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Abstract

Conventional wisdom predicts that sequential founder events will cause genetic diver-

sity to erode in species with expanding geographic ranges, limiting evolutionary

potential at the range margin. Here, we show that invasive European starlings (Sturnus
vulgaris) in South Africa preserve genetic diversity during range expansion, possibly

as a result of frequent long-distance dispersal events. We further show that unfavour-

able environmental conditions trigger enhanced dispersal, as indicated by signatures

of selection detected across the expanding range. This brings genetic variation to the

expansion front, counterbalancing the cumulative effects of sequential founding events

and optimizing standing genetic diversity and thus evolutionary potential at range

margins during spread. Therefore, dispersal strategies should be highlighted as key

determinants of the ecological and evolutionary performances of species in novel envi-

ronments and in response to global environmental change.
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Introduction

Geographic range expansions are a natural consequence

of population growth and dispersal, but the fate of genetic

diversity during such expansions presents a conundrum

for population and evolutionary biology (Austerlitz et al.

1997; Klopfstein et al. 2006; Travis et al. 2007; Excoffier

et al. 2009; Petit 2011). Range expansions characterized by

short-distance dispersal (SDD) will result in a reduction in

genetic diversity in populations at the expanding range

front, as these populations suffer from sequential found-

ing events and genetic drift (Austerlitz et al. 1997). This

reduction can be further enhanced by allele surfing, where

new and existing mutations can reach high frequencies

and thus high probabilities of fixation towards the range

front (Klopfstein et al. 2006). Such allele surfing can fur-

ther lead to migration loads through the fixation of delete-

rious mutations at the expanding range front (Travis et al.

2007; Excoffier et al. 2009), whilst beneficial mutations

generally do not surf far from source regions (Travis et al.

2007). However, the persistence and surfing probabilities

for all mutations will also depend on demographic pro-

cesses (M€unkem€uller et al. 2011) and whether mutations

directly affect dispersal (Travis et al. 2010). Therefore, ero-

sion of genetic diversity due to successive founding

events during range expansions may limit evolutionary

potential at the range margin. In consequence, the expan-

sion may be slowed by increased local-extinction risk and

the disappearance of features of populations necessary to

allow further spread.
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The solution to the conundrum posed by the loss of

evolutionary potential from sequential founding events

at the expanding range margin may lie in particular

dispersal strategies that natural selection will favour,

and how populations at the range margin overcome

sequential founding effects, especially as these popula-

tions constantly encounter novel environments. Specifi-

cally, the occurrence of long-distance dispersal (LDD)

events could be important in mitigating the genetic con-

straints associated with spread via pure diffusion (i.e.

SDD). While some have argued that gene flow and

allele exchange via LDD from core populations could

prevent local adaptation of peripheral populations and

therefore limit the range expansion (Kirkpatrick &

Barton 1997; Lenormand 2002), other models do show

the potential, at least theoretically, for LDD to improve

the fitness at the periphery even with only moderate

gene flow (Kawecki 2000; Alleaume-Benharira et al.

2006; Kremer et al. 2012). Stratified dispersal (involving

both SDD and LDD) has traditionally been modelled

using thin-tailed leptokurtic dispersal kernels where

LDD events are very rare. The outcome is similar to

models exclusively involving SDD (i.e. pure diffusion):

erosion of genetic diversity along the expansion path

(Bialozyt et al. 2006). In contrast, fat-tailed dispersal ker-

nels where LDD events are more frequent can in theory

conserve population-level genetic diversity (Bialozyt

et al. 2006) by allowing significant allele exchange

between core and peripheral populations (Fayard et al.

2009), mitigating the effect of sequential founding

events experienced by populations characterized by

SDD (or a thin-tailed dispersal kernel) during range

expansion. As genetic diversity and/or heterozygosity

are proxies for adaptive potential and fitness (Guarino

& Lobell 2011; Wetzel et al. 2012), frequent LDD events

are expected to boost evolutionary potential in periph-

eral populations, which then can further accelerate the

range expansion.

Examples of how LDD may have shaped population

structure during postglacial colonization at large (conti-

nental) scales exist for plants (Petit et al. 1997, 2001,

2002; McLachlan et al. 2005). However, rapid and large-

scale present-day expansions are rarely observed in

native species, which are mostly in equilibrium with

their environment, making it problematic to infer how

LDD can affect contemporary evolutionary potential

during range expansion. Nonindigenous populations

introduced to novel environments are often character-

ized by small founding population sizes, with some

experiencing rapid range expansion once established.

Although environmental constraints on expansion are

expected to differ between native and invasive species

(Olivieri 2009), invasive alien species provide interest-

ing model systems for studying how dispersal affects

evolutionary potential. Here, we exploit just such a sys-

tem by delineating the spatial genetic patterns of inva-

sive, nonindigenous European starlings (Sturnus

vulgaris) in South Africa. This population derived from

a single introduction of <20 birds from England to Cape

Town (Harrison et al. 1997) in the late 19th century, and

since then has spread rapidly and largely unidirection-

ally eastwards from the area of release. The distribution

of genetic variation in this starling population reveals

how genetic diversity is conserved in an expanding

population during the course of invasion and thus

range expansion.

The first hypothesis tested here is that South African

populations are genetically depauparate compared with

native populations due to a single and small introduc-

tion event. To test this, we compare genetic diversities

between native and invasive populations of European

starlings to estimate the strength of the founder event

in South Africa. Second, we test the hypothesis that

genetic diversity is eroded along the expansion range of

European starlings in South Africa. If dispersal is pri-

marily diffusive, that is, SDD, then sequential founding

events would reduce genetic diversity along the inva-

sion pathway (Chakraborty & Nei 1977; Clegg et al.

2002). However, this genetic erosion could be mitigated

if European starlings frequently disperse over long dis-

tances, that is, following a fat-tailed dispersal kernel.

Lastly, we test whether abiotic factors influence, trigger

or limit dispersal by relating genetic structure to envi-

ronmental and habitat quality factors.

Material and methods

Sampling design

Models of landscape/spatial influence on genetic varia-

tion require continuously distributed sampling within

the scale of spatial autocorrelation. We designed a ran-

dom sampling protocol to capture the variability of

landscape variables across the current distribution of

European starlings in South Africa (available at sabap2.

adu.org.za). Geographic information system (GIS) layers

were used to identify the ranges of altitude and four

bioclimatic variables (mean winter precipitation, mean

summer precipitation, mean summer maximum temper-

ature and mean winter minimum temperature) that are

found across the current distribution of starlings in

South Africa (SA), obtained from the WorldClim data-

base (Hijmans et al. 2005). This allowed us to identify

50 sampling locations that captured the range of varia-

tion in these variables. Starlings were found at only 35

of these locations (Figs 1 and S1, Supporting Informa-

tion), with a total of 232 individuals were sampled dur-

ing the summer and autumn of 2011 (an average of 6.6
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individuals per site, Table S1, Supporting Information).

Note that we use ‘population’ and ‘individuals at a site’

interchangeably hereafter. For comparison, we also

included samples from 16 individuals from the United

Kingdom (UK). The UK specimens were all from the

Garden Bird Health initiative (GBHi) archive. Speci-

mens in this archive are dead birds found by members

of the public and sent to the Institute of Zoology from

across England (2/3) and Wales.

Molecular analyses

Genomic DNA was extracted from tissue samples using

the QIAGEN© Tissue extraction kit according to manu-

facturer’s instructions (Qiagen). PCR products were

labelled with fluorescent dyes and genotyped using a

capillary sequencer (3730XL; Applied Biosystems) for 17

microsatellite markers previously designed for passer-

ine species (Table S2, Supporting Information). Allele

sizes were estimated using GENEMAPPER
� version 3.7

(Applied Biosystems). For microsatellite data, the pres-

ence of null alleles was tested using FreeNA (Chapuis

& Estoup 2007) and standard genetic indices estimated

using GENEPOP (Raymond & Rousset 1995) and HP-

RARE (Kalinowski 2005). For all subsequent analyses,

we used two measures of genetic distance: FST between

pairwise populations (i.e. sampling sites) and Rousset’s

â for pairwise distances between individuals.

The mitochondrial DNA control region was

sequenced for 1092 bp using primers svCRL1/svCRL2-

svPhe3 (Rollins et al. 2011) and was aligned with 17

additional UK haplotypes from 27 individuals that orig-

inated from Monks Wood, Cambridgeshire, England

(Rollins et al. 2011, GenBank Accession nos: H263626,

H263630–42, FJ542128–9, FJ542133). We analysed the

mitochondrial data using ARLEQUIN (Excoffier et al.

2005) and performed a minimum spanning tree from

Kimura-2 parameter distances. Haplotypes from this

study were deposited in GenBank (KF638591–617).

Spatial visualization of genetic diversity

Spatial principal component analysis (sPCA; Jombart

et al. 2008) was performed to investigate spatial patterns

of genetic variability using the adegenet package in R (R

Development Core Team 2010). sPCA scores can be

informative at two major scales: global structures (i.e.

large scales) display positive spatial autocorrelation

between individuals, whereas local structures (i.e. fine

scales) display negative spatial autocorrelation. The sig-

nificance of global and local structures was tested using

Monte Carlo tests as implemented in the adegenet pack-

age using 10 000 permutations. Our choice to investi-

gate genetic spatial structure using sPCA stems from

the fact that traditional Bayesian clustering approaches

is an inappropriate method when individuals are genet-

ically structured as a cline as in the case of isolation-by-

distance (IBD; Guillot et al. 2009). Furthermore, sPCA

allows the identification of IBD patterns (linearly

decreasing scores) and genetic substructures (sudden

changes in scores). Nevertheless, we also performed a

Bayesian assignment analysis using STRUCTURE (Pritchard

et al. 2000). For this analysis, we used the admixture

model and correlated allele frequencies (Falush et al.

Fig. 1 Spatial genetic pattern of Europe-

an Starlings in South Africa. Gradient of

winter precipitation (in mm) is shown.

Red arrow indicates the site of introduc-

tion. Squares represent individual’s

scores for the 1st axis of the spatial PCA.
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2003). Preliminary runs were performed from K clus-

ters = 1–10 with 300 000 iterations and a burn-in period

of 100 000. Following preliminary results, five final runs

for K clusters = 1–5, with 106 iterations following a

burn-in period of 500 000 were performed.

Landscape connectivity

We used an isolation-by-resistance approach (McRae

2006) to investigate which environmental factors might

influence connectivity (i.e. gene flow). Landscape con-

nectivity was evaluated using cost-distance modelling,

whereby the geographic distance between locations is

weighted by the values of the environmental factor

tested, to estimate the likely difficulty of dispersal

across that space expressed in ‘environmental’ (i.e. cost)

terms. Each raster pixel of the landscape was assigned

a resistance for a specific environmental feature (i.e.

topographic or bioclimatic factors), representing the dif-

ficulty for dispersing due to this environmental feature.

From this resistance (or cost) surface, the effective cost

distance between two locations was calculated using

the least-cost path estimated by PATHMATRIX software

(Ray 2005). Correlations between genetic and cost dis-

tances were tested to identify which environmental fea-

tures affect gene flow (i.e. dispersal) across the

landscape.

Specifically, for the five environmental factors, we

first examined the distribution histograms of each factor

across the South African distribution range of starlings.

From these, we created 6–10 classes to which we attrib-

uted resistance values ranging from 0.1 for the mini-

mum resistance to 1 for the maximum resistance. The

most common environmental class was assigned the

smallest resistance value and the rarest class the highest

resistance. We then searched for the least-cost path.

We also verified that Rousset’s â distances followed a

Gaussian distribution, and geographic and cost dis-

tances were ln-transformed to reduce their skewness

and to conform to the assumptions of Mantel tests. We

tested the correlation between individual Rousset’s â

and cost distances after correction for geographic dis-

tance using partial Mantel tests. Analyses were per-

formed with 10 000 permutations using the ZT software

(Bonnet & Van de Peer 2002).

Changes of genetic parameters along the invasion
pathway

We first tested whether a correlation exists between

individual Rousset’s â and geographic distances using

Mantel tests, that is, the IBD pattern across the entire

range (IBD slope bSA). However, changes in IBD pat-

terns may occur during range expansion and may

reflect demographic processes or changes in dispersal

strategies. To this end, we also investigated changes in

IBD along the invasion pathway using a slide-window

analysis (Castric & Bernatchez 2003). A constant-width

window was slid along the direction from Cape Town

to the most eastward population found (i.e. invasion

pathway), which lies 1053 km from Cape Town. There-

fore, in order to include a minimum of four populations

in each window and to maximize the number of win-

dows, a window width of 200 km and a slide distance

of 20 km were chosen. Still, not every slide step

included a new site, and any that did not were there-

fore removed from the analysis, leaving a total of 17

windows. Within each window, a least-squares regres-

sion between population’s genetic distances [FST/

(1�FST)] and log-transformed geographic distances was

performed and the regression slope estimated. To be

consistent across windows, a rarefaction approach was

applied by resampling four sites for all windows con-

taining more than four sites. Change in IBD was analy-

sed by plotting the slope values for the 17 windows

along the invasion pathway (bCol). To investigate

whether the observed relationship between regression

slope and distance could be obtained by chance, we

performed new analyses by randomly reshuffling sam-

pling sites 1000 times along the invasion pathway.

Parameters of the simulated relationships between IBD

slopes and linear distances along coastlines were com-

pared against the observed parameters for significance.

For allelic richness (AR), expected (HE) and observed

(HO) heterozygosity, we estimated the window means

using the rarefaction approach of four sites per window

and regressed them with the distance of the window

from Cape Town.

Environmental effects

Spatial Moran’s eigenvector map (MEM) variables,

derived from geographic coordinates, were used to

investigate distribution patterns of allele frequencies

in response to environmental factors (Manel et al.

2012). Moran’s eigenvector map (MEM) variables have

been shown to be powerful descriptors of spatial pat-

terns and reveal spatial and environmental effects on

community assembly, genetic variation (Manel et al.

2012) or morphometric variation (Berthouly-Salazar

et al. 2012). Briefly, we regressed the frequencies of

each of the 119 identified alleles in the South African

starling population against five environmental factors

and 15 spatial MEMs for considering spatial autocor-

relation. Alleles for which multivariate regression was

significant and showed an adjusted R2 > 0.5 were con-

sidered as potentially ecologically relevant. For these

© 2013 John Wiley & Sons Ltd
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alleles, variables that had a significant effect were

tested using univariate regressions. Calculations were

carried out using the PCNM package in the R statisti-

cal environment (R Development Core Team 2010).

Results

Genetic diversity

We sequenced 1092 bp of the mitochondrial control

region and identified 37 different haplotypes. For the

global data set (UK+SA), mean pairwise differences

between haplotypes were on average 5.2 � 2.6 (SD)

while nucleotide diversity averaged 0.006 � 0003.

Across all haplotypes, we identified 35 mutations of

which 19 were parsimony informative sites and 16

singleton variable sites. Due to this low informative-

ness, we were not able to reconstruct a phylogeny.

From our 16 UK samples, we identified 13 unique

haplotypes which, in combination with the data of

Rollins et al. (2011) led to a total of 26 UK haplotypes.

We found 17 haplotypes in South Africa among which

six were shared with the 26 UK haplotypes. Three of

the six shared haplotypes between South Africa and

the UK were present in 70% of the South African

sampling localities. Using mitochondrial DNA, esti-

mates of hk suggest that effective population size of

native range starlings in the United Kingdom was 6.5

times larger than in South Africa. Four main haplo-

types in South Africa represent 88% of the population.

With the exception of four singletons from the western

part and four singletons from the eastern part of the

distribution, all other haplotypes were distributed

across the entire invasive range (Fig. 2). A map of dis-

tribution of each haplotype shows that some haplo-

types such as Hap45 were only found at the core and

at the periphery of the invasive range, suggesting

long-distance dispersal (Fig. S2, Supporting Informa-

tion).

No microsatellite markers were found with potential

null alleles. The average number of alleles per marker

was 7.5, ranging from two for Patmp2-43 to 15 for

Sta213 and Sta308 (Table S2, Supporting Information).

Only two alleles were found out of Hardy–Weinberg

equilibrium after Bonferroni correction (Ase19 and

SS2-106).

At the country level, we found that expected hetero-

zygosity (HE) and rarefied allelic richness (AR) in South

Africa to be similar to those found in the United King-

dom (HE: 0.653 vs. 0.698; AR: 5.4 vs. 6.2). Within South

Africa, HE ranged from 0.539 to 0.682 and HO from

0.494–0.718 (Table S1, Supporting Information). Overall,

we found a low inbreeding rate throughout South

Africa (FIS = 0.077).

Spatial patterns

For South African starlings, the correlation between

genetic distances (Rousset’s â) and geographic distances

(LnG) showed only a weak IBD pattern (bSA = 0.028,

P = 0.054). However, our sliding window approach indi-

cated a decline in IBD slopes along the eastward progres-

sion of the range [(FST/(1�FST) vs. LnG; bCol = �3 9 10�5,

R2 = 0.55, outside the 95% CI (�8.3 9 10�6; 9.85 9 10�6),

Figs 3A and S3, Supporting Information]. In addition, this

approach also revealed a constant HE across the entire

invasive range (bHE = 3 9 10�6, R2 = 0.1, P = 0.65) but a

decrease in rarefied AR (bAR = �1 9 10�04, R2 = 0.32,

P < 0.05; Fig. 3B) and an increase in HO (bHo = 2 9 10�05,

R2 = 0.68, P < 0.001 Fig. 3C).

When we compared the frequencies of alleles lost

between the first and the last slide window, we found

that the mean frequency of the 20 lost alleles (0.05) to

be significantly lower than expected from the permuta-

tion test (10 000 reshuffles; mean = 0.156, P < 0.0001).

In contrast, for those alleles kept, the mean frequency

(0.18) was significantly higher than expected from the

permutation test (mean = 0.156, P < 0.0001). We also

found lower levels of genetic differentiation between

peripheral populations compared with core populations

(FST = 0.0318 for populations 0–150 km to the introduc-

Fig. 2 Minimum spanning tree of 17 South African haplotypes

using K2P distances. Circles are proportional to the frequency

of each haplotype. Haplotypes labelled as ‘contact zone’

include the following sampling sites: EWC6, EWC7 and EWC8

(see Fig. S1, Supporting Information).
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tion site; FST = 0.0127 for populations 800–1050 km

away; Mann–Whitney test, P < 0.001).

For the sPCA analysis, global structures (i.e. large

spatial scale) were significant (P = 0.0073) with two first

strong eigenvalues (Fig. S4, Supporting Information)

while local structures were not significant (P = 0.243).

The first axis of the sPCA identified two subpopulations

with a contact zone around 150–300 km east from the

introduction site (Fig. 1). Similar breakdown was found

for the Bayesian assignment tests conducted in STRUC-

TURE (Appendix S1, Supporting Information). How-

ever, as genetic differentiation is very low between

these two subpopulations (FST = 0.008), this genetic sub-

structure most likely reflects recent divergence. Both

subpopulations have low IBD slopes, although the pop-

ulation to the west of the contact zone has a steeper

pattern of IBD (bW = 0.104, P < 0.001) compared with

the eastward population (bE = 0.054, P < 0.001).

Environmental effects

Sixteen of the 119 multivariate regressions of allele fre-

quencies against MEMs and environmental factors

showed signs of ecological relevance, as assessed by

their significance (P < 0.05) and variance explained

(R2 > 0.5). Following univariate regressions for each of

these 16 alleles, we found that three alleles restricted to

few sampling sites (SS2-71B_326, Sta213_173 and SS3-

42C_135) and one widespread allele (Sta308_140, occur-

ring in 25 of the 35 sites) were correlated with winter

precipitation only (Table 1, Fig. 3D).

Our isolation-by-resistance approach indicated only

two significant correlations between genetic distances

and environmental cost distances (Table 2). Genetic dis-

tances (â) increased with higher winter precipitation

(partial Mantel test: bWp = 0.051, P < 0.001) and

decreased with higher summer precipitation (bSp =
�0.056, P < 0.001), and thus, gene flow is limited where

winter precipitation is high and summer precipitation is

low.

Discussion

Biological invasions are typically characterized by sto-

chasticity, severe founder events, and strong genetic

drift, so that the genetic diversity found in introduced

populations usually only represent a small proportion

of that found in the native range (but see, Dlugosch &

Parker 2008). As adaptive potential is linked to genetic

diversity (Guarino & Lobell 2011), low genetic diversity
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in introduced populations may reduce their abilities to

adapt and hence increase their extinction risk in novel

environments (Hoffmann & Blows 1994).

The colonization history of European starlings in

South Africa has been well documented, with the suc-

cessful establishment of a founder population in Cape

Town around 1930 following the introduction of <20
individuals in late 1890s (Harrison et al. 1997 and refer-

ences therein, Picker & Griffiths 2011). This was fol-

lowed by a clear eastward range expansion that

reached the Eastern Cape Province (i.e. East-London)

by 1960, and finally the Kwazulu Natal Province (i.e.

Durban) by the beginning of 2000 (Fig. S1, Supporting

Information Hui et al. 2012). Our results showed that

mitochondrial haplotype diversity of this invasion is

surprisingly high given a founding population of <20
birds (Harrison et al. 1997). The seventeen haplotypes

identified in South Africa suggest either a heavily sex-

biased introduction (towards females) occurred or that

new mutations happened in situ following introduction,

both of which seem highly unlikely. Alternative expla-

nations could be that an undocumented secondary

introduction(s) followed the initial introduction to Cape

Town (Long 1981) or that the original introduction to

Cape Town must have been larger than 20 birds. The

eastward expansion of European starlings from Cape

Town never showed a discontinuous distribution (Hui

et al. 2012; Fig. S1, Supporting Information), and there-

fore, a secondary introduction(s), if any, could only

have occurred in areas already occupied by the expand-

ing founding population. Moreover, the probability of

newly arriving haplotypes to persist in large already

established populations would be low due to the effects

of drift, and therefore, these secondary introductions

must have occurred early on in the invasion or at

peripheral low-density populations. Nevertheless,

despite the unexpectedly high number of haplotypes,

our data do suggest a strong founding effect as shown

by the hk ratio. Estimating the loss of genetic diversity

in introduced populations can be a daunting task,

requiring sufficient sampling in both native and inva-

sive ranges. According to Puillandre et al.’s (2008), the

sample sizes for both ranges used here are sufficient to

infer that the South African population has been sub-

jected to a founder effect.

Unlike for our mitochondrial data, the founding event

of European starlings in South Africa had little effect on

microsatellite allelic richness with very low differences

observed between the native UK and South African

invasive populations. Evidence of equal or higher

genetic diversity in species’ invasive ranges has been

explained by admixture following multiple introduc-

tions, especially when introductions occur from differ-

ent native range regions. Dlugosch & Parker (2008) not

only observed that allelic richness, and not necessarily

heterozygosity, would benefit from multiple introduc-

tions, but also that multiple introductions may not

always lead to higher genetic diversity in invasive pop-

ulations. In addition, many extrinsic and intrinsic fac-

tors during the invasion process will impact genetic

diversity, irrespective of the amount of genetic diversity

introduced. In other words, multiple introductions do

not always rescue invaders from loss of diversity and

others factors may affect levels of diversity following

species introductions, one being dispersal strategies.

Dispersal strategies will have important implications

for the fate of genetic diversity during the rapid range

expansions typically associated with successful invasive

species, yet their effects have not been explicitly stud-

ied. Dispersal by pure diffusion (SDD only) can increase

genetic differentiation along the expansion range

(Hallatschek et al. 2007) while LDD will potentially

attenuate genetic differentiation and therefore the IBD

patterns (Bialozyt et al. 2006; Fayard et al. 2009; Ray &

Excoffier 2010). At both global (i.e. entire invasive

range) and local (i.e. subpopulations) scales, South

Table 2 Results for partial Mantel tests between Rousset’s â

and environmental cost distances

Environmental factor Correlation value P-value

Altitude �0.044 0.0954

Winter precipitation 0.051 0.0005

Summer precipitation �0.056 0.0001

Tmax in summer 0.0079 0.1135

Tmin in winter �0.036 0.0937

Tmax: maximum temperature; Tmin: minimum temperature.

Table 1 Regression values for all significant univariate regressions per locus

Locus_allele Environmental factor Slope SE t-value P-value R2 adjusted

SS2-71B_326 Winter precipitation 0.0005805 0.0001473 3.940 0.000398 0.30

Sta213_173 Winter precipitation 0.0005705 0.0001473 3.872 0.000483 0.29

SS3-42C_135 Winter precipitation 0.0006786 0.0001257 5.400 5.67e�06 0.45

Sta308_140 Winter precipitation 0.0011726 0.0003259 3.598 0.00104 0.26
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African starling populations showed very weak IBD,

which may simply be the effect of short residence times.

However, assuming a generation time of 1.6–2 years

(Feare & Forrester 2002), these populations arrived

between 56 and 70 generations ago, which can be

enough time for IBD to develop. In fact, since their

introduction, two slightly differentiated starling sub-

populations have already emerged (Fig. 1). In addition,

our results also showed an absence of spatial structure

in mtDNA, with core and peripheral populations shar-

ing a significant number of haplotypes (Fig. 2), includ-

ing low frequency haplotypes (e.g. Hap45; Fig. S2,

Supporting Information). Therefore, our results seems

to indicate that the weak IBD pattern observed means

that LDD events are relatively frequent in the invasive

starling population in South Africa.

Bialozyt et al. (2006) simulated the effects of LDD on

maternally inherited haploid genetic diversity at the

wave front and found that diversity increased when LDD

events reached a propability of ≥10�5. On the other hand

at probabilities of <10�5, diversity levels decreased below

those expected under pure SDD models, a phenomenon

known as the embolism effect (Petit et al. 2004). This non-

monotonous response can be further amplified in large

populations. Increased frequencies of LDD events (i.e.

fat-tailed dispersal kernels) would preserve genetic

diversity by allowing gene flow across the whole range,

the so-called ‘reshuffling effect’ (Ray & Excoffier 2010).

Therefore, frequent LDD can increase diversity along the

expansion range (Fayard et al. 2009), while simulta-

neously limiting allele surfing and therefore the effect of

drift on genetic differentiation.

Studies on how the frequency of LDD affects genetic

diversity in natural populations are rare. Recently,

Sz€ov�enyi et al. (2012) studied different species of long-

distance-dispersing peat mosses. They found no or very

weak IBD patterns and mainly positive, but not signifi-

cant, correlations between allelic richness or HE and

distance from the core. If the theoretical predictions dis-

cussed above are correct, then fat-tailed dispersal ker-

nels would allow species to conserve most genetic

diversity, or may even increase genetic diversity along

the expansion range. Here, we observed a weak but sig-

nificant decrease in AR along the expansion range. This

was partly explained by the loss of rare alleles and is

not in contradiction with the effect of frequent LDD as

LDD do not entirely prevent the cumulative effect of

founding events (Austerlitz et al. 1997; Comps et al.

2001). Allelic richness is expected to be lost more easily

from bottlenecks than heterozygosity (Nei et al. 1975).

Moreover, LDD limits allele surfing, a process by which

rare alleles can be conserved and even reach high

frequencies at the expansion front as described by the

embolism effect.

We found a positive correlation between heterozygos-

ity and distance from the core (but only significant for

HO) and lower genetic differentiation among peripheral

populations than among core populations. These obser-

vations would be in agreement with the ‘reshuffling

effect’ expected with frequent LDD events. LDD events

mix individuals from different sources, thus increasing

genetic diversity while decreasing genetic differentia-

tion. Increasing genetic diversity at the expanding front

may represent the advantage of maximizing adaptive

potential where populations face new environmental

conditions.

Dispersal is often viewed as a static life history trait.

This is probably unrealistic as indicated by Reid’s para-

dox (Clark et al. 1998), which notes that species ranges

often expand much faster than expected from normally

observed dispersal rates. This paradox was solved by

theory in showing that the rate of dispersal of individ-

ual animals and plants should increase towards the

front of an expanding geographic range (Le Corre et al.

1997; Travis & Dytham 2002). Subsequently, Phillips

et al. (2006) were the first to show an increase in dis-

persal abilities towards the expanding range front for

invasive cane toads. Since then, others have confirmed

that accelerating dispersal can evolve during the course

of range expansion through ‘spatial sorting’ of individu-

als with greater dispersal abilities (Berthouly-Salazar

et al. 2012) and that individuals’ dispersal strategies

depend on a series of internal and external conditions

(Clobert et al. 2009). A recent study also showed that

kin competition (i.e. relatedness) can change the shape

of the dispersal kernel towards more ‘fat-tailed’ kernels

(Bitune et al. 2013).

Historical occurrence records indicate that European

starlings have accelerated their dispersal during their

invasion in South Africa (Hui et al. 2012). Our genetic

results showing a decrease in IBD slopes along the

axis of range expansion corroborate these inferences of

enhanced dispersal towards the periphery (Fig. 3A).

Lower IBD slopes observed for windows at the

expanding front could be due to not enough time hav-

ing lapsed since arrival for an IBD pattern to emerge.

However, as LDD events seem evidently to occur and

given the observed lower IBD slope in the eastward

population compared with the westward population,

we believe that an acceleration of dispersal occurred.

This is in agreement with historic occurrence records

indicating a two-fold increase in the speed of range

expansion 150 km east of Cape Town (Hui et al. 2012),

the approximate contact zone between the two sub-

populations we identified. Interestingly, this also rep-

resents an area where climate conditions, especially

winter precipitation, change dramatically (Fig. 3D).

Environmental quality is likely to influence dispersal
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(Dytham 2009; Hui et al. 2012) due to costs (if the reci-

pient environment is less favourable than the original)

or benefits (if it allows individuals to escape from

poor environments). Using two types of analyses, we

found that starling dispersal is indeed affected by

environmental factors, especially winter precipitation.

First, we found signatures of selection at four micro-

satellite alleles. While three alleles were only present

in a few sites and therefore potentially represent false-

positive effects due to stochasticity of founding events,

one allele was found across the invasive distribution

range. Detecting signatures of selection across a spe-

cies range can be very difficult when allelic clines

resulting from IBD correlate with spatial and environ-

mental scales (Holderegger et al. 2010). However, we

did not observe a significant IBD pattern across the

whole range and only very weak IBD patterns at the

subpopulation level. Moreover, the approach used

here has considered spatial autocorrelation via MEM

variables, thus the probability of detecting false selec-

tion signatures is unlikely. Second, our isolation-by-

resistance approach shows that gene flow is influenced

by precipitation. We found an increase in genetic dis-

tances, and thus a decrease in dispersal, as winter

precipitation increases. Similarly, Hui et al. (2012) esti-

mated much lower spread rates (4–8 km/year) for

European starlings in areas with high winter precipita-

tion compared with eastward regions in South Africa

where winter precipitation is lower (8–32 km/year).

Precipitation is likely to be a key factor defining the

environmental niche of starlings in the region and

often is a surrogate for other environmental factors, in

particular for primary production and therefore

resource availability. In fact, it has been previously

found that precipitation is a key factor in determining

species richness for many native South African birds

(van Rensburg et al. 2002).

Overall, therefore, our study shows that as habitat

becomes less suitable to the east, the more challenging

rainfall regime encountered by starlings triggers the

acceleration of dispersal. The optimum habitat of star-

lings in South Africa is situated within a 150–200 km

radius from Cape Town (the introduction site). Favour-

able habitats along the southeast coast, coupled with

relatively high human densities, have formed a corri-

dor that has directed a primarily eastward pathway of

range expansion. Subsequent contact with less favour-

able habitat by the range front (which occurred around

1940) triggered faster expansion (Hui et al. 2012), as

reflected by the lower IBD slope found in the eastward

population, supporting the ‘good-stay, bad-disperse’

rule in response to environmental conditions previ-

ously identified for starlings in Britain (Hui et al.

2012).

Conclusion

The spread of European starlings in South Africa is

characterized by relatively frequent LDD events, which

mitigate the effects of sequential founding events dur-

ing range expansion and allow the conservation of

genetic diversity. LDD events redistribute genetic diver-

sity across the expanding range and can transport bene-

ficial mutations to peripheral populations from

anywhere across the species’ range (Fayard et al. 2009),

increasing evolutionary potential, as shown previously

for other species that are shifting their native ranges

due to climatic changes (Buckley et al. 2012). LDD

would be selected for in populations facing intermedi-

ate local-extinction pressure (Bohrer et al. 2005). Here,

we suggest that dispersal strategy, and specifically

enhanced dispersal, can therefore be regarded as an

evolutionary response to avoid the loss of genetic diver-

sity during rapid range expansions. Our analyses high-

light how unfavourable environmental conditions can

lead to enhanced dispersal that further allows for the

conservation of genetic diversity by optimizing genetic

diversity and thus evolutionary potential.

In conclusion, (i) the European starling follows a ‘good-

stay, bad-disperse’ strategy with its optimum niche sensi-

tive to variation in rainfall; (ii) starlings encountering

unfavourable habitat at the range front around 1940 were

a trigger for more frequent LDD events and faster expan-

sion as a result; and (iii) a relatively high proportion of

LDD events help to preserve genetic diversity, especially

at the range front to enhance fitness in novel environ-

ments. This may not only be an important mechanism for

successful invasions by nonindigenous species, but also

shows in general how dispersal strategy may help species

cope with climate or other environmental change, espe-

cially if that change leads to a deterioration of habitat con-

ditions in a previously favourable location.
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