nested Clade Analysis
1998

tribution of sequences

Templeton
which combines information on the spatial dis-
particularly mitochondrial hap-
lotypes  and the phylogenetic relationships among

them. The phylogeny is used to structure a series of

Biodiversity Science Vol. 10

nested analyses testing the null hypothesis of no geo-
graphic association among sequences. Where signifi-
cant associations are detected a hierarchical key al-
lows discrimination among patterns generated by contig-
and

uous range expansion long-distance colonisation

isolation by distance e. g. Crandall & Templeton

1999

structure of the analysis allows processes acting inde-

A strength of this approach is that the nested

pendently within different parts of phylogeny to be i-
dentified.

Using genetic data to detect changes in pop-
ulation size

Range expansion processes are commonly associated
both with initial founding by small numbers of colonists
and in some cases subsequent dramatic increases in
population size. Both of these processes are of interest
in the study of invasions and recent theoretical ad-
vances have resulted in tests that can be used to detect
such demographic changes using population genetic da-
ta. As well as examining signatures of population foun-
ding these tests have the potential to reveal geographic
variation in the metapopulation behaviour of invaders.
However for acceptable statistical power the tests for
both types of population change require data for many
unlinked polymorphic loci and the loss of diversity
that commonly accompanies range expansion can limit
their applicability. In practical terms the existence of
inadequate numbers of polymorphic markers limits the
applicability of these approaches for many invading

taxa.
Identifying signatures of population bottlenecks

In populations at genetic equilibrium mutation-drift e-
quilibrium  population genetic theory predicts a con-
sistent relationship between the number of alleles at a
and the heterozygosity ob-
1975

empirical studies have shown that genetic bottlenecks

allelic diversity
Nei et al.

locus
served at a locus Simulation and
cause departures from this expectation specifically
abrupt declines in population size cause a greater de-
crease in allelic diversity than in heterozygosity and
heterozygosity is only seriously reduced for very low

Ellstrand & Elam 1993 Leberg

Population bottlenecks thus result in a het-

population sizes
1992
erozygosity excess at selectively neutral loci 1. e. the
heterozygosity observed in a set of loci is greater than
that expected from the number of alleles found in the

sample under the assumption of mutation drift equilibri-
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um Cornuet & Luikart 1996

nature is transient and is expected to disappear once

This bottleneck sig-
mutation drift equilibrium is restored. Detection of
such a heterozygosity excess at multiple loci forms the
basis of a test for detection of bottlenecks " Bottle-
Cornuet & Luikart 1996
plied to data for a range of invasion processes e. g.

Comps et al. 2001 Jimenez et al. 1999 . A draw-

back of this test and others that examine consensus in

neck" that has been ap-

patterns across multiple loci is that comparison of ob-
served and expected genetic diversity requires polymor-
phic loci — and the bottlenecks associated with range
expansion may reduce polymorphism to a level where
the test has inadequate statistical power.

A recent simulation study Luikart et al. 1998
has shown the potential for demonstrating bottlenecks
using an alternative approach involving analysis of
temporal shifts in the observed distribution of allele fre-
quencies. Genetic bottlenecks are expected to cause
rapid loss of rare alleles and to increase the relative
abundance of intermediate- and high-frequency alleles.
Simulations suggest that tests based on this approach
have higher statistical power for small numbers of poly-
morphic loci than those based on the detection of heter-

Luikart et al. 1998

tests may be a promising way forward for studies of taxa

ozygote excess and so these
without extensive existing population genetic work. A
challenge in this approach in that the test relies on ac-
curately identifying pre- and post-bottleneck allele dis-
tributions. These are not easily identifiable in many ec-
ological situations. In stepping-stone type invasions
the populations

where the origin is known however

form a time series and populations nearer the source
can be regarded as hypothetical pre-bottleneck popula-
tions for populations further from the source. The ex-
pectations of mutation drift equilibrium are dependent
to some extent on the model of allelic evolution as-
sumed Cornuet & Luikart 1996  and the tests de-
veloped allow comparison of observed patterns with the
predictions of both the infinite allele model usually
applied to allozyme loci and the stepwise mutation
model more commonly assumed for microsatellites
Goldstein & Pollock 1997

Finally an additional test recently developed for
microsatellite data involves analysis of the mean ratio of
the number of alleles to the range in allele size across a
Garza & Williamson 2001 This ratio

falls when a population is reduced in size and the

set of loci

magnitude of the decrease is correlated with the severi-

ty and the duration of the reduction in population size.
Identifying signatures of population growth

The structure of gene genealogies at single loci is sensi-
tive to the pattern of change in population size over
time such that populations of constant size produce
genealogies with dramatically different structures to
those for populations experiencing exponential growth

Reich & Goldstein 1998 Reich et al. 1999 . At
equilibrium in a population of constant size genealo-
gies for genes sampled in a population tend to have a
and a variety of more shal-

single deep split or node

low splits. In addition genealogies for unlinked loci
show considerable variation in the distribution of

Reich & Goldstein

In contrast

branch lengths between nodes
1998 Reich et al. 1999

growth results in genealogies in which all branches are

exponential
of similar length & comb-like’ genealogy  in which
lineages coalesce at or near the time at which exponen-

Reich & Goldstein 1998 Reich et

In such a scenario

tial growth began
al. 1999

linked loci coalesce to a single common ancestor at a-

phylogenies for un-

round the same time depth. Thus both the variance in
branch lengths for a given locus and the variance across
loci are lower under exponential growth than for a pop-
ulation of constant size. If the timescale of the process
is such that mutations can accumulate rapid popula-
tion growth generates expected distributions of se-
quence variation that differ from expectations assuming
constant population size. This principle has been ap-
plied to analysis of sequence divergence in mtDNA
1997 Zink et al. 2000
pected distributions of allele sizes within and among
microsatellite loci  Fisher et al. 2001
al. 2000 Reich & Goldstein 1998 Reich et al.

1999 . The applicability of this test is limited to times-

Merild et al. and to ex-

Thomas et

cales over which mutations can accumulate over the
markers in question and even using the most rapidly
evolving microsatellites the tests commonly have low
power for multicellular organisms on recent post-glacial
timescales. The multi-locus tests also increase in power
with increasing numbers and polymorphism of microsat-
ellites and this can also limit use of the test. These
approaches have however been applied with consid-
erable success to ancient changes operating over time-
scales of hundreds of thousands of years in human
population size Reich & Goldstein 1998 Reich et

al. 1999
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Oak gall wasps as a model system in inva-
sion biology

The summary above shows that aspects of the invasion
process have been investigated in many species using a
diversity of population genetic methods. It remains dif-
ficult however to identify which factors are correlated
empirically with the direction and strength of genetic
patterns associated with range expansion. The diversity
of taxa and techniques applied often means that differ-
ences in variables of interest such as the temporal or
spatial scale of the invasion are confounded with vari-
ation in the taxa studied or methods applied. The aim
of the work described below was to use a consistent set
of methods to generate population genetic analyses of
range expansion for a group of closely related species

differing in variables of interest. We describe the bio-
logical background to the system and illustrate how
spatial patterns in genetic diversity can vary enormously
even for closely-related species with similar ecologies

and invasion histories.
The oak gall wasp system

Oak gall wasps Hymenoptera Cynipidae tribe Cyni-

pini are insects whose larvae develop within galls in-

duced on oaks members of the genus Quercus and a
small number of other host plants in the Fagaceae

2002

and have a spring sexual generation and

Stone et al. . Most species are cyclically par-
thenogenetic
a summer/autumn asexual generation each year. Indi-
vidual gall wasp species can only form galls on specific
host oak taxa and so have distributions intimately tied
to those of their host plant. This dependence has gen-
erated gallwasp invasions on three temporal scales i

natural post glacial colonisation of higher latitudes from
glacial refugia ii  natural colonisation of northern
Europe over the last 500 years following human dis-
persal of an obligate host plant for members of the gall-
wasp genus Andricus and iii  very recent invasions
of Japan and the United States by introduced gallwasp
pests of cork oak  Quercus suber Bailey & Stange
1966 and chestnut Castanea sp.
1989 Payne 1978 To date

nalysis of range expansion have only been carried out

Moriya et al.

population genetic a-

over the first two timescales. Galls can be easily col-
lected in the field and reared making sampling of gall-
wasp populations and the detection of recent range ex-
pansions far easier than it is for many more cryptic or-

ganisms.

Biodiversity Science Vol. 10

Post glacial and historical range expansions of

European oak gallwasps

During the last ice age oaks and gall wasps associated
with them were restricted to three glacial refugia in Eu-
rope — the Iberian peninsular
Balkans
2001

by mountain ranges — the Pyrenees

southern Ttaly and the
1993
. Each of these refugia is bounded to the north

Stone & Sunnucks Stone et al.
Alps Tartras and

Carpathians and with the retreat of the ice only a
limited diversity of oak species successfully escaped
their glacial refugia and expanded their ranges far to
the north. Much of northern Europe has only two oak
species — (). robur and Q. petraea. Fossil pollen data
suggest that both of these oak species reached the cur-
rent northern limits of their distribution  which in-
approximately 6000 ~ 7000 years ago
Huntley 1990

which attack these oaks

cludes Britain
A number of gall wasp species
including sixteen species in
the genus Andricus also expanded their ranges north-
wards and have probably been present in Britain for
thousands of years.

Many other European species in the gallwasp ge-
nus Andricus have lifecycles that require two different
oak taxa. For all of these species the asexual genera-
tion develops in galls on hosts in the oak section Quer-
cus  which includes Q. robur and Q. petraea and a
sexual generation that develops on oaks in the section
2002
Cerris includes Quercus cerris  which is native to Italy
and the Balkans and Q. suber
the Iberian Peninsula and northwestern

2001 Fig. 2

no section Cerris oaks were able

Cerris  Stone et al. In Europe the section
which has disjunct
races in ltaly
Africa

that remain unclear

Stone et al. For reasons
to migrate northwards from their glacial refugia follow-
ing retreat of the ice. As a result gall wasps whose
lifecycle involved section Cerris host plants also have
natural distributions restricted to glacial refugia.

From the 15th century onwards however one
section Cerris oak the Turkey oak Quercus cerris
became a popular ornamental tree throughout Europe
and has been dispersed beyond its native range by hu-
man trade. (). cerris was introduced to Britain in the
and is now self-seeding through
Fig.2

Q. cerris has made it possible for gallwasps dependent

early 18th century
much of its introduced range . Introduction of
on this oak to become invasive and to date 7 species
that alternate between this host and (. petraea or

Q . robur have become established in northern Europe
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Native ranges of

B 0. suber

Introduced range of

Q. cerris

&

Black Sea

=
500 1000 Miles
500 1000 1500 Kilometres

Fig.2  The natural distributions of Quercus cerris and Q. suber
2001

Stone et al. 2002
Britain from the Balkans apparently independently
between 1950 and 1970 A. ambiguus A. lignicola
Hails & Crawley 1991 Stone

Andricus quercuscalicis caused

Three Andricus species reached

and A. quercuscalicis
& Sunnucks 1993

considerable public concern through spectacular popu-
lation growth over the decades following its arrival. The
same is true though less dramatically so for Andricus
ambiguus and A.

lignicola. Three more species

reached Britain also from central Europe around the
lucidus ~ Aphel-

onyx cerricola and are currently expanding their distri-

end of the last century A. aries A.

bution northwards from southeastern England.

An eighth species Andricus kollari has invaded
much of northern Europe without direct human assis-
tance. Unlike the previous Andricus species A. kollari
is not naturally limited only to the distribution of Q.
cerris  but is able to develop on a range of oak hosts in
the section Cerris. In the extreme west of its range

north-west Africa Spain and Portugal  the sexual
generation host is Q. suber in central-and eastern Eu-
rope east into Asia Minor the sexual generation host is

Q. cerris and in Syria Lebanon and Israel the sexual

and the introduced range of Q. cerris redrawn from Stone et al.

generation host is probably Q. libani. Of these hosts

only Q. cerris is present in northern Europe and is the
only sexual generation host for invading populations.
The colonisation of northern Europe by Andricus kollart
could thus potentially have taken place either by indi-
viduals from central Europe for which Q. cerris is the
natural sexual generation host or by individuals from
the Iberian peninsular following a host shift from Q.

suber to Q. cerris.

European oak gall wasps provide opportunities to
address a range of questions associated with range ex-
pansion.

1 What are the consequences of recent rapid
range expansion for genetic diversity and population
structure This question can be addressed for each of
the invaders dependent on human dispersal of Q. cerris
by analysing changes in diversity along the invasion
route and by comparing spatial patterns of genetic
structure in refugial and invaded ranges. Comparison of
patterns among species allows us to identify shared pat-
terns due to similar constraints acting on each range
expansion process from species-specific variation.

2 How do patterns in recent invaders compare
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with patterns seen in species that induce galls on oaks
that have been widely distributed in northern Europe
for 8000 ~ 12 000 years

indication of the timescale over which patterns estab-

This comparison provides an

lished during recent range expansion can be expected
to persist and of the significance of glacial refugia as
long term centres of genetic diversity. Here we present
summary data for Cynips quercusfolii a gallwasp whose
lifecycle involves two generations on (). petraea or ().
robur and which is presumed to have been present
throughout the range of these oaks in northern Europe
for thousands of years.

3 Are spatial patterns of genetic variation in
gall wasps compatible with island or stepping stone
models of range expansion

4  Are spatial patterns in allele frequencies
compatible with the effects of selection or genetic drift

The patterns described below together with the
population genetic methods involved are described in

detail in Stone & Sunnucks 1993 and Stone et al.

2001 2002
1 General patterns in genetic diversity

Changes in genetic diversity along an invasion route are
illustrated for Andricus quercuscalicis a host alternating
species originating in the Balkans Stone & Sunnucks
1993  Fig.3
diversity per locus show a dramatic decline along the

Fig.3

effects have occurred during the invasion process in

Both mean heterozygosity and allelic

invasion route suggesting that severe founder
this species. The strong patterns in A. quercuscalicis
raise the question of whether such trends in genetic di-
versity and population structure are shared among all
recent invaders dependent on Quercus cerris or the
product of a specific aspect of the biology of this gall-
wasp species. Patterns in other recent invaders A.
ambiguus and A. lignicola are qualitatively similar
though difficulties in sampling these species leave the
patterns for them far less well-resolved.

Andricus kollari is another host alternating spe-
cies with potential either to colonise northern Europe
from the Iberian glacial refuge or from an eastern Bal-
kan refuge. Analysis of the frequencies of refuge-spe-
cific private alleles and of sequence variation in mito-
chondrial cytochrome b haplotypes shows that Iberian
genotypes have been unable to exploit the human intro-
Fig. 4
cuscalicis the invaders in this species are derived from

the Balkans 2001

duction of Quercus cerris and as for A. quer-

Stone et al. Having established

Biodiversity Science Vol. 10

the origin of this species it too shows loss of genetic
Fig. 3

in contrast to Andricus quercuscalicis the loss of allelic

diversity along the invasion route However

diversity is not dramatic providing far less indication
of population bottlenecks during invasion by this spe-
cies. Data for Cynips quercusfolii show patterns inter-
mediate between those for A. kollari and A. quercuscal-
icis  Fig.5 . This diversity in patterns among species
makes it impossible to give any general conclusion on
the relationship between time since the arrival of invad-
ers and the extent to which genetic diversity is lost -
clearly more data are required. Nevertheless these
patterns do show that glacial refuges continue to be
centres of genetic diversity long after post-glacial range
expansion and if preservation of genetic diversity is a
priority in conservation efforts such refugia should be

protected.

2 Spatial patterns in genetic structure stepping

stone or Island Model colonisation

Examination of patterns at individual loci in Andricus
quercuscalicis shows that rare alleles are lost sequential-
ly along the invasion route  Stone & Sunnucks

1993

tion. This interpretation is reinforced by spatial auto-

a pattern suggestive of stepping-stone colonisa-
correlation analysis which across the whole invaded
range of A. quercuscalicis showed parallel declines in
genetic similarity with increasing site separation for al-
most all loci the mean pattern across loci is shown in
Fig. 6
tional stepping-stone migration followed by limited gene
though

This pattern gives a strong signature of direc-

flow between populations. The same pattern
Fig. 6

Comparison of patterns in the native and invaded

weaker is seen in A. kollari
ranges of A. quercuscalicis shows that while the native
range shows a pattern characteristic of high gene flow

Fig.7

ping-stone migration followed by limited gene flow in

there is a strong signature of directional step-

the invaded range. Such a pattern could indicate the
persistent population fragmentation predicted in the in-
vaded range by leptokurtic dispersal models and could
also be due in part to the patchier distribution of Q.

cerris outside its native range.
3 Selection or drift

As discussed above loss of genetic diversity and strong
spatial structuring are compatible with scenarios invol-
ving either genetic drift or selection. The similarity of

autocorrelograms for many unlinked loci in both A. kol-
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limits of the natural distribution of the cork oak Quercus suber which is the sexual generation host for the Iberian race of Andricus kol-

lari. Data are from Stone et al. 2001

lart and A. quercuscalicis however is more indicative
of a combination of genetic drift and directional migra-
tion than with a selective cause. Any selection-based

scenario would have to explain why multiple loci should

show clines on the same spatial scale. While this is
possible no similar empirical pattern has been demon-

strated elsewhere.
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4 Variation in patterns across species

A feature of this overview is that species invading over
here A. kollari and A. quercuscal-

The

differences suggest that an underlying dependence on

similar timescales

icts.  may show dramatically different patterns.

the distribution of Q. cerris is not enough to produce

similar spatial patterns in genetic diversity and that

A Mean heterozygos-

allelic diversity .

other aspects of the ecology of these two species are im-
portant. Stronger spatial structuring and loss of diversi-
ty for A. quercuscalicis could result from higher rates of
local extinction or population bottlenecks. Though little
is known about bottom-up effects in gallwasp population
2002 it is possible that the

differences between these species may stem from differ-

dynamics Stone et al.
ences in the host plant sites they require for gall induc-
tion. Galls of the asexual generation of A. kollari de-
velop on buds while those of A. quercuscalicis develop
on acorns. While buds are not known to vary periodi-
cally in abundance acorns certainly do and cycling in
acorn availability has been shown to drive the popula-
tion size of A. quercuscalicis galls Crawley & Long

1995

generation on the effective population size of a gallwasp

Although the effects of the dynamics of one
species remain unclear it is possible that the patterns
in A. quercuscalicis stem from a cycle in abundance

driven by resource availability.
Future directions

The dramatic difference between patterns in these two
species which are similar in almost all aspects of their
biology highlights the need for detailed datasets for
further species before general patterns can be identi-
fied. High levels of genetic diversity in European gall-
wasps suggests that population genetic analyses of the
recent invasions of Japan and the United States by oth-
er gallwasp species would be rewarding. The possible
impact of resource availability on genetic diversity and
population structure in gall wasps highlights the need to

link population genetics with population dynamics in
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are for the alleles using data for the loci GOT-s

future work. More broadly work on oak gall wasps has
shown how the population genetics of an invading in-
sect may be influenced by aspects of the biology of its
host plants. With this in mind it would be interesting
to compare the patterns and process of postglacial range
expansion in Asian oak cynipid species with patterns

seen in Europe.
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