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Abstract Harmonia axyridis is an invasive beetle
(Coleoptera: Coccinellidae), native to Asia, that has
established on four continents beyond its native range
and was first observed in South Africa in 2001. Using
microsatellite data and a comprehensive geographic
coverage of international (17 locations) and South
African (14 locations) beetle samples, we inferred
the source of colonists invading South Africa and the
beetle’s movement within the country. Genetic struc-
ture analyses suggest that this species’ populations
in South Africa are derived from admixture between
beetles originating from eastern North America
(which acted as a bridgehead population) and another
population not directly sampled in our study. Genetic
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admixture prior its invasion into South Africa, along
with the possibility of multiple introductions from the
bridgehead population, may explain the high genetic
diversity estimates for South African H. axyridis
(H;=0.582-0.625) compared to beetles from the
native range (Hp=0.440-0.636). Harmonia axyridis
appear to be frequently exchanging genetic mate-
rial across South Africa, with no clear genetic struc-
ture between sampled locations. However, evidence
of weak isolation-by-distance within South Africa
suggests that beetles are dispersing less frequently
between locations that are furthest apart. This study
supports previous findings on global invasion path-
ways in this species but provides new insights in the
context of the invasion in South Africa. We high-
light how mixing of distinct lineages from divergent
origins prior to the invasion into South Africa has
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augmented genetic diversity in the region. The high
dispersal rates and large effective population sizes
inferred from genetic markers suggest that slowing
the spread or reducing population abundances of the
species in South Africa will be challenging without
an integrated, multi-faceted management approach.

Keywords Gene flow - Invasion pathways -
Approximate Bayesian computations - Ghost
population - Dispersal - Landscape

Introduction

Dispersal pathways and demographic characteristics
are important factors affecting the introduction and
spread of invasive species (Kenis et al. 2007; Caley
et al. 2015). Most invasive species are introduced
unintentionally, and as a result go undetected for
some time (Lockwood et al. 2005; Hill et al. 2016;
Roques et al. 2016). In some cases, intentionally
introduced species, like those reared for biological
control of pest species in agricultural systems, can
accidentally spread to novel environments where it
was not intended for release (Pratt and Center 2012).
This can be a cause for concern because species intro-
duced intentionally for cultivation or biological con-
trol are given special attention to promote persistence
and to overcome barriers to introduction (Wilson
et al. 2009). Non-native species whose establishment
was facilitated by human activities may have adap-
tive advantages when accidentally introduced else-
where (e.g., Anthropogenically Induced Adaptations
to Invade, or AIAIL;, Hufbauer et al. 2012). Therefore,
investigating the routes of introduction is a critical
step toward mitigating against the arrival and estab-
lishment of potential future invaders (Estoup and
Guillemaud 2010) and to elucidate the processes that
facilitate ongoing invasions (Wilson et al. 2009).
Invasive populations very often show evidence of
multiple introductions and/or high propagule pres-
sure and can be accompanied by admixture events
between two or more genetically divergent popula-
tions (Garnas et al. 2016; van Boheemen et al. 2017).
The merging of previously isolated lineages can result
in admixed genotypes that are not typically found in
the native range (Keller and Taylor 2008; van Bohee-
men et al. 2017). Genetic admixture can further influ-
ence the adaptive ability of introduced individuals
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by elevating additive genetic variation and/or creat-
ing novel gene combinations upon which selection
can act. Such mixing can also ameliorate the nega-
tive effects associated with genetic bottlenecks and
inbreeding and aid adaptation to novel conditions
(Estoup and Guillemaud 2010; Lombaert et al. 2010;
Bock et al. 2015). However, gene flow between lin-
eages with distinct evolutionary histories can also
lead to genomic incompatibilities or compromise
local adaptation (Garnas et al. 2016). Sufficient addi-
tive genetic variation has often been cited as a key
factor influencing the ability of invasive species to
cope with heterogeneous and/or novel environmental
conditions, though others have recognized an impor-
tant role for phenotypic plasticity (Rius and Darling
2014). The success of numerous invaders with limited
genetic diversity, including clonal forms, attests to the
fact that genetic variation is not universally required
for ecological success, at least in the short term (Gar-
nas et al. 2018). Still, high propagule pressure, either
at the outset of establishment or via multiple intro-
duction events, generally correlates with population
genetic diversity and positively relates to introduced
species’ success (Wilson et al. 2009). Within the last
century, several countries have increased border secu-
rity and quarantine measures to combat the spread of
invasive species, though rates of establishment have
not dramatically changed (Seebens et al. 2017). Non-
native insects and other invertebrates are particularly
well-represented among invasive taxa, likely due to
their unique capacity to disperse over large distances
undetected as contaminants and stowaways on global
trade and transport channels (Roques et al. 2016; See-
bens et al. 2017; Van Wilgen et al. 2020).

Harmonia axyridis (Pallas 1773) (Coleoptera:
Coccinellidae), commonly known as the harlequin
ladybird, is a beetle native to Asia (Koch 2003;
Brown et al. 2011). It gained attention for voraciously
feeding on aphids and effectively suppressing their
populations, particularly in greenhouse or nursery
environments (Koch 2003). As a consequence of its
success as a commercial biocontrol agent, this species
was repeatedly introduced outside of its native range
(Koch 2003). It was first intentionally released into
Europe (1916) and North America (1964) (Iablokoft-
Khnzorian 1982; Chapin and Brou 1991), followed by
recurrent intentional introductions into parts of South
America between 1986 in 1998 and at least three
countries in Africa: South Africa (1980), Tunisia
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(1990) and Egypt (before 2000), although it only
established in the latter region (Poutsma et al. 2007;
Brown et al. 2011; Roy et al. 2016). After decades
of introducing H. axyridis to manage invertebrate
pest species, introduced populations began gradually
expanding their ranges (Poutsma et al. 2007), and by
the late 1900s the species was recorded in regions
where it had not been introduced and/or where it
had putatively failed to establish (Brown et al. 2011;
Roy et al. 2016). It was first observed in the wild and
recognised as an invasive species in North America
in 1988 (Oregon, USA) and 1991 (Louisiana, USA)
(Brown et al. 2011). Several years later, wild popu-
lations were observed in Europe (Belgium), South
America (Argentina), and Africa in 2001 (South
Africa) (Stals and Prinsloo 2007; Brown et al. 2011).
A landmark study of its worldwide population genet-
ics suggested that beetles from two distinct genetic
groups in the native range in Asia were introduced
to eastern North America where an admixture event
occurred between two genetically distinct groups
(Lombaert et al. 2014). Individuals resulting from
this admixture event in eastern North America then
acted as the source of colonists invading South Amer-
ica, South Africa, and parts of Europe. Lombaert
et al. (2010) described this phenomenon as a bridge-
head effect, whereby individuals originating from a
single region acted as the source of colonists invading
multiple new territories. Harmonia axyridis has since
been recorded in at least 59 countries on four conti-
nents outside of its native range (Camacho-Cervantes
et al. 2017) where its presence negatively influences
native invertebrate species, including native ladybirds
(Michaud 2002; Brown et al. 2011; Roy et al. 2016).
Despite its primary role as a natural enemy, H. axy-
ridis is also recognised as an agricultural pest, specif-
ically in vineyards where beetles are so abundant that
they can contaminate grape harvests and reduce wine
quality (Pickering et al. 2004; Galvan et al. 2008).
Further, these beetles are considered a nuisance when
they invade homes, particularly in the search for pro-
tected overwintering sites, or due to their moderately
painful bite. In some cases, interaction with beetles
can cause allergic reactions in people (Roy et al.
2016; Camacho-Cervantes et al. 2017).

In South Africa, the first observations of H. axy-
ridis were made in Stellenbosch and Cape Town,
Western Cape Province in 2001 (Stals 2010). This
comes two decades after a purportedly failed attempt

to introduce the beetle was made during the 1980s
to manage the black pine aphid, Cinara cronarti, in
the Mpumalanga Province (Roy et al. 2016), approxi-
mately 1,500 km northeast of the Western Cape.
Since 2001, this beetle has been detected in most
regions of the country and in two neighbouring coun-
tries Lesotho and eSwatini (Stals 2010; Nedvéd and
Héva 2016). However, several key details about its
invasion history and movement within South Africa
remain unknown. Population genetics provide meth-
ods of determining population demographic history
(Chapuis and Estoup 2007) using genetic markers
such as microsatellites. Previous genetic studies have
used microsatellite data to make inferences about the
worldwide invasion history of H. axyridis (Lombaert
et al. 2010, 2011, 2014; Facon et al. 2011). Even
though the studies by Lombaert et al. (2011, 2014)
included a large set of sampling localities across
most of the species’ current distribution, including its
native and invaded ranges, sampling in South Africa
in 2008 was limited, comprising only four sampling
sites across the country in the Western Cape (Som-
erset West), Gauteng (Benoni), KwaZulu Natal
(Nottingham Road), and the Free State (Bethlehem)
Provinces.

In this study, we investigate the global genetic
structure of H. axyridis with a focus on South Afri-
can populations and determine the likely route(s) of
invasion into the country and the movement within.
To achieve this, we included a comprehensive geo-
graphic coverage of beetles and a systematic sampling
of multiple South African locations. We examine how
our results fit into the global invasion network pro-
posed by Lombaert et al. (2014). This approach can
provide insights on both fine- and broad-scale move-
ments of H. axyridis in South Africa and worldwide.
Furthermore, we sought to compare our findings with
previous population genetic studies conducted nearly
ten years prior (Lombaert et al. 2010, 2011, 2014;
Facon et al. 2011) both to confirm and to assess the
temporal stability of the invasion pathways and pat-
terns of spread of H. axyridis. We expect that as an
invasive species becomes increasingly well-studied
and public awareness grows, and as border bios-
ecurity simultaneously tightens, secondary invasion
from elsewhere in the global range would become
less likely, and that genetic diversity would stabilize
or decline (i.e., as populations adapt to local condi-
tions). Alternatively, ongoing cryptic invasions and/
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or continued rapid population growth would lead to
increased genetic diversity over time. Detecting such
patterns requires repeated sampling and analyses (i.e.,
2010 to current) and has not been yet undertaken for
H. axyridis in South Africa.

Materials and methods
Sampling

Harmonia axyridis samples were collected between
2016 and 2020 with the help of a citizen science
campaign launched in 2016 by S. Clusella-Trullas
through the Centre for Invasion Biology (CIB) that
encouraged citizens to submit samples of H. axyridis
collected throughout the country to Stellenbosch Uni-
versity. In South Africa, 15-35 individuals from each
of the 14 sampling locations were selected for genetic
analyses (Fig. 1, Table 1). Eight additional sampling
locations were included from the native region in Asia
and nine from introduced populations in North Amer-
ica, South America, and Europe (Fig. 1, Table 1). We
also obtained samples of an invasive population of H.
axyridis recently detected in northern Greece that had
not been included in previous genetic studies of this
beetle. This Greek population was detected in 2017
(Ceryngier and Romanowski 2017) in a region that
appeared to be ‘resistant’ to the establishment of H.
axyridis (Roy et al. 2016).

DNA extraction and microsatellite genotyping

Genomic DNA was extracted from whole speci-
mens using a QIAGEN DNeasy® blood and tissue
kit (Qiagen Inc., Hilden, Germany), following the
manufacturer’s instructions. All individuals were then
genotyped at 15 microsatellite makers developed in a
previous study (Loiseau et al. 2009; Online Resource
1). To allow for multiplexing, the forward primers
were labelled at the 5’ end and pooled in three mul-
tiplex sets with one set of eight, one of four, and one
of three primers to yield unique index combinations
(the latter two sets were pooled before genotyping)
(Online Resource 1). A QIAGEN multiplex PCR kit
(Qiagen Inc., Inc., Hilden, Germany) was used to
perform the amplification process following the PCR
conditions described in Loiseau et al. 2009. To ensure
consistent plate reading we included a negative and
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positive control in each plate. Samples were geno-
typed using an ABI 3130 Automated sequencer
(Applied Biosystems, Foster City, California, USA).
Samples which were unsuccessfully amplified after
two or three independent runs were considered non-
amplifiable and subsequently not included in the data-
set. Samples which showed successful amplification
after a second or third run were scored again along
with the completed set of individuals included in our
study to ensure consistent scoring of alleles. Alleles
were scored using Applied Biosystems™ Microsatel-
lite Analysis Software™ CE Fragment Sizing.

Microsatellite analyses
Sample variability

GENEPOP v4.01 (Raymond and Rousset, 1995;
Rousset, 2008) was used to test deviations from
Hardy—Weinberg equilibrium (HWE) and linkage
disequilibrium (LD) using 1000 iterations per batch.
Genetic variation was investigated by calculating
basic descriptive statistics including number of alleles
(N,), observed heterozygosity (H) and expected het-
erozygosity (Hg) (GENETIX 4.50.2, Belkhir et al.
2004). FSTAT v. 2.9.4 (Goudet 2001) was used to cal-
culate allelic richness (Ag) and inbreeding coefficient
(Fig, Table 1). The frequency of null alleles (Ay) was
estimated using FreeNA v.1.0 (Chapuis and Estoup
2007), and the number of private alleles (Np) was cal-
culated using GenAlEx v. 6.5 (Peakall and Smouse
2006, 2012). Furthermore, we used one-sided Wil-
coxon sign rank tests to detect if any of the sample
locations experienced a genetic bottleneck. After a
genetic bottleneck, populations are predicted to lose
allelic diversity faster than heterozygosity (Luikart
and Cornuet 1998). Therefore, an excess in heterozy-
gosity can be used as an indicator of a recent genetic
bottleneck. We used BOTTLENECK v1.2.0.2 (Cor-
nuet and Luikart 1996) implementing two models:
two-phase model of mutation (TPM) and the stepwise
mutation model (SMM) to determine if populations
displayed deviations from expected heterozygosity.

Population structure

To determine the degree of genetic differentiation
between all sampling locations, pairwise Fgp values
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Fig. 1 Sampling locations of Harmonia axyridis across native and invaded ranges showing more focused sampling in South Africa.
Grey and red dots are invasive and native populations, respectively. Sample codes are described in Table 1

were calculated according to the method described
by Weir and Cockerham (1984) using HIERF-
STAT v.0.5-7 (Goudet and Jombart 2015) in R ver-
sion 4.0.4 (2021-03-22). Overall Fg was calculated

using FreeNA v1.0, both including and excluding
null alleles and using 10 000 replicates (Chapuis and
Estoup 2007). To further describe the genetic rela-
tionships between the sampled populations, we used
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Table 1 (continued)

Ay

F[S

Ho

Hg

Ny Np

GPS Co-ordinates N

Code

Location

Country

Latitude

Longitude

~0.03 0.03(0.07)

0.60+0.22 0.62+0.29 3.67

31 4.60 0.27

125,29 43,89

CHN

Changchun

Asia (Native Area) China

0.07 (0.11)

0.15

0.12
—0.14 0.00 (0.01)

2.65

0.67+0.24 0.58+0.29 4.42

0.44+0.22 0.39+0.31

20 3.07 O

30,48
35,24
52.30
53.43

114,35

WUH
KYO

Wuhan

0.05 (0.08)

049+0.24 0.56+0.28 2.73

23 6.80 0.33

20 3.13 0

134,89

Kyoto

Japan

0.61+0.24 0.56+0.26 4.03

104.30
90.75

RK

I

Trkutsk

Russia

0.04 (0.09)
0.03 (0.08)

0.10
0.04
0.15
0.07

30 6.27 0.20
33 6.13 0.20
23 7.13 040
19 6.07 O

KHA
KRS

Khakassia

0.60+0.24 0.59+0.29 3.98

56.00
45,37

92.84

Krasnoyarsk

0.06 (0.07)

0.63+0.25 0.55+0.26 4.50

134,71
84.87

PRM

Primorsky Krai

Tomsk

0.04 (0.09)

4.16

0.61+0.24 0.58+0.31

56.49

TOM

the R package ADEGENET v.2.1.3 (Jombart and
Ahmed 2011) to conduct a Correspondence Analy-
sis (CoA) and used the PC values in a Discriminate
Analysis of Principal Components (DAPC), which
utilizes a multivariate approach to identify genetic
clusters of individuals. We inferred the number of
clusters by using the “find.clusters” function and used
BIC to determine the optimal number of clusters.
This was done for the global dataset, as well as for
South African sampling locations independently.

We then used POPTREEW (Takezaki et al. 2014),
an online software [http://www.med.kagawa-u.ac.jp/
~genomelb/takezaki/poptreew/index.html], to con-
struct an unrooted Neighbour-Joining population tree
for H. axyridis based on shared alleles (Dg; Bowcock
et al. 1994). We used Figtree v.1.4.4 (Rambaut 2010)
to visualise the Neighbour-Joining tree. Statistical
support was assessed for each branch using non-par-
ametric bootstrapping of 10 000 replicates. ARLE-
QUIN v3.5.2.2 (Excoffier and Lischer 2010) was used
to investigate the isolation-by-distance hypothesis
(Wright 1946) of H. axyridis within South Africa
by conducting separate Mantel’s tests for each of the
four geographic groups (Americas, Europe, Asia, and
South Africa). Furthermore, separate Mantel’s tests
were conducted to investigate isolation-by-distance
between populations in South Africa that were clos-
est to two of South Africa’s seaport harbours: the Port
of Durban and the Port of Cape Town, and popula-
tions further inland. Impendile (S-IMP) and Marwaqa
Nature Reserve (S-MWA) were used to represent
populations closest to the Port of Durban and the pop-
ulations from Hout Bay (S-HBY) and Stellenbosch
(S-STB) were used to represent populations closest to
the Port of Cape Town.

Population genetic structure was assessed using
STRUCTURE 2.3.4 (Pritchard et al. 2000; Falush
et al. 2003), a programme which implements Bayes-
ian clustering methods to define possible genetic
units, or clusters (K), based on the multilocus geno-
types of individuals without providing any prior
spatial information to the software. We employed an
admixture ancestry model with correlated allele fre-
quencies which allows allele frequencies within dif-
ferent populations to be similar due to shared ances-
try or migration between populations. We carried out
ten independent replicated runs for each value of K
set between 1 and 29 (where 29 is the total number
of locations sampled) using a burn-in set to 100 000

@ Springer
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followed by 1 000 000 Markov Chain Monte Carlo
(MCMC) permutations. To identify the optimal num-
ber of clusters (i.e., the most probable value of K)
we used the delta K (AK) as described by Evanno
et al. (2005). Delta K is based on the second order
rate of log probability change of successive K val-
ues (Ln P(X/Y)), which provides an estimation of
the most-true value of K (Evanno et al. 2005). These
calculations were implemented using the programme
CLUMPAK v 1.1 (Kopelman et al 2015). The AK
method described by Evanno et al. (2005) is lim-
ited by the fact that it only detects the uppermost
limit of genetic structure while several hierarchical
genetic structure levels may exist within the dataset.
To account for this, we independently reanalysed all
major clusters until no genetic structure was identi-
fied in the group following the method described in
Karsten et al. (2015) in addition to reanalysing sub-
sets of data according to geographic location (South
Africa, Americas, Europe, Asia) following the meth-
ods described in Javal et al. (2018) to investigate fur-
ther sub-structuring in the data.

Finally, we conducted an Analysis of Molecular
Variance (AMOVA) for five different hypothetical
population structure scenarios using the programme
ARLEQUIN v3.5.2.2 (Excoffier and Lischer 2010).
The population structure scenarios were based on par-
titioned sampled populations according to geographic
subdivision, co-ancestry results from STRUCTURE,
and the genetic relationships inferred from the neigh-
bour-joining tree.

Colonisation history

To infer the colonisation history of H. axyridis, we
tested different hypothetical scenarios describing
the invasion history of each genetic group identified
from population structure analyses using the Approxi-
mate Bayesian Computation (ABC) method in the
programme DIYABC v2.1.0 (Cornuet et al. 2014).
ABC allows the comparison of intricate population
histories using simulations based on summary sta-
tistics and provides support estimates for the most
likely scenario choice including posterior probabil-
ity estimates with 95% confidence intervals (Guille-
maud et al. 2010; Cornuet et al. 2014). An advantage
of the ABC method is that it has the ability to simu-
late unsampled or “ghost” populations that may have
contributed to the invasion history of populations,
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but that were not sampled (Lombaert et al. 2011).
Unsampled populations can then be included in the
hypothetical scenarios tested for each geographic
group. The DIYABC programme will provide support
estimates to suggest if it was more/less likely that a
“ghost” population was involved in the invasion his-
tory of the population(s) being tested.

This study included many sampling locations and
the scenarios tested were narrowed down by including
historical records (or information of first introduction),
results from our cluster analyses (STRUCTURE)
and to avoid violating the coalescent model assump-
tions implemented in the DIYABC programme, we
selected a single sample location to represent each
genetic cluster (Online Resource 2). We tested 99 sce-
narios considering six broad hypotheses for the differ-
ent geographic areas invaded by H. axyridis (Online
Resource 2).

The first set of competing scenarios we tested for
eastern North America (1988) included introduc-
tions from populations from the native region and
genetic admixture between those populations. Inva-
sive populations of H. axyridis were next observed in
west North America in 1991. South America, Europe
and South Africa had its first observation records of
H. axyridis in the wild in the same year (2001). For
South America we tested two hypothetical scenarios
for this region: the first scenario included a direct
introduction from eastern North America, and the
second included the same introduction scenario as we
found for eastern North America. Comparing these
two scenarios could discern whether it is more likely
that beetles were introduced directly from eastern
North America, or if the introduction of H. axyridis
into South America followed the same introduction
route as it did for eastern North America. Scenarios
for the invasion of Europe and South Africa included
introduction scenarios from each genetic group iden-
tified in the population structure analyses (excluding
Greece), and admixture scenarios between each of
those populations. We also included unsampled, or
“ghost”, populations in these tests. Finally, the most
recent first observations of H. axyridis amongst the
populations sampled for this study was in Greece in
2017. Similar to the scenarios tested for Europe and
South Africa, we included all plausible introduction
scenarios including introductions from populations
from each genetic group identified in the population
structure analyses and admixture scenarios between
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each of those populations. We also included unsam-
pled populations in these tests.

DIYABC measures the timing of events for the
historical scenarios using the number of genera-
tions the study organism can support within a year,
we therefore expressed all times assuming 2.5 gen-
erations per year (Osawa 2000; Lombaert et al. 2011,
Online Resource 3). We simulated 1 000 000 compu-
tations per scenario tested. The posterior probability
for each computed scenario was estimated with 95%
confidence intervals (CI), including a logistic regres-
sion. The most likely scenario was chosen based on
the highest posterior probability value with a non-
overlapping 95% confidence interval.

Results
Genetic diversity

Overall, 83 of 403 population/locus combinations
showed significant deviations from HWE; no signifi-
cant linkage disequilibrium was found for any popula-
tion included in our study. The mean null allele fre-
quency (N,) in all populations ranged between 0.00
(Irkutsk, Russia) and 0.07 (Thessaloniki, Greece).
South African populations showed relatively high
levels of genetic diversity relative to the native range,
with mean expected heterozygosity (Hp) ranging
between 0.58 (Sani Pass) and 0.625 (Sandfontein),
number of alleles (N,) ranging between 4.87 (Silver-
dale) and 6.07 (Sandfontein), and allelic richness (Ag)
ranging between 3.69 (Sani Pass) and 4.06 (Stellen-
bosch) (Table 1). Descriptive statistics for the North
and South American (Hg: 0.61-0.68), and European
(Hg: 0.60-0.65) introduced populations were compa-
rable to those from South Africa, also displaying high
levels of genetic diversity compared to those from the
native range (0.44-0.64) (Table 1). In South Africa,
four populations had a few private alleles (0.13 in
Bredasdorp and 0.07 in De Zalze, Goedehoop, and
Sandfontein, respectively; Table 1). Vancouver (Can-
ada) showed the highest number of private alleles
(0.47) while several locations in the native region
(Wuhan, Irkutsk, Tomsk) had no private alleles.
Recent bottlenecks, identified by significant excess
heterozygosity (p <0.05), were detected in all but
two South African populations (De Zalze Golf Estate
and George) (Online Resource 4). Recent bottlenecks

were also detected in Europe (Tours, France), South
America (Santiago, Chile), and two populations in the
native range (Changchun (China) and Irkutsk (Rus-
sia)) (Online Resource 4). Furthermore, populations
in Europe (Tervuren), North America (Vancouver)
and four populations in the native range (Khakassia,
Krasnoyarsk, Primorsky Krai, and Tomsk) showed
significant heterozygosity deficit, indicative of an
expanding population (Online Resource 4).

Population structure

Differentiation of allele frequencies between each
population was measured using Fgr (Online Resource
5). Pairwise Fgp values ranged between — 0.008
(Goedehoop and Silverdale) and 0.218 (Changchun
and Irkutsk) with only a small percentage of pairwise
comparisons (5.98%) showing no significant differ-
ence indicative of genetic differentiation (Online
Resource 5). This percentage was mostly made up
of within-southern Africa comparisons and between
five Asian populations in the native region (Kyoto
and Tomsk; Khakassia and Krasnoyarsk; Primor-
sky Krai and Tomsk). Overall Fg; values before and
after excluding null alleles correction (0.0637 and
0.0635 respectively) indicated significant population
differentiation.

The unrooted NJ tree based on shared alleles (Dg;
Bowcock et al. 1994) identified four genetic clusters
that largely reflected country/continent of collection:
South Africa, Europe, Americas (excluding Vancou-
ver) and Asia (Fig. 2). The Asian group contained
all native H. axyridis populations as well as the non-
native western North American population from Van-
couver, Canada (Fig. 2). The distinction between the
genetically related clusters was less clear from the
DAPC output based on the lowest BIC value (Fig. 3).
One major cluster included all South African popu-
lations, while another cluster included populations
from the rest of the world (Fig. 3A). A single loca-
tion, Irkutsk (Russia), was the only population that
did not fall within either of these two major clusters.
Irkutsk displayed evidence of a genetic bottleneck,
which may reflect an ecological or physical event in
the environment of H. axyridis in this region result-
ing in a population contraction (Ramakrishnan et al.
2005). To investigate further substructure among
South African populations, we used Discriminant
Analysis of Principle Components (DAPC) including
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Fig. 2 Unrooted Neigh-
bour-Joining tree for genetic
distance of H. axyridis,
based on shared alleles

of microsatellite markers
(DS; Bowcock et al. 1994).
Only bootstrap values
above 70% after 10 000
replicates are shown at the
nodes of branches. Colours
demarcating groups of
closely related populations
from South Africa (yellow),
Americas (red) and Europe
(green) and a cluster includ-
ing all native populations,
and the invasive population
in Vancouver (blue) corre-
spond to clusters identified
in STRUCTURE analyses.
Sample codes are described
in full in Table 1

only South African populations which showed virtu-
ally no significant pattern of genetic differentiation
among sample localities. One exception was Bred-
asdorp, whose samples lay outside the main cluster
(Fig. 3B). Results from the STRUCTURE cluster-
ing analyses indicated an optimal number of K=2
(Fig. 4). This corresponded with the results from the
DAPC of the global dataset where all Southern Afri-
can populations belonged to a single genetic cluster,
while the rest of the sampled populations fell outside
of this group (Fig. 3A). Co-ancestry results from the
K=2 output suggests Minnesota and New Hamp-
shire (east North America), Limache and Santiago
(South America), and Thessaloniki (Greece) are more
genetically similar to the South African populations
than to the other sampled populations included in our
study (Fig. 4). We investigated further substructure
within each group of genetically similar populations.
Within the group containing populations from South

@ Springer

0.02

Africa, the Americas, and Greece, STRUCTURE
clustering analyses indicated an optimal number
of K=3 (Fig. 4). Populations from South Africa
clustered together, populations from eastern North
America and South America clustered together,
while the population from Greece belonged to its
own distinct cluster. Population structure analyses
of the two genetically distinct groups (South Africa
and the Americas) revealed no further substructure
(Fig. 4). We conducted the same substructure inves-
tigation for the populations collected from Belgium,
Czech Republic, and France (Europe), Vancouver
(west North America), and China, Japan, and Rus-
sia (Asia) that were found to be genetically similar.
STRUCTURE clustering analyses indicated an opti-
mal number of K=4 for this group (Fig. 4). All of
the European populations clustered together, while
three genetically distinct groups were revealed made
up of Asian populations and the west North American
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Sample codes:

S-BRE - Breyten, South Africa

S-BDP - Bredasdorp, South Africa

S-CLA - Clarens, South Africa

S-DEZ - De Zalze Golf Estate, South Africa
S-GEO - George, South Africa

S-GOD - Goedehoop Ermelo. South Africa
S-HBY - Hout Bay, South Africa

S-IMP - Impendile, South Africa

S-MWA - Marwaqa Nature Reserve, South Africa
S-SAN - Sandfontein. South Africa

S-SLV - Silverdale, South Africa

S-SPR - Springs. South Africa

S-STB - Stellenbosch, South Africa

S-STB - Sani Pass, South Africa

TER - Tervuren, Belgium

RAK - Rakousy, Czech Republic

TOU - Tours, France

THS - Thessaloniki, Greece

VAN - Vancouver, Canada

MIN - Minnesota, United States

HAM - New Hampshire, United States
LIM - Limache, Chile

B.

SNT - Santiago. Chile

CHN - Changchun, China
WUH - Wuhan, China

KYO - Kyoto, Japan

IRK - Irkutsk. Russia

KHA - Khakassia, Russia
KRS - Krasnoyarsk, Russia
PRM - Primorsky Kai, Russia
TOM - Tomsk, Russia

Fig. 3 Results of Ist and 2nd axes from the Discriminant
Analyses of Principal Components (DAPC). Graphics as
default from R package: Adegenet v.2.1.3. A First two princi-
pal components identifying clusters of genetically related Har-
monia axyridis individuals for all populations sampled in our
study (South Africa, Europe, North America, South America

population. Here, they are identified as: Asia 1—
made up of populations from Japan and Russia, and
west North America; Asia 2—made up of popula-
tions from China and Russia, and Asia 3—made up
of a population from China. Population structure was
analysed a final time for each of the clusters (Fig. 4).
No further substructure was revealed within each of
the groups except the populations from Asia 2 which
seemed to indicate that the two populations (Wuhan
(China), and Irkutsk (Russia)) could be separated
further into two more sub-groups. However, we still
recognised it as a single group in this study because
all other STRUCTURE genetic structure analyses
(including STRUCTURE analyses according to geo-
graphic group, Online Resource 6) and neighbour-
joining tree suggest that it is a single genetic group.
Based on the STRUCTURE results after investigat-
ing further substructure within each subset of data,
and investigating further substructure based on geo-
graphic location (Online Resource 6), we reached an

and Asia). B First two principal components identifying clus-
ters of genetically related H. axyridis individuals sampled
only from within South Africa. Each point represents a sam-
pled individual and is coloured according to the population it
belongs to. Clusters (ellipses) are drawn based on the lowest
BIC value

optimal number of clusters at K=7 (Figs. 4 and 5).
This result matched closely with the Neighbour-Join-
ing tree where South Africa, Europe, and the Ameri-
cas (excluding Vancouver) belonged to three distinct
genetic groups, and populations in western Asia (Rus-
sia: KRS, KHA, TOM) are more genetically simi-
lar to one another than they are to those further east
(Fig. 2). However, results from the STRUCTURE
analyses and DAPC in our study did not find a clear
genetic difference between sample locations from
eastern and western Asia, instead, sample locations
furthest east and furthest west belong to the same
genetic clusters, with two clusters falling in-between
(Figs. 4 and 5). Moreover, significant differences
were found among all groups in each scenario tested
using an analysis of molecular variance (AMOVA)
(Online Resource 8). Mantel’s tests for isolation-by-
distance patterns showed no significant results for the
native region (r=—0.260; p =0.96) and the European
(r=0.53; p=0.14) and American (r=0.43; p=0.35)
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South Africa GR ENA+SA
South Africa ENA + SAM
K=2) K=2)

Fig. 4 Hierarchal coancestry assignment results of the global
dataset of Harmonia axyiridis beetles from the programme
STRUCTURE for optimal clusters according to the delta K
(AK) method as described by Evanno et al. (2005). Structure
was re-run for all major clusters until no genetic structure was
identified within the group. Even though “ASIA 2 K=2" illus-
trates that the group should be separated further into two more
sub-groups. We still recognised it as a single group in this
study because all other STRUCTURE genetic structure analy-

introduced ranges. However, a significant isola-
tion-by-distance pattern was found in South Africa
(r=0.34; p=0.01). Separate Mantel’s tests were con-
ducted for grouped sampling localities in southwest-
ern (r=0.94, p=0.26) and northeastern South Africa
(r=0.15, p=0.9). These tests indicate no evidence
of isolation-by-distance among sample localities
within these regions. Finally, separate Mantel’s tests
were conducted to investigate isolation-by-distance
between South African populations closest to seaport
harbours in Durban and Cape Town, and those further
inland. The Mantel’s tests showed no significant IBD,
indicating that distance from these seaport harbours
do not influence genetic similarity between loca-
tions at the coast and further from the coast (Online
Resource 9).

Colonisation history
To investigate the global colonisation history of H.
axyridis, competing scenarios were tested using

Approximate Bayesian Computation in DIYABC for
five genetic/geographic groups outside of the native
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Europe  WNA ASIA
Asia 3
(CHN)
Europe ASIA 2 ASIA 1
(K=3) (China, Russia) ~ (WNA, Japan, Russia)

(K=2) (K=5)

ses and neighbour-joining tree suggest that it is a single genetic
group. Each bar represents an individual and are grouped
by geographic location in the order it appears in Table 1.
(ENA =eastern North America (Minnesota, New Hampshire),
WNA =western North America (Vancouver), SA=South
America (Lim ache, Santiago), GR=Greece (Thessaloniki);
Europe (Czech Republic, Belgium, France), Al =Asia 1 (Van-
couver, Russia, Japan), A2=Asia 2 (Russia, China), A3=Asia
3 (China))

range as identified from the population structure anal-
yses (STRUCTURE) and utilising historical infor-
mation (records of first introduction). These regions
included eastern North America, South America,
Europe (excluding Greece), South Africa and Greece
(Figs. 5 and 6, Online Resource 2). Posterior prob-
ability estimates (with 95% confidence intervals)
indicate that the most likely invasion scenario of H.
axyridis into eastern North America involved genetic
admixture between two distinct genetic groups from
the native range, Asia 1 and Asia 2 (0.40 [0.40,
0.41]). The most favoured scenario had eastern North
America as the sole source of the invasion of South
America (0.99 [0.99, 1.00]). Posterior probability
estimates indicated that beetles sampled from Europe
showed admixture between beetles originating from
western North America (Vancouver) and an unsam-
pled population (0.72 [0.51, 0.93]). The South Afri-
can invasion showed evidence of admixture between
beetles originating from eastern North America and
an unsampled population (0.66 [0.52, 0.81]). Finally,
the Greek population was derived from genetic
admixture between beetles originating from eastern



Testing hypotheses of invasion pathways of the ladybird Harmonia axyridis into and across... 1727

> Ll N Ham

LIVSNT

Fig. 5 Genetic clustering of international sampled popu-
lations of Harmonia axyridis. Sample location points are
coloured according to the genetic cluster the population
belongs to according to results from the programme STRU
TURE for K=7 (Fig. 4). The genetic clusters are as fol-
lows: Yellow=_South Africa; Red=Europe (TER, RAK,

North America and elsewhere in Europe (0.88 [0.83,
0.92]) (Online resource 2).

Discussion
Population structure

Population structure analyses identified two main
genetic groups within the global sampling of H.
axyridis: South Africa grouped with eastern North
America, South America, and Greece, while the
sample populations from western North America,
Europe, and Asia were more genetically related to
each other. The two groups were then further subdi-
vided into seven distinct genetic clusters: (1) eastern
North America and South America; (2) Europe (all
locations excluding Greece); (3) Greece; (4) South
Africa, and three distinct groups within the native
range (5) Asia 1 (Russia and Japan. This genetic
cluster also included Vancouver, Canada), (6) Asia 2
(China and Russia), and (7) Asia 3 (China).

T
’?:u JHS

diax e

CHN §RM

dNUH J(YO

S-SAN

S-DEZ

S-GEO

TOU); Dark Green=Americas (MIN, HAM, LIM, SNT);
Light Green=Greece (THS); Purple=Asia 1 (TOM, KRS,
KHA, TOM, PRM, KYO, VAN); Pink=Asia 2 (IRK, WUH);
Blue=Asia 3 (CHN). Sample codes are described in full in
Table 1

The lack of clear population genetic structure
within South Africa is indicative of rapid spread and/
or high gene flow across the country. Harmonia axy-
ridis is known to disperse over several kilometres
each year in search of overwintering sites (Raak-van
den Berg et al. 2012), and it has been detected travel-
ling at 60 km/hour, 1100 m above ground level using
vertically-facing entomological radar (Jeffries et al.
2013). Additionally, mark-release field trials dem-
onstrated H. axyridis beetles had an average flight
distance of 431 m and 396 m for males and females
respectively within approximately one month (Seko
et al. 2008). Long-distance dispersal within South
Africa is most likely facilitated by human-mediated
processes. In South Africa, H. axyridis beetles have
been observed on flowers of garden plants and orna-
mental conifers (Roy et al. 2016) and may be trans-
ported on ornamental plants from nurseries moving
across the country (Roy and Brown 2015). In parts
of Europe H. axyridis has been transported on pro-
duce (fruit, vegetables, flowers) and as stowaways
on trains and motor vehicles (Brown et al. 2011).
People travelling or transporting goods (harvested
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ENA — SA 0.9937 [0.9907,0.9966]

2001 2001

Fig. 6 The most likely invasion route of Harmonia axyridis
according to the STRUCTURE (Fig. 4, Fig. 5) and Approxi-
mate Bayesian Computation (ABC) analyses (Online Resource
2) conducted in our study. The scenario with the highest pos-
terior probability estimates for each of the five introduced
populations tested in the DIYABC software is listed in the
table on the right. Each circle represents a sampled popula-
tion included in our study and are coloured according to the
genetic cluster it belongs to according to the STRUTURE
analyses (RSA=South Africa, ENA =eastern North America
(Minnesota, New Hampshire), WNA =western North Amer-
ica (Vancouver), SA=South America (Limache, Santiago),
GR =Greece (Thessaloniki); EU=Europe (Czech Republic,

grapes and citrus) may be inadvertently facilitating
the long-distance dispersal of this beetle across South
Africa, such as is thought to be the case in the other
important invaders (i.e., fruit flies within the Teph-
ritidae; Karsten et al. 2015, 2018). This could also be
an example of “stratified dispersal”: a combination
of short- and long-distance dispersal that promotes
genetic diversity across the landscape and could be
indicative of an expanding population (Gilbert et al.
2004; Ciosi et al. 2011). However, evidence of mod-
erate isolation-by-distance (Wright 1946) suggests
that dispersal among regions furthest apart is prob-
ably quite rare. Isolation by distance occurs when
gene flow declines with geographic distance (Wright
1946). Therefore, beetles within South Africa are dis-
persing less frequently between populations that are
furthest apart. Furthermore, results from the DAPC
including only South African samples indicate that
the population sampled from Bredasdorp (Western
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WNA + Unsampled — EU  0.6647 [0.5238,0.8056]
ENA + Unsampled — RSA  0.7244 [0.5139,0.9349]
ENA + EU — GR 0.8773 [0.8326,0.9220]

Belgium, France), Al=Asia 1 (Russia, Japan), A2=Asia 2
(Russia, China), A3 =Asia 3 (China)) (Fig. 4, Fig. 5). Arrows
indicate the most likely introduction scenario based on the
ABC results from our study using the programme DIYABC
v2.1.0 (Cornuet et al. 2014) (Online Resource 2). Dates indi-
cate earliest observation of H. axyridis based on historical
records and stars indicate that genetic admixture occurred
between two populations. In the cases where genetic admix-
ture occurred between a sampled population and an unsampled
population, it is indicated in bold writing. The position of the
“unsampled population” label on the map is arbitrary because
we cannot know the origin of the unsampled population simu-
lated by the DIYABC programme

Cape Province) differs genetically from the other
samples included in our study. This difference was
not seen in any of the other population structure anal-
yses, including STRUCTURE and Neighbour-Joining
algorithms. Why the population sampled from Bred-
asdorp differs from the rest of the H. axyridis popula-
tions in the DAPC is not currently known.

The lack of population genetic structure of H.
axyridis within South Africa (again, with the excep-
tion of Bredasdorp) is consistent with earlier find-
ings of a single genetic cluster within the country
(Lombaert et al. 2010; 2011, 2014). The 2014 study
included only four sampling locations from South
Africa which also predate ours by a decade, rela-
tively early on in the invasion, first detected in 2001.
It is perhaps not surprising that significant popula-
tion structure has not developed since then, espe-
cially in light of sustained gene flow as evidenced
by the moderate strong IBD. Our results do diverge
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to some degree however with previous reconstruc-
tions of worldwide population structure, particularly
in the native range and within Europe. For example,
Lombaert et al. (2014) identified two genetic clus-
ters in the native region: one in western Asia and a
separate distinct cluster in eastern Asia. Our Neigh-
bour-Joining tree suggests populations in western
Asia (Russia: KRS, KHA, TOM) are more geneti-
cally similar to one another than they are to those
further east. However, results from the STRUCTURE
analyses and DAPC in our study did not find a clear
genetic difference between sample locations from
across Asia. Instead, STRUCTURE analyses show
sample locations furthest east and furthest west
belong to the same genetic cluster, with two clusters
falling in-between. Additionally, population structure
analyses from our study identified two genetic clus-
ters in Europe, compared to the four genetic clusters
previously identified. This is despite three of the four
sample locations included in our study (Belgium,
France, Czech Republic) — which belong to a single
distinct genetic cluster — overlapping with sample
locations that belonged to separate clusters in Lom-
baert et al. (2014). This may be due to the larger
number of populations (16) sampled from Europe in
the 2014 study compared to the four included here. It
should be noted that the European and Asian native
samples included in our study were collected more
recently (2016-2020) than those from the 2014 study
(1998-2009); our results could reflect more recent
genetic mixing. Genetic structure has the potential
to change over time as populations are influenced by
changes in population density, gene flow and/or sec-
ondary contact, as well as additional introductions
and/or admixture events (Troupin et al. 2000).

Colonisation history

Approximate Bayesian Computation (ABC) analyses
suggest the most likely colonisation history of H. axy-
ridis in our study matches the Lombaert et al. (2014)
proposal that eastern North America has been a dis-
proportionate proximate source of invasive popula-
tions of H. axyridis, sometimes referred to as a bridge-
head population. Both their study and ours showed
high levels of support for model scenarios where
eastern North America has contributed colonists to
South Africa, South America, and Greece. Rapid
spread among parts of the invasive range can result

in admixture among previously isolated lineages, as
can pre-invasion admixture (Rius and Darling 2014).
Both were clearly evident in our study, both between
Asia 1 and 2 populations and South Africa between
populations with proximate origins in eastern North
America and an unsampled population. The finding of
admixture in South Africa differs slightly from what
was previously suggested by Lombaert et al. (2010;
2011; 2014). Lombaert et al. 2014’s analyses of South
Africa’s invasion history suggest beetles found within
South Africa are directly descendent from beetles
originating from a population in eastern North Amer-
ica. However, we show that South Africa’s popula-
tion is descendent from an admixture event between
a population in eastern North America and a popula-
tion not sampled in this study. However, as our North
American sampling was limited, it is possible that
the unsampled population predicted to have contrib-
uted individuals to South Africa’s H. axyridis popu-
lation could have originated from a region in North
America not sampled in this study. Lombaert et al.
(2014) revealed multiple instances of genetic admix-
ture between H. axyridis populations within North
America (namely, between two populations originat-
ing from the native region, and between populations
from west and east North America). Thus, genetic
admixture between the two populations indicated in
our analyses is likely to have occurred pre-invasion
within North America. Alternatively, these beetles
could have arrived as secondary invasion or could be
remnants of a population of beetles that were intro-
duced in the 1980s as biological control in the Mpu-
malanga Province (Roy et al. 2016). Records from this
introduction suggest that the attempt to introduce the
beetle had failed, however it is possible that beetles
may have established but remained undetected (Roy
et al. 2016). This scenario may be less likely because
we found no clear evidence of multiple introductions
of H. axyridis from multiple source populations in our
genetic structure analyses. However, without further
sampling we cannot discern among these alternative
possibilities, though the accidental introduction of H.
axyridis is certainly plausible as this and other coc-
cinellid beetles have previously been recorded (often
in large numbers) as stowaways on cargo and cruise
ships (Sathre et al. 2010; Brown et al. 2011; Stals
2010). One of the samples for our study included bee-
tles intercepted at St. Helena Bay after arriving by
boat from Cape Town, South Africa. These samples
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support the suggestion that H. axyridis beetles are
making use of human-assisted transport to disperse
over long distances.

The newly identified invasive population of H.
axyridis in northern Greece also shows evidence of
genetic admixture between two lineages, in this case
eastern North America and Europe. Beetles origi-
nating from eastern North America most likely fol-
lowed a similar introduction route into Greece as was
described above for its introduction into South Africa,
while samples from Europe most likely expanded its
range from regions further North where it has estab-
lished since 2001 (Brown et al. 2011). It is clear that
the eastern North American outbreak of invasive bee-
tles has played (and is most likely still playing) a crit-
ical role in the worldwide invasion of H. axyridis and
is acting as a bridgehead population. Finally, popula-
tions in west North America were derived from bee-
tles originating from eastern and western Asia, which
subsequently invaded parts of Europe. Admixture
was identified in European populations between bee-
tles from western North America and an unsampled
population. The unsampled population not included
in our study could plausibly be the biocontrol strain
that was introduced into Europe, as was found by
Lombaert et al. (2014), whose study included a more
extensive sampling of the European H. axyridis popu-
lation. Lombaert et al. (2014) discovered multiple
instances of genetic admixture within Europe, includ-
ing genetic admixture between populations from
western North America and a European biological
control strain of H. axyridis: a strain of H. axyridis,
originally collected from a native region in Asia in
1982, which was subsequently introduced into Europe
and South America as a biological control agent dur-
ing the 1980s (Lombaert et al. 2010; 2014).

While there were some notable changes in popu-
lation structure, specifically in the native region in
Asia and Europe, the temporal invasion pattern of H.
axyridis has remained relatively stable since the first
reports investigating its colonisation history more
than ten years ago. One of the main drawbacks from
our study was the limited number of sample locations
procured from eastern North America to include in
the population genetic structure analyses. Future stud-
ies investigating how H. axyridis in South Africa fits
into the global invasion network would benefit from
increasing the sampling effort in eastern North Amer-
ica since beetles from South Africa were probably
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derived from this region. However, our study was
still able to reach a similar outcome as studies that
included a more comprehensive coverage of samples
from North America.

Genetic diversity

The populations of H. axyridis in South Africa, along
with the other introduced populations included in
our study (Americas and Europe), had high genetic
diversity (measured as high expected heterozygosity,
numbers of alleles and allelic richness) compared to
populations from the native region. There are several
mechanisms that may have promoted high genetic
diversity within the country, namely: multiple intro-
ductions, high propagule pressure, and the genetic
makeup of the source population in part derived from
admixture, and de novo mutation and recombination
in the context of rapid population growth. Here, we
identified that South Africa’s colonisation history
involved genetic admixture, which may have influ-
enced the high genetic diversity estimates within
the country. Genetic admixture has the potential to
significantly influence the genetic diversity of popu-
lations by producing recombinant genotypes and
creating novel sequences that may not be found in
the genome of individuals within the source popula-
tion (Keller and Taylor 2008), which could influence
the adaptive ability of individuals in the introduced
region. Furthermore, multiple introductions of non-
indigenous species allow a larger subset of the genetic
information within the source population to enter the
new environment after each new introduction. Simi-
larly, high propagule pressure (number of individuals
introduced at single time) introduces more genetic
material into the new environment during each intro-
duction event. Multiple introductions, high propagule
pressure, or a combination of both, gives rise to genet-
ically diverse populations which assists newly col-
onising invasive species in counteracting genetic bot-
tlenecks and other founder effects (Novo et al. 2015;
Garnas et al. 2016; van Boheemen et al. 2017). Even
though it is not clear from our genetic analyses that
multiple introductions occurred within South Africa,
multiple introductions from a source population are a
common feature of biological invasions (Wilson et al.
2009), and previous observations of H. axyridis sug-
gest its association with human-mediated transport
channels (Brown et al. 2011), may have supported
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multiple introductions and/or high propagule pres-
sure of beetles into South Africa and other regions
where it was introduced. It is unclear from the genetic
analyses in our study whether the introduction(s) of
H. axyridis into South Africa is historical or is still
ongoing. If beetles were introduced via ships, we
would expect some genetic differentiation between
populations closest to South Africa’s major seaport
harbours (Cape Town, Port Elizabeth, East London,
Durban) than those further inland. However, this is
not the case. Mantel’s tests suggest that there are no
significant genetic differences between populations
closest to seaport harbours than those further inland.
While it is still likely that beetles are currently enter-
ing the country via the sea, propagule sizes may not
be large enough to affect microsatellite genetic diver-
sity in the regions surrounding seaport harbours.
Recent bottlenecks were detected in 12 out of 14
South African populations. This may seem contradic-
tory to the high genetic diversity estimates found for
all South African populations, as genetic bottlenecks
are often associated with decreased genetic diversity
(Garnas et al. 2016). However, it is not uncommon
for introduced populations to experience short-lived
bottlenecks lasting only a few generations, followed
by rapid population expansions (Luikart and Cor-
nuet 1998). Genetic bottlenecks can also, under cer-
tain conditions, lead to an increase in genetic vari-
ance provided that epistatic variance is converted to
additive variance (Naciri-Graven and Goudet 2003).
An alternative hypothesis could be that prior to the
genetic bottleneck, the population had high genetic
diversity to begin with. Previous studies investigating
high genetic diversity succeeding genetic bottlenecks
suggested this may be the case for the short-tailed
albatross, Phoebastria albatrus, (Kuro-o et al. 2010),
and brown seaweed, Saccorhiza polyschides (Assis
et al. 2013). This may be the most likely explanation
for H. axyridis beetles within South Africa owing to
the genetic admixture in its invasion history and the
potential effects it has had on genetic diversity (hybrid
vigor, purging deleterious mutations; Facon et al.
2011; Turgeon et al. 2011; Hahn and Rieseberg 2017).

Conclusion

The spread of non-native species is most often facili-
tated by unintentional introductions, which frequently

go undetected and as a result spread faster than those
introduced intentionally (Hill et al. 2016; Roques
et al. 2016). Our findings suggest that the unin-
tentional introduction(s) of H. axyridis from east-
ern North America acted as the source of colonists
invading South Africa, parts of South America and
Europe, in conjunction with an undetected source.
As suggested by Lombaert et al. (2010), bridgehead
populations should receive increased vigilance to
manage the spread of invasive species. Several inva-
sive species have involved, at least in some way, sec-
ondary introductions from bridgehead populations
(Bertlesmeier et al 2018; Correa et al. 2019; Javal
et al. 2018). After ten years since the initial article
investigating the worldwide colonisation history of
H. axyridis was published, our study suggests that the
invasion patterns have remained largely stable with
minimal changes in population structure and patterns
and rates of gene flow. This is perhaps surprising
since one might expect increasing control, improved
management and better prevention of introductions as
social awareness of the invasive species grows. Fur-
thermore, H. axyridis beetles appear to be to be expe-
riencing high connectivity both globally and across
South Africa. Management plans would therefore
have to consider H. axyridis’ high connectivity when
assessing potential control/management strategies
for this species and at what scale it should be imple-
mented, and would perhaps need a multi-faceted or
integrated approach.
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