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Abstract The Largemouth Bass (Micropterus sal-

moides) is a global invader with demonstrated

ecological impacts on native fish communities.

Introductions of fishes in freshwater ecosystems

are often characterized as complex processes, yet an

understanding of the nature of the introduction can

inform management and conservation actions. Early

in the twentieth century, two introductions of

Largemouth Bass were made into South Africa for

the establishment of a recreational fishery, and

subsequent translocations have expanded their dis-

tribution to include much of southern Africa. In this

study we quantified neutral genetic variation, mod-

eled potential introduction scenarios, and identified

potential source regions from within the native

range. We documented limited levels of genetic

diversity in nuclear microsatellite genotypes across

populations (mean allelic richness = 1.80 and mean

observed heterozygosity = 0.16) and observed low

levels of genetic differentiation among four of the

five focal populations (mean pairwise fixation

index = 0.09), with a fifth population displaying

greater levels of genetic divergence (mean pairwise

fixation index = 0.27). A total of three cytochrome

b haplotypes were recovered from South Africa

samples and the single most common haplotype

(93% of individuals) was identical to a haplotype

from a population of Largemouth Bass in Maryland,

USA. Using limited available stocking data along

with outputs from Principal Component Analysis

and approximate Bayesian evaluation of competing

introduction scenarios we confirm the presence of

multiple introductions. Despite evidence for multiple

introductions, Largemouth Bass in South African

water bodies harbor extremely low neutral genetic

diversity, suggesting that even a very limited

number of propagules can experience a high like-

lihood of success in invading nonnative waters.
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Introduction

Invasive species commonly encounter biotic and

abiotic conditions that differ greatly from their native

habitats, and as a result, natural selection and adaptive

potential may be key factors in determining the fate of

introduced populations during the initial stages (Dlu-

gosch and Parker 2008). Levels of genetic variation

present in invasive populations, and by extension their

ability to adapt to novel environments, are determined

by a series of factors including the number of

introduction events, their sources of origin, and the

number individuals that were transferred (Roman and

Darling 2007; Dlugosch and Parker 2008; Uller and

Leimu 2011; Dlugosch et al. 2015). For example,

populations established from a single introduction

involving few propagules are expected to display

significant reductions in genetic diversity relative to

scenarios involving more sources, individuals, or

repeated introductions. Patterns of genetic diversity

inferred using neutral genetic markers (e.g., mtDNA,

microsatellites) can play an integral role in recon-

structing invasion histories (Estoup and Guillemaud

2010; Cristescu 2015) including demographic changes

(Kalinowski et al. 2010), and identifying sources of

origin (Muirhead et al. 2008; Rius et al. 2012).

Knowledge of such factors can play an important role

in invasive species management (Darling 2015); for

example, by identifying vectors of spread enabling the

design of measures to prevent additional introductions

(Chapple et al. 2012) and in the selection of appro-

priate biocontrol strategies (Gaskin et al. 2011).

Native to eastern regions of the United States, the

Largemouth Bass (Micropterus salmoides) is a fresh-

water fish species that supports a multibillion dollar

recreational sport fishery in the United States (U.S.

Department of Interior 2011) and has been introduced

worldwide to create angling opportunities (Heidinger

1975; Welcomme 1988; Jackson 2002; Quinn and

Paukert 2009; Ellender et al. 2014). As an opportunis-

tic top carnivore, Largemouth Bass are capable of

altering community structure and species abundance

(Cambray 2003, Weyl et al. 2010) and are considered

among one of the world’s worst invaders (Lowe et al.

2000). Despite the global distribution of Largemouth

Bass (Welcomme 1988) and extensive work that has

characterized the details of alien populations (e.g., age

and growth, diet) relative to native ones (Weyl and

Hecht 1999; Lorenzoni et al. 2002; Takamura 2007;

Britton et al. 2010; Riberio and Collares-Pereira

2010), no work has been conducted to characterize

genetic variation or reconstruct invasion routes in

Largemouth Bass populations.

In 1928, two separate shipments of Largemouth

Bass fingerlings totaling 88 individuals were made

from one or more hatcheries in Europe to South

Africa. The first shipment contained 45 juveniles that

were placed into the Jonkershoek Inland Fish Hatchery

in southwest South Africa, near Cape Town, while the

second shipment of 43 fingerlings were brought to the

Pirie Hatchery near King William’s Town in the

Eastern Cape (Harrison 1936). Government funded

stockings and angler-mediated translocations since

this time have expanded the distribution of Large-

mouth Bass to include much of South Africa (DeMoor

and Bruton 1988; Ellender et al. 2014) and portions of

southern Africa (Hargrove et al. 2015). Location data

from Black Bass tournament angling competitions

were used by Hargrove et al. (2015) to identify 66

extant populations of Largemouth Bass present in

Namibia, Botswana, Zimbabwe, and Mozambique as

well as eight of the nine South African provinces. The

widespread distribution of Largemouth Bass across

southern Africa in conjunction with their role as an

apex predator raises concerns about the potential for

deleterious consequences on native invertebrate and

fish communities.

Southern Africa is a region characterized by high

levels of aquatic endemism and imperilment (Skelton

et al. 1995), and Largemouth Bass are a source of

concern given their detrimental impacts on the distri-

bution and abundance of native animal communities

(Gratwicke and Marshall 2001; Weyl and Lewis 2006;

Lowe et al. 2008; Weyl et al. 2010, 2013; Ellender and

Weyl 2014; Weyl et al. 2014). For example, signif-

icant decreases in Cyprinid minnow (Barbus spp.)

abundance and diversity were noted in Zimbabwean

streams containing Largemouth Bass, which raises

concerns given the threatened status of many of these

fishes throughout southern Africa (Cambray and

Stuart 1985; Gratwicke and Marshall 2001). Further-

more, Weyl et al. (2010) showed significant differ-

ences in community structure of aquatic invertebrates

found in marginal vegetation in stretches of the Wit

River with and without Largemouth Bass. Lastly,

Weyl and Lewis (2006) demonstrated predation on

migrating estuarine fishes by Largemouth Bass
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sampled in a tidal river in southern South Africa.

Combined, these studies illustrate the role of Large-

mouth Bass as apex predators that opportunistically

forage on available prey to such an extent that

community structure at multiple trophic levels may

be altered.

In the present study, we examined contemporary

population genetic patterns of variation of Largemouth

Bass sampled in a series of South Africa water bodies,

and using a combination of microsatellite and DNA

sequence data we evaluated competing demographic

models to explain observed patterns of genetic varia-

tion. Specifically, our goals were to test for evidence of

multiple introductions and establish likely introduction

pathways associated with different introduced popu-

lations. We hypothesized that neutral genetic markers

would reveal evidence of historical founder events in

the form of limited genetic diversity and that coales-

cent based Bayesian models would identify a multiple

introduction scenario as the best supported model

given our observed microsatellite data.

Methods

Sample collection and study sites

Largemouth Bass were collected via hook-and-line

angling from four localities in the Eastern Cape and

one locality in the Western Cape of South Africa

(Fig. 1). A total of 50 individuals per water body were

collected with a 1 cm2 portion of pectoral fin removed

from each individual and stored in 95% non-denatured

ethanol. Water bodies ranged in surface area from\1

to 260 ha at altitudes from 3 to 660 m above sea level

with mean depths ranging from 1 to 14.2 m. The

Kowie Weir population occurs on the lower stretches

of the Kowie River and consists of a pooled river

section behind a 3 m high weir. Groenvlei is a

naturally formed lake, whereas Binfield, Mankazana,

and Settlers were formed via dams constructed

between 23 and 54 years ago. The oldest known

population of Largemouth Bass in this study was

Groenvlei which was stocked in 1934 (Harrison 1936).

One formal stocking record exists for the Kowie River,

nine fish planted in 1934 from the Pirie Fish Hatchery,

but we hypothesize that it may have received Large-

mouth Bass from stocked farm dams during spillover

events within the river catchment (Harrison 1936).

Settlers, Binfield, and Mankazana Dams were built in

1962, 1980, and 1982, respectively. Studies of Large-

mouth Bass inMankazana suggest a recent (2006) date

of establishment (Taylor et al. 2012).

DNA extraction

DNA was extracted from a 1 mm2 portion of fin clip

using a 96-well silica-based plate extraction method

(Ivanova et al. 2006) and a positive and negative

control was included in each plate. Template DNA

was quantified using a ND-1000 spectrophotometer

(Nanodrop, Wilmington, DE) and all samples were

brought to a standardized concentration of 20 ng/lL
prior to PCR amplification.

Microsatellite amplification

All samples were genotyped at 10 previously devel-

oped polymorphic microsatellite loci (Seyoum et al.

2013) in multiplex polymerase chain reactions (PCR;

see Trippel et al. (In Press) and Supplemental Table 1

for multiplex conditions and primer details). PCR

reactions were performed in 15 lL reactions contain-

ing 20 ng template DNA, 7.5 lL 1 9 Qiagen Multi-

plex PCR Master Mix (Qiagen, Valencia, CA),

1.64–5.03 lL ddH20, 0.02–0.2 lM forward primer,

and 0.2 lM reverse primer. Thermal cycling condi-

tions for all multiplex combinations were: 95 �C for

15 min, followed by 35 cycles of 94 �C for 30 s, 58 �C
for 1 min 30 s, 72 �C for 1 min 30 s, followed by a

final extension step at 72 �C for 10 min.

Electrophoresis of PCR products was performed on

an ABI 3130 xl (Applied Biosystems, Foster City, CA)

using a ROX 500 size standard (Applied Biosystems).

Automated allele calls were made in GeneMarker

software (SoftGenetics, LLC, State College, PA) and

then manually confirmed.

DNA sequencing

Gene sequences were generated for 5–7 fish per

population. We PCR amplified a 702 base pair

segment of the mitochondrial cytochrome b (cyt b)

gene region using the HA (50-CAACGATCTCCGG
TTTACAAGAC-30) and LA (50-GTGACTTGAAA
AACCACCGTTG-30) primer pair (Kassler et al.

2002). Polymerase chain reactions were performed

in 25 lL volumes containing *20 ng/lL DNA
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template, 19 Qiagen Multiplex PCR Master Mix,

0.2 lM forward and reverse primers, and ddH2O to

final volume. Thermal cycling conditions were: 94 �C
for 15 min; 35 cycles of 94 �C for 30 s, 53 �C for 90 s,

72 �C for 90 s; with a final extension of 72 �C for

10 min. PCRs contained both positive and negative

controls to check for reaction success and contamina-

tion, respectively. PCR products were examined under

UV light on a 2% agarose gel stained with ethidium-

bromide. Positive PCR products with appropriate

banding sizes were cleaned using Exo-SAP-IT chem-

istry (Applied Biosystems, Foster City, CA, USA).

Bidirectional sequences were generated usingBigDye

terminator sequencing chemistry (Applied Biosystems)

in6.75 lLreactions, containing0.83 lLTerminatorv3.1

Ready Reaction mix, 1.67 lL 59 reaction buffer,

0.22 lL of primer, 1 lL of PCR product, and 3.92 lL
ddH2O. Products were cleaned using 0.2 lm Sephadex

columns (Princeton Separations, Freehold, NJ, USA)

prior to electrophoresis on a 3130 9l Genetic Analyzer

(Applied Biosystems). Chromatograms were edited and

assembled using Geneious v 6.1.2 (http://www.geneious.

com; Kearse et al. 2012).

Population genetic diversity: microsatellite data

The number of alleles per locus, observed (HO) and

expected (HE) heterozygosity, and the number of

private alleles per population were calculated using

GenAlEx v 6.5 (Peakall and Smouse 2006). Allelic

richness was calculated using rarefaction techniques

implemented in HP-Rare (Kalinowski 2005). Both

deviations fromHardy–Weinberg Equilibrium (HWE)

and the presence of linkage disequilibrium (LD) were

tested for using Genepop (Rousset 2008) with the

following parameters: dememorization = 5000,

batches = 5000, iterations per batch = 1000. Correc-

tions for multiple comparison tests were performed

using the False Discovery Rate (FDR; Benjamini and

Hochberg 1995). We tested for the presence of null

alleles using MICROCHECKER software version 2.2.3

(Van Oosterhout et al. 2004).

South Africa

Namibia

Lesotho

Kowie Weir

Settlers Dam

Mankazana Dam

Groenvlei Lake

Binfield Park Dam

Port Elizabeth

0 80 16040 Kilometers

Fig. 1 The distribution of sampling sites (black dots) for Largemouth Bass (Micropterus salmoides) collections made in South Africa
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To assess patterns in genetic differentiation, we

calculated FST,G
0
ST (Hedrick 2005), and Jost’sD (Jost

2008) using GenAlEx with 9999 permutations and

9999 bootstrap iterations. Multiple metrics of genetic

differentiation were included to account for the

potential influences of variation in mutation rates

and heterozygosity levels that may bias individual

metrics (Leng and Zhang 2011). An analysis of

molecular variance (AMOVA) was performed using

ARLEQUIN 3.5.1.2 (Excoffier and Lischer 2010) to

determine sources of genetic variation among popu-

lations, among individuals within populations, and

within individuals. Patterns in genetic diversity across

populations were visualized via Principal Component

Analysis (PCA) using the ade4 and adegenet packages

(Thioulouse et al. 1997; Jombart 2008) in R v 3.3 (R

Development Core Team 2016). The PCA was

performed using microsatellite allele frequencies with

missing data replaced by mean frequency values

(corresponding to 215 of 7657 values or 2% of all

genotypes). Principal component analysis was per-

formed on a correlation matrix of scaled (i.e.,

normalized) allele frequencies. Our graphical output

displayed the absolute variance (i.e., eigenvalues)

explained by each of the principal components and X

and Y labels represent the percentage of total variance

explained by the first and second components, respec-

tively. An unrooted dendrogram was constructed

based on the Edward’s genetic distance (Edwards

1971) between population pairs using 10,000 boot-

strap iterations as implemented in the R package poppr

(Kamvar et al. 2014).

We tested for a genetic signature associated with a

recent population bottleneck using the software pro-

gram BOTTLECK (Piry et al. 1999) using the

‘heterozygosity-excess’ test developed by Cornuet

and Luikart (1996). Specifically, we tested if the focal

populations experienced a contemporary bottleneck

based on interpretation of Wilcoxon’s Test assuming a

two-phase model (TPM). We assumed mutations were

comprised of 95% single-step and 5% multiple-step

and a variance among multiple steps of 12 following

the author’s recommendation (Piry et al. 1999).

Outputs were based on a total of 5000 iterations.

Population genetic diversity: DNA sequence data

Gene sequences generated from South Africa Large-

mouth Bass samples were combined with cytochrome

b sequences for both Largemouth and Florida Bass

downloaded from GenBank (Accessed: 10 Aug 2016;

Supplemental Table 2). Sequences downloaded from

GenBank included 14 M. floridanus and 17 M.

salmoides gene sequences from their native and

introduced range. All sequences were aligned using

the ClustalW algorithm using default parameters

within Mega v 5.2.2 (Tamura et al. 2011). Metrics of

population genetic diversity including the number of

haplotypes (nH) number of private haplotypes (nPH),

haplotype diversity (H), and nucleotide diversity (p;
Nei 1987) were generated using ARLEQUIN 3.5.1.2.

A minimum spanning tree based on unique cyt

b haplotypes from North America and South Africa

was created using Population Analysis with Reticulate

Trees (PopART; http://popart.otago.ac.nz).

Invasion reconstruction

The probabilities associated with different introduc-

tion scenarios were estimated using microsatellite data

in the software program DIYABC v2.1.0 (Cornuet

et al. 2014). We sought to answer if multiple

introductions occurred and establish what the most

likely routes of establishment were among introduced

populations. We generated likelihoods associated with

four different models, all of which included an

unsampled ancestral source population (Fig. 2). In

scenario 1, all populations were independently derived

from the same, common ancestral source at the same

point in time. In scenarios 2, 3, and 4, we postulated

that Kowie Weir was introduced independently from

all other populations. The justification for a ‘separate

introduction’ scenario was based on historical records

that identified Kowie Weir was stocked with fish from

a different hatchery relative to the other populations,

and that the two separate fish hatcheries (Pirie and

Jonkershoek) received distinct, independent ship-

ments of Largemouth Bass from Europe (Harrison

1936). In scenario 2, Settlers, Mankazana, and Binfield

populations were independently introduced (at differ-

ent times in history) from the oldest known population,

Groenvlei. This differed from scenario 3, in which

Settlers, Mankazana, and Binfield were derived inde-

pendently from Groenvlei at the same time. A fourth

scenario involved an admixture event between Groen-

vlei and Settlers giving rise toMankazana and Binfield

with rates of exchange between populations being

equal. This scenario was designed to model the
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prospect of fish transfers between pre-existing popu-

lations (Groenvlei and Settlers) being used to establish

new populations; as illegal, angler-mediated translo-

cations are known to occur in South Africa (Ellender

et al. 2014). Population bottlenecks were modeled to

have occurred at the establishment of each new

population.

For all analyses, prior parameters were drawn from

a uniform distribution and defined as follows:

100\N\ 10,000; 10\ t1 B t2 B t3 B t4 B 100;

1 B Nb B 100, 1 B db B 100, 0.001\ r\ 0.999,

where N is the current effective population size,

t denotes time in generations, Nb is the number of

founders used to establish each new population, db is

the duration of bottleneck in generations, and r is the

population admixture rate. Mutation model priors for

microsatellite markers were set to default values as

were the selected distributions, minimum, and

maximum values. Summary statistics for model

comparison included the mean number of alleles,

mean genic diversity, and mean size variance for the

‘1-sample’ statistics and FST for ‘2-sample’ statistics.

A total of one million simulated datasets were

generated for each scenario, for a total of four million

simulations. Posterior probabilities of scenarios were

calculated using linear discriminant analysis on sum-

mary statistics via the direct and logistic regression

approach. The error rates associated with specific

scenarios were evaluated by analyzing 100 simulated

pseudo-observed data sets (pods) using parameter

values drawn from one individual scenario (e.g.,

scenario 1). The number of times the selected scenario

was falsely rejected (i.e., posterior probabilities were

higher for one of the other scenarios) was then divided

by 100 (i.e., the total number of pseudo-observed data

sets), and this was considered the type I error rate

(Cornuet et al. 2014). The type II error rate, or the

percentage of the 100 pods in which an untrue scenario

received the highest posterior support, was also

calculated for each individual scenario.

Results

Population genetic diversity: microsatellite data

We omitted one microsatellite locus (Msa 28) from

down-stream analyses due to inconsistent peak mor-

phology leading to scoring error. Deviations from

Hardy–Weinberg Equilibrium, specifically deficien-

cies in heterozygotes, were detected at one locus in the

Kowie Weir population (Msa 22), and at a singular

locus in both Groenvlei and Mankazana (Msa 6;

adjusted P value = 0.002; see Supplemental Table 3

for genetic characteristics by locus and population).

MICROCHECKER identified the presence of null alleles at

locus Msa 6 in Mankazana and Groenvlei populations.

No single locus or population departed consistently

from Hardy–Weinberg expectations which suggested

locus- and population-specific factors were unlikely

sources for the observed deviations. Three pairs of loci

were in genotypic disequilibrium in the Kowie Weir

population only (loci combinations: Msa 6 9 Msa 24,

Msa 6 9 Msa 5, Msa 5 9 Msa 24; adjusted

P value = 0.0007).

The average proportion of polymorphic loci per

population ranged from 0.22 to 1 (mean ± SE,

1

3

2

4

Gro Bin Man Set Kow Bin Man Set KowGro

Time

Bin Man Set KowGro Bin Man Set KowGro

Time

Fig. 2 Introduction scenarios tested using Approximate Baye-

sian Computation analysis of population histories based on

microsatellite data collected from Micropterus salmoides

sampled in South Africa: 1 All populations were independently

derived from a common ancestral population; 2 Independent

introductions with Binfield, Mankazana, and Settlers being

independently introduced from the oldest introduced population

(Groenvlei); 3 Independent introductions with Binfield,

Mankazana, and Settlers populations being derived from

Groenvlei; 4 Independent introductions Binfield andMankazana

arising from an admixture event between Groenvlei and Settlers

populations. Abbreviations of individual populations are

Groenvlei (Gro), Binfield (Bin), Mankazana (Man), Settlers

(Set), and Kowie Weir (Kow). Population bottlenecks were

modeled to have occurred at each establishment event. The

unsampled populations in all scenarios are represented by the

dark blue line
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0.47 ± 0.15) and only two populations contained

private alleles (Binfield—1, Kowie Weir—15). The

number of alleles per locus ranged from 1 to 4

(mean ± SE, 1.80 ± 0.40) with average multilocus

observed heterozygosity ranging from 0.05 to 0.49

(mean ± SE, 0.16 ± 0.08; Table 1). The total num-

ber of alleles detected across all loci was highest for

Kowie Weir (30), followed by Binfield (16), Settlers

(12), Mankazana (12), and Groenvlei (11). In

Mankazana, Settlers, Binfield, and Groenvlei popula-

tions, allele frequencies were typically dominated by a

singular allele that was common to all populations

(Supplemental Table 4), and when more than one

allele was present those alleles typically occurred at

low frequencies.

Tests of genetic differentiation (FST, GST or

Jost’s D), were highly correlated and revealed lower

levels of distinction among the Settlers, Mankazana,

Binfield, and Groenvlei populations (mean pairwise

FST ± SE, 0.09 ± 0.02; range = 0.03–0.19) relative

to comparisons that involved Kowie Weir (mean

pairwise FST 0.27 ± 0.01; range = 0.24–0.30).

Across all loci, pairwise estimates of FST were all

highly significant (max P = 0.006; Table 2). Global

estimates of GST ranged from 0.05 to 0.46 and Jost’s

D from \0.01 to 0.34, all of which comparisons

were significant (GST, max P = 0.006; Jost’s D,

max P = 0.007). Similar to the patterns observed

with FST, both GST and Jost’s D displayed lower

levels of differentiation among pairwise compar-

isons of Groenvlei, Binfield, Settlers Dam, and

Mankazana (mean GST ± SE = 0.15 ± 0.01; Jost’s

D = 0.02 ± 0.02) relative to those involving Kowie

Weir (mean GST ± SE = 0.42 ± 0.03; Jost’s

D = 0.33 ± 0.01). A dendrogram of genetic dis-

tances strongly supported the division between

Kowie Weir relative to all other populations (boot-

strap value = 100), and groupings within the

Table 1 Summary statistics by population for microsatellite loci and mitochondrial sequence data from invasive populations of

Largemouth Bass (Micropterus salmoides) collected from five South African water bodies

Population ID Microsatellite DNA Mitochondrial DNA

n P Ap AR NA (±SD) HO (±SD) HE (±SD) n nH nPH HF h

p

Binfield Bin 49 0.56 1 1.74 1.78 (0.28) 0.14 (0.07) 0.14 (0.07) 5 2 1 A (0.80)

B (0.20)

0.40 0.0005

Groenvlei Gro 50 0.22 0 1.22 1.22 (0.15) 0.04 (0.04) 0.06 (0.05) 6 2 1 A (0.83)

C (0.17)

0.33 0.0004

Kowie

River

Kow 50 1.00 15 3.32 3.33 (0.24) 0.49 (0.06) 0.52 (0.07) 5 1 0 A (1.00) 0.00 0.0000

Mankazana Man 49 0.33 0 1.32 1.33 (0.17) 0.05 (0.04) 0.10 (0.06) 7 1 0 A (1.00) 0.00 0.0000

Settlers Set 49 0.22 0 1.33 1.33 (0.24) 0.10 (0.06) 0.12 (0.08) 7 1 0 A (1.00) 0.00 0.0000

Listed are the population name, sample ID, microsatellite results [sample size (n), proportion of polymorphic loci (P), number of

private alleles (AP), allelic richness (AR), average number of alleles per locus (NA), observed heterozygosity (HO), and expected

heterozygosity (HE)] and results from mitochondrial sequence data [sample size (n), number of haplotypes (nH), number of private

haplotypes (nPH), haplotypes and their frequencies within populations (HF), haplotype diversity (h), and nucleotide diversity (p)

Table 2 Results from pairwise FST calculations (below diagonal) based on microsatellite genotypes collected from Micropterus

salmoides introduced into South Africa

Binfield Groenvlei Kowie Weir Mankazana Settlers

Binfield – \0.001 \0.001 \0.001 0.003

Groenvlei 0.130 – \0.001 0.007 \0.001

Kowie Weir 0.240 0.300 – \0.001 \0.001

Mankazana 0.072 0.042 0.272 – \0.001

Settlers 0.030 0.185 0.259 0.072 –

P values are listed above diagonal and italicized P values indicate significant at the 0.05 level
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Binfield, Groenvlei, Mankazana, and Settlers popu-

lations were less well supported (Fig. 3).

Analysis of Molecular Variance (AMOVA) indi-

cated that a large and significant proportion of the

genetic variation (34.5%, P\ 0.001) was distributed

among Largemouth Bass populations, while the

largest proportion of variance was distributed within

individuals (57.6%, P\ 0.001), and 7.9% of diver-

gence (P\ 0.001) was explained by variation among

individuals within populations (Table 3). Principal

Component Analysis (PCA) revealed that the among-

population variance was due to differentiation

between Kowie Weir and to all other South Africa

Largemouth Bass populations examined (Fig. 4). The

first two principal components (PC) explained 33.0

and 7.6% of the total variation present in allele

frequencies, and 95% confidence clusters surrounding

individuals sampled from Binfield, Groenvlei, Man-

kazana, and Settlers exhibited significant overlap. The

wider and non-overlapping spread of Kowie Weir

individuals among PC1 and PC2 may be reflective of

the greater variance in allele frequencies associated

with greater allelic diversity and alleles private to that

specific population.

Based on outputs from tests for population bottle-

necks we were unable to reject the null hypotheses of

‘no heterozygosity excess’ in any population (Bin-

field, P = 0.95; Groenvlei, P = 0.25; Kowie,

P = 0.21; Mankazana, P = 0.19, Settlers,

P = 0.13). Mode shifts in allele distributions were

however observed in Mankazana and Settlers popula-

tions, suggesting evidence of a recent population

bottleneck (Luikart et al. 1998). It is recommended

that 8–10 polymoprhic loci be used in bottleneck tests

in order to avoid unreasonably high type I error rates

BINFIELD

GROENVLEI

KOWIEWEIR

MANKAZANA

SETTLERS

100

100

73.6

54.72

0.25 0.2 0.15 0.1 0.05 0

Fig. 3 Unrooted dendrogram displaying Edward’s genetic

distances between introduced populations of Micropterus

salmoides from South Africa. Bootstrap values are displayed

on nodes based on 10,000 iterations

Table 3 Analysis of molecular variance (AMOVA) results performed on Micropterus salmoides microsatellite data collected from

introduced population in South Africa

Source of variation Sum of squares Variance components Percentage variation Fixation Index P value

Among populations 177.73 0.45 34.5 FIS = 0.11 \0.001

Among individuals 224.74 0.10 7.9 FST = 0.35 \0.001

Within individuals 182.00 0.76 57.6 FIT = 0.42 \0.001

Total 584.463 1.32

PC1 (33.0 %)

P
C

2 
(7

.6
 %

)
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−
6

−
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−
2

0
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4
6

8
10 Binfield

Groenvlei
Kowie Weir
Mankzana
Settlers

Fig. 4 Results from Principal Component Analysis of

microsatellite genotypes generated from five populations of

Largemouth Bass (Micropterus salmoides) sampled from South

Africa. Ellipses represent 95% confidence intervals and values

on the X- and Y-axes represent the absolute variances explained

by the first and second eigenvalues respectively. Percentage

values in parentheses correspond to the percentage of total

variation explained by the first two components
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(Luikart et al. 1998; Piry et al. 1999). All loci were

polymorphic in the Kowie River population (9),

however no other population had more than five

variable loci suggesting caution when interpreting test

results.

Population genetic diversity: DNA sequence data

The final cytochrome b alignment consisted of 702

base pairs from 30 individuals representing 5 popula-

tions (Binfield, n = 5; Groenvlei, n = 6; KowieWeir,

n = 5; Mankazana, n = 7; Settlers, n = 7). A total of

three haplotypes were identified, with a singular

haplotype being present in all populations and occur-

ring at a high frequency (28 of 30 individuals). Only

two private haplotypes were recovered, one each in

Groenvlei and Binfield. Mankazana, Settlers and the

Kowie Weir populations shared a single haplotype.

Haplotype diversity for Binfield was 0.40 and 0.33 for

Groenvlei. Values of nucleotide diversity were 0.0005

and 0.0004 for Binfield and Groenvlei, respectively

(Table 1).

A total of 31 sequences were retrieved for Mi-

cropterus salmoides andM. floridanus from GenBank.

The minimum spanning network nested South African

haplotypes within a cluster of Largemouth Bass

haplotypes primarily from the northern United States

(Wisconsin, Maryland) and Ontario (Fig. 5). The most

common haplotype from South Africa (93% of

samples; denoted A in Table 1 and in Fig. 5) was

identical to a sequence generated for an individual

collected in the Zekiah Swamp Run, Maryland. The

haplotypes B and C (Table 1; Fig. 5) from South

Africa were placed among M. salmoides sequences

from across their native and non-native range (i.e.,

Alabama, Louisiana, New Mexico, North Carolina,

Texas). In particular, haplotypes B and C were most

similar (i.e., were separated by the fewest number of

mutational differences between sequences) to Large-

mouth Bass sampled in Ontario and Wisconsin.

Alabama

Alabama

Alabama

Alabama

Florida

Florida

Florida

Florida

Florida

Florida

Louisiana

Maryland

Mexico

NewMexico

NorthCarolina

South Africa (B)

South Africa (C)

Texas

Texas

Wisconsin

Wisconsin
Ontario

North
Carolina

North
Carolina

North
Carolina

North
Carolina

South
Carolina

& South Africa (A)

Micropterus
salmoides

Micropterus
floridanus

South
Carolina

Fig. 5 Minimum spanning

network of Largemouth

Bass (Micropterus

salmoides) and Florida Bass

(M. floridanus) cytochrome

b haplotypes sampled from

the United States (native)

and South Africa

(introduced). Individual tick

marks denote one base pair

difference between

haplotypes. Letters in

hypotheses represent

haplotypes referenced in

Table 1. Note Maryland and

South African haplotype A

are identical
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Invasion reconstruction

Output from Approximate Bayesian Computation

consistently provided higher posterior probabilities

for introduction scenarios involving multiple inde-

pendent introductions, relative to a single source event

(Table 4). Scenario 2, in which individuals from

Binfield, Mankazana, and Settlers were independently

introduced from Groenvlei, while the Kowie Weir

population received propagules from a separate intro-

duction had the highest posterior probability (0.8966,

95% CI 0.8922–0.9010). Scenario 1, in which all

populations were independently derived from a com-

mon ancestral population through a single introduc-

tion received the lowest posterior probability support.

Scenario 4 in which multiple introduction events

occurred with an admixture event occurring between

Groenvlei and Setters which then gave rise to Binfield

and Mankazana received higher posterior support than

Settlers, Mankazana, and Binfield being derived

independently from the most ancestral lake popula-

tion, Groenvlei (Scenario 3). Type I and II error rates

for the best supported model were 0.06 and 0.07

respectively which indicated modest accuracy in

model selection and a somewhat limited ability to

confidently differentiate between competing models,

perhaps due to the low levels of variability contained

in our microsatellite dataset.

Discussion

Despite the global distribution (Welcomme 1988) and

profound economic importance of Largemouth Bass

as a sport fish (Schramm and Hunt 2007; U.S.

Department of Interior 2011; Driscoll et al. 2012),

almost no studies have examined the processes and

patterns associated with the establishment of non-

native Largemouth Bass populations. Our study has

revealed that low levels of genetic diversity associated

with documented introductions of small number of

propagules is not universal, with Kowie Weir being

highly differentiated and highly diverse. Bai et al.

(2008) quantified levels of microsatellite heterozy-

gosity and allelic richness in Largemouth Bass intro-

duced into China for aquaculture purposes, and

recorded significant reductions in both allelic richness

(39–64%, depending on comparison) and heterozy-

gosity (19–45%) relative to native (but not source)

populations. They proposed that reductions in effec-

tive population size explained the low number of

alleles per locus and levels of heterozygosity (mean:

NA = 2.17; HO = 0.37), and mode shifts in allele

frequencies indicated evidence of a founder event. In

South Africa bass, levels of heterozygosity and the

number of alleles per locus were substantially lower

than those observed in China (mean: NA = 1.80;

HO = 0.16) and we too attribute the observed levels of

genetic diversity to a founder event. A limited number

of bass were imported into South Africa (88), and in

instances where records of fish transfers within South

Africa exist, we know that small numbers of propag-

ules were typically used (e.g., Groenvlei, 18 finger-

lings; Harrison 1936).

We considered a number of potential scenarios that

might explain the low levels of nuclear genetic

diversity observed in Largemouth Bass sampled in

South Africa. First we considered the prospect that

reduced diversity was an artifact of locus selection

(i.e., that our selected genetic markers displayed

inherently low levels of polymorphism). However,

the same markers applied to naturally outbreeding

populations of Micropterus spp. displayed signifi-

cantly higher levels of variability (Barthel et al. 2010;

Table 4 Confidence in scenario selection based on outputs from DIYABC for proposed introduction pathways of Largemouth Bass

(Micropterus salmoides) into South Africa

Scenario Posterior probability 95% Credibility interval Type I error Type II error

1 0.0000 0.0000–0.0000 0.11 0.47

2 0.8966 0.8922–0.9010 0.06 0.07

3 0.0414 0.0385–0.0444 0.49 0.22

4 0.0620 0.0586–0.0654 0.25 0.15

See Fig. 2 for visual description of introduction scenarios
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Seyoum et al. 2013; Hargrove and Austin 2016;

Trippel et al. (In Press); JS Hargrove unpublished

data). Two Largemouth Bass populations in Wiscon-

sin and four in Oklahoma assayed using the same nine

markers as in this study displayed higher average (i.e.,

grand mean across all loci and populations) number of

alleles (Oklahoma: NA = 5.82, Wisconsin:

NA = 3.88, South Africa: NA = 1.80), observed

heterozygosity (Oklahoma: HO = 0.54, Wisconsin:

HO = 0.31, South Africa: HO = 0.16), and expected

heterozygosity (Oklahoma: HE = 0.55, Wisconsin:

HE = 0.33, South Africa: HE = 0.19) relative to

South African populations (Seyoum et al. 2013; JS

Hargrove unpublished data). We also considered

population size as a potential explanation for observed

patterns in genetic diversity; however, formal esti-

mates of population size were not available. Kowie

Weir boasted the highest observed levels of nuclear

genetic diversity but was potentially the smallest

population examined. This was based on the fact that

Largemouth Bass in the Kowie River inhabit a pooled

river section that is only 10 m wide 9 2 m deep,

which contrasts with Binfield that has a surface area of

260 hectares and a large littoral zone. Thus greater

amounts of available habitat (and by extension poten-

tial population size) alone may poorly explain

observed levels of genetic diversity but instead may

be explained by historical demographic events such as

founder events.

Based on the available evidence, we argue the low

levels of genetic diversity observed in our study

populations were the result of a historical (i.e., at the

introduction of bass to South Africa) and not contem-

porary founder event (i.e., at the establishment of

individual populations). A limited number of alleles

(16) were recovered from Binfield, Groenvlei, Man-

kazana, and Settlers populations, and of these alleles

only one was private (i.e., found in one but not other

populations). That so few private alleles were detected

suggests a common source harboring limited genetic

diversity. Tests for the presence of contemporary

genetic bottlenecks were not statistically significant,

further corroborating the potential for a historical

founder event rather than multiple recent bottlenecks.

The statistical power to detect bottleneck however

may be limited when sample sizes are modest (\100)

and few markers are assayed (\16 microsatellite loci;

Peery et al. 2012). If individual populations had

historically contained higher allelic diversity than

what we have measured, the expectation is that genetic

drift would have resulted in a random, and not

systematic, pattern of allele frequencies. Drift should

lead to different alleles being fixed across population

replicates, thus the fact that monomorphic loci were

fixed for the same variants in each population likely

reflects a single founder event occurring at the time of

introduction in 1928.

The overall pattern of limited genetic diversity

observed in our microsatellite data was also reflected

in our mitochondrial sequence data. In particular, we

recovered only a small number of unique cytochrome

b haplotypes (3), and a single haplotype was common

to all populations and almost all individuals. Low

haplotype and nucleotide diversity in introduced fish

species are not necessarily rare; for example, PCR–

RFLP analysis of the ND1 and D-loop regions of 1783

Bluegill Sunfish (Lepomis macrochirus) introduced

into 72 populations across Japan and Korea revealed

only five distinct haplotypes (Kawamura et al. 2006).

Interestingly, Kawamura et al. (2006) noted that

haplotype diversity was negatively correlated with

establishment date such that more recently established

populations displayed lower levels of diversity. In

South Africa populations we failed to observe changes

in genetic diversity as a function of establishment date;

specifically, the number of haplotypes recovered from

Groenvlei and Binfield were highest (2 each), which

corresponds to the oldest (Groenvlei 1934) and second

youngest (Binfield: since 1980s) Largemouth Bass

populations examined (Harrison 1936). One potential

limitation of inferences made using our mitochondrial

dataset was the modest number of sample sizes;

although, other studies of introduced fishes have

revealed similar, low levels of haplotype diversity

despite high numbers of sample sizes (e.g., Kinziger

et al. 2014).

The movement of Black Basses (a collective for

members of the genus Micropterus) within the United

States has a long history dating back to the mid-1800’s

(Long et al. 2015), and many modern populations of

Largemouth Bass in parts of the United States are the

result of extra-limital translocations (MacCrimmon

and Robbins 1975). A Largemouth Bass haplotype

recovered from the Zekiah Swamp Run (Maryland) by

Near et al. (2003) was identical to the most common

sequence recovered from South Africa, suggesting this

region as a potential source of origin. However, no

records exist of Largemouth Bass in Maryland prior to
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1874 (Truitt et al. 1929; Powell 1967), yet by 1889

bass were well established as a sport fish (Powell

1967) and are currently widespread throughout the

state (Lee et al. 1981). Sequences from Lake Opinicon

in Ontario and Lipsett Lake in Wisconsin were also

highly similar (although not identical) to haplotypes

recovered from South Africa, both of which occur

within their native range (Becker 1983; MacCrimmon

and Robbins 1975). Ultimately, the identification of a

specific source of origin for South African Large-

mouth Bass may remain an elusive goal as hatchery

propagation of black bass occurs in at least 31 U.S.

states (Noble 2002), millions of juvenile bass are

stocked annually (Heidinger 2000), and many stock-

ing programs intentionally introduce non-native alle-

les (e.g., Florida Bass alleles) for specific objectives

such as increasing the potential maximum growth

(Philipp et al. 1983; Myers and Allen 2005). If

Largemouth Bass in South Africa originated from a

hatchery strain stocked in Maryland, this two-stage

founder event may also serve to explain the limited

levels of genetic diversity observed.

Evidence from principal component analysis and

tests of genetic differentiation identified two genetic

groups within South African Largemouth Bass popu-

lations, supporting the hypothesis of multiple inde-

pendent introductions. Genetic differentiation among

sample sites consistently identified Kowie Weir as

being highly differentiated relative to all other popu-

lations, regardless of metric (FST,GST or Jost’sD), and

Kowie Weir formed a non-overlapping cluster in our

PCA. Further support for a scenario involvingmultiple

introductions was provided by ABC modeling of

population history, which returned the highest poste-

rior support for a scenario in which Kowie Weir was

independently derived relative to Binfield, Settlers,

Mankazana, and Groenvlei populations. These

observed differences may be explained with several

possible scenarios with several possible scenarios;

first, the two known stocks of Largemouth Bass

imported into South Africa were genetically distinct

and placed into discrete sets of lakes, second, that

Kowie Weir is a combination of both stocks, third, or

that the elevated levels of genetic diversity in Kowie

Weir were a byproduct of introgression with con-

generic species.

In the first two scenarios, the founding stock of bass

used to seed Binfield, Mankazana, Groenvlei, and

Settlers was derived from one of the two imported

shipments while Kowie Weir was either a product of

the other source or a combination of both sources. The

latter of these two scenarios, Kowie Weir possessing

alleles from both hatcheries, is feasible given records

that indicate shipments of fingerlings were made from

both hatcheries to areas near Kowie Weir in the early

1930’s (42 fingerlings from the Pirie Fish Hatchery to

the Albany Angling Association of Grahamstown in

1933, and 24 fingerlings from the Jonkershoek Fish

Hatcheries to a Grahamstown resident in 1934) and

that a single stocking of nine Largemouth Bass from

Pirie Hatchery were placed into to the Kowie Weir

(Harrison 1936). Although the specifics of where the

Jonkershoek fish were planted are unknown, distribu-

tions of hatchery fingerlings during this period were

typically made to private dam owners. The Kowie

River has a 580 km2 catchment that begins just south

of Grahamstown (Watling and Watling 1983) and fish

from Jonkershoek Hatchery could have washed down

from private dams into the Kowie River. That all but

one of the microsatellite alleles present in Binfield,

Groenvlei, Mankazana, and Settles populations was

also detected in Kowie Weir supports this scenario.

Records of distribution to the other water bodies are

scarce, but 18 fingerlings were stocked in December

1934 into Groenvlei from the Jonkershoek hatchery

(Harrison 1936). Early reports suggest fingerling

production at the Jonkershoek Fish Hatchery was

significantly higher than Pirie with over 2000 black

bass distributed to 25 districts across southern South

Africa from Jonkershoek over a 4 year period

(1930–1933). Pirie Hatchery on the other hand,

distributed just 183 fingerlings to 9 locations over a

2-year period (1933–1934; Harrison 1936). If varia-

tion in hatchery production persisted through time,

dams such as Binfield, Mankazana, and Settlers would

likely have received fish from the more prolific

Jonkershoek Hatchery.

An alternative explanation for the differentiation

among populations involves Kowie Weir being an

admixed population of M. salmoides and another

Micropterus species such as Florida Bass, M. flori-

danus, or Spotted Bass, M. punctulatus. Florida Bass

were introduced into Southern Africa in 1980 and

subsequent informal angler stockings have expanded

their distribution to include many provinces in the

country (DeMoor and Bruton 1988; McCafferty et al.

2012). Spotted Bass were first introduced into South

Africa in 1939 (DeMoor and Bruton 1988), and
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although their distribution is known to be limited, they

have been recorded in the Kowie River (OLFW

unpublished data) and from freshwater systems adja-

cent to the Kowie River (James et al. 2008).

Mitochondrial haplotypes recovered fromKowieWeir

were, however, not reflective of introgression between

closely related species; suggesting introgression as an

unlikely source of the observed elevated levels of

genetic diversity in the Kowie Weir population.

A second result gleaned from coalescent based

models of introduction history was that the best

supported scenario involved repeated introductions

from Groenvlei into Binfield, Mankazana, and Settlers

water bodies. This scenario was generated based on

the historical records which indicate Groenvlei was

established decades in advance of the construction of

Binfield, Mankazana, or Settlers Dams (Harrison

1936; Taylor et al. 2012). We did not observe

substantial differences in levels of genetic diversity

(Supplemental Table 3) between these populations

and allele frequencies were highly similar (Supple-

mental Table 4). This may have resulted from suffi-

cient numbers of individuals being transferred from

Groenvlei to other water bodies to transfer significant

quantities of available genetic diversity (Allendorf and

Lundquist 2003). Interestingly, Groenvlei harbored

the lowest levels of allelic diversity of all populations,

and there appears no clear explanation for this other

than potential genetic drift or population bottlenecks

subsequent to fish transfers.

Conclusion

Results from this study provide a detailed scenario of

the historical events explaining the genetic character-

istics of modern populations of the invasive apex

predator, the Largemouth Bass, inhabiting select

South African waters. These data add to the growing

body of knowledge concerning the molecular patterns

in successful species invasions, and highlight the

ability of freshwater fish populations to persist for over

80 years despite being founded with highly limited

number of propagules and possessing limited levels of

neutral genetic diversity caused by genetic drift. Our

study provides insightful descriptions of molecular

patterns in a globally significant invasive species and

can serve as a baseline for future comparisons.

Furthermore, in the absence of detailed stocking

records we were able to reconstruct the likely

hatcheries used to seed a series of water bodies across

southern South Africa. Although there are examples of

members of the genusMicropterus being successfully

eradicated from invaded environments (Weyl et al.

2014), efforts to eradicate established populations are

unlikely to be successful except in small or isolated

systems (Loppnow et al. 2013). Future studies should

consider combining cutting-edge molecular methods

(e.g., Genotyping-By-Sequencing such as RAD-seq;

Baird et al. 2008) with environmental and biological

data to identify genomic adaptations that have con-

tributed to the success of Largemouth Bass as an

aquatic invader.
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