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Abstract The widespread introduction of Large-
mouth Bass (Micropterus salmoides) and Florida Bass
(M. floridanus) to establish sport fisheries represents a
significant conservation concern given their role as
apex predators and their ability to alter community
diversity and species abundance. In regions like
southern Africa, which has both high levels of aquatic
endemism and imperilment, limiting the spread of
invasive predators is a primary goal of current alien
species legislation. Here, we applied two panels of
species-diagnostic SNPs for a total of 60 markers to
map the distribution of Largemouth Bass, Florida
Bass, and their hybrids in 13 southern African water
bodies. Using Bayesian clustering algorithms we

J. S. Hargrove (X)) - J. D. Austin

Department of Wildlife Ecology and Conservation,
University of Florida, Gainesville, FL, USA
e-mail: tractor@ufl.edu

J. S. Hargrove
South African Institute for Aquatic Biodiversity (SAIAB),
Private Bag 1015, Grahamstown, South Africa

O. L. F. Weyl

DST/NRF Research Chair in Inland Fisheries and
Freshwater Ecology, South African Institute for Aquatic
Biodiversity, Private Bag 1015, Grahamstown, South
Africa

O. L. F. Weyl
Center for Invasion Biology, SAIAB,
Private Bag 1015, Grahamstown, South Africa

documented the introgression of Florida Bass alleles
across a broad geographic range, from the Cape
Floristic region of South Africa to Mozambique.
Several populations previously considered pure
Largemouth Bass based on mitochondrial DNA
sequences were found to consist exclusively of
hybrids. Samples collected from Lake Chicamba,
which was initially established with pure Largemouth
Bass, are now almost exclusively comprised of Florida
Bass alleles (89.3 % Florida Bass). The estimated
hybrid class of sampled fish (e.g., F; hybrid, pure
Largemouth Bass, pure Florida Bass) showed that with
few exceptions, populations were dominated by a
single hybrid class. The present work provides
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enhanced resolution of the distribution and dynamics
of Florida Bass, Largemouth Bass, and their hybrids in
southern Africa.

Keywords Micropterus - Largemouth bass -
Hybridization - Introgression - Invasive fish

Introduction

Species introductions are a leading threat to biodiver-
sity worldwide (e.g., Strayer 2010; Vila et al. 2011)
and freshwater ecosystems are particularly susceptible
(Garcia-Berthou 2007). In regions of the globe such as
southern Africa the long-term isolation of aquatic
habitats has resulted in both high levels of endemism
and imperilment (Linder et al. 2010; Weyl et al. 2014).
Southern Africa was previously identified as a hotspot
of aquatic invasions with the ratio of non-native
species richness to total species richness being greater
than 25% (Leprieur et al. 2008). Given the heightened
risks of species imperilment and extinction in fresh-
water systems of southern Africa, knowledge on the
spread and dynamics of invasive species represents an
important source of information for management and
conservation.

The Largemouth Bass (Micropterus salmoides) is a
freshwater fish species native to eastern North Amer-
ica that has been established worldwide for the
purpose of recreational fisheries (Robbins and
MacCrimmon 1974; Jackson 2002; Hargrove et al.
2015; Taylor et al. 2015). Largemouth Bass is an apex
predator in many systems, capable of altering the
abundance and distribution of aquatic biota via top-
down control (Drenner et al. 2002; Cambray 2003;
Warren 2009; Weyl et al. 2010). Because of their
widespread introductions and documented negative
impacts on native fish communities, they have been
characterized as one of the world’s worst invaders
(Lowe et al. 2000). Largemouth Bass were first
introduced into South Africa in 1928 (Harrison
1936), and since that time their distribution has
expanded via intentional translocations to encompass
much of southern Africa (DeMoor and Bruton 1988;
Ellender and Weyl 2014; Hargrove et al. 2015).
Previous genetic work has shown that populations
have persisted in isolation in excess of 90 years,
despite initial introductions that consisted of small
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numbers of individuals harboring low levels of neutral
genetic diversity (Hargrove et al. 2017).

The Florida Bass (Micropterus floridanus) was first
described as a subspecies of Largemouth Bass by
Bailey and Hubbs (1949), with a key characteristic
being the ability to reach larger maximum size.
Shortly after they were described, Florida Bass were
purposefully introduced outside their native range to
enhance the growth characteristics of existing Large-
mouth Bass populations (e.g. Sasaki 1961). Record-
breaking catches following the introduction of Florida
Bass have been documented in Arkansas (Lamothe
and Johnson 2013), California (Chew 1974), Louisi-
ana (Hughes and Wood 1995), Oklahoma (Horton and
Gilliland 1993), Texas (Forshage and Fries 1995), and
South Africa (Weyl et al. 2017). In addition to
reaching larger maximum sizes relative to Large-
mouth Bass, Florida Bass are capable of spawning
over a longer time period (Rogers et al. 2006), have a
greater tolerance for high temperatures (Philipp and
Whitt 1991), and exhibit greater longevity in warm
climates (Neal and Noble 2002). The first introduc-
tions of Florida Bass into South Africa occurred in
1980 (DeMoor and Bruton 1988), and private fish
transfers have increased their prevalence countrywide
(Weyl et al. 2017). From the perspective of species
invasions, the introduction of Florida Bass represents a
significant concern, as their ability to reach larger
maximize sizes and persist longer may equate to
greater biological impacts on native communities
(Weyl et al. 2017).

Because Florida Bass and Largemouth Bass readily
hybridize and are morphologically difficult to distin-
guish (Warren 2009), molecular genetic markers are
necessary to identify the taxonomic status of individ-
uals in regions where the two co-occur. Previous
genetic work has shown that Florida Bass have been
introduced throughout South Africa, with Florida Bass
mitochondrial haplotypes (mtDNA) recovered in 13 of
20 sampled populations (Weyl et al. 2017). Conclu-
sions drawn from these results were limited by the use
of a uniparentally inherited mtDNA marker which
precludes the ability to identify hybrids. Additionally,
asymmetrical hybridization may prevent the detection
of all present species when using only mtDNA (e.g.,
Avise et al. 1997). The inclusion of nuclear markers
could solve this problem by allowing for the detection
of species, and their hybrids, and providing better
estimates of introgression. As a result, the use of a
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species-diagnostic marker such as Single Nucleotide
Polymorphisms (SNPs) may serve to increase both the
resolution and accuracy of species detection and
quantification of introgression between species (Della
Croce et al. 2016).

Given the potential for negative impacts associated
with Florida Bass introductions in an area which has
high numbers of threatened and endangered freshwa-
ter taxa, this study sought to refine the estimated
distribution of Florida Bass in southern Africa. The
goals of this study were to use a suite of species-
diagnostic SNPs (n = 60) to identify the presence of
Florida Bass in southern Africa and to characterize
levels of introgression as well as genealogical class of
sampled fish within populations.

Methods

Fish (n = 94) were sampled using hook and line tackle
from ten impoundments in South Africa and a single

Theewaterskloof
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20 . 30
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Map data €2018 AfriGIS (Pty) Ltd, Google

impoundment each in Botswana, Mozambique, and
Tanzania (Fig. 1). A1 x 1 cm?® portion of pectoral fin
was clipped from each fish captured and placed into
95% non-denatured ethanol for preservation. DNA
was isolated from each fin-clip using a 96-well plate
extraction protocol (Ivanova et al. 2006), quantified
using a ND-1000 spectrophotometer (Nanodrop,
Wilmington, DE), and diluted to a concentration of
20 ng/pL. Both positive and negative controls were
included in DNA extractions. Each sample was then
assessed following the procedures of Li et al. (2015).
Two SNP panels totaling 60 species-diagnostic mark-
ers (Li et al. 2015; Zhao et al. 2018) were genotyped
using an Agena MassARRAY (Agena Bioscience, San
Diego, CA) and called using MassARRAY TYPER
4.0 software.

Relationships among multilocus genotypes, within
and among populations, were explored using Principal
Component Analysis (PCA) as implemented in the
ade4 and adegenet packages (Thioulouse et al. 1997;
Jombart 2008) in R v 3.3 (R Development Core Team
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2016). Analyses were performed on a correlation
matrix of scaled allele frequencies with genetic
variation reduced to two principle components allow-
ing individuals to be clustered along axes based on
their allele distributions. To determine the appropriate
number of principal components to retain we exam-
ined the scree plot, and axes preceding a sharp change
in the slopes of adjacent segments were selected. The
graphical output displayed the absolute variance (i.e.,
eigenvalues) explained by each of the principal
components with the X and Y labels representing the
percentage of total variance explained by the first and
second components, respectively.

To estimate the proportion of each individual’s
genome descended from Largemouth Bass and Florida
Bass, the model-based Bayesian assignment method
implemented in STRUCTURE v 2.3 was used (Pritchard
et al. 2000). Analyses were performed under the
admixture model with correlated allele frequencies
and the number of clusters (k) set to two. Burn-in
consisted of 1 x 10° iterations followed by a run
length of 2.5 x 10° steps. STRUCTURE runs were
conducted without location priors (LOCPRIOR) as intro-
ductions of Florida Bass were informal (i.e., illegal)
and as a result their distribution was expected to be
haphazard. Individuals with ancestry coefficients
(g) of 1 were designated as Largemouth Bass, g = 0
were designated as Florida Bass, and intermediate
values were identified as hybrids. A total of five
STRUCTURE runs were performed and a graph of average
g value per individual was generated using the R
package popHELPER (Francis 2017).

Distinct genealogical and hybrid classes were
estimated for each individual based on pre-
dictable within and between locus allelic configura-
tions using NEWHYBRIDS (v 1.1; Anderson and
Thompson 2002). Similar to the assignment of indi-
viduals to genetic clusters in STRUCTURE, the assign-
ment of individuals to predefined hybrid classes was
performed using the Markov chain Monte Carlo
(MCMC) method to estimate the posterior probability
of each solution. Thus, in addition to understanding
patterns in ancestry (STRUCTURE), results generated in
NewHYBRIDs provided information about the nature of
hybridization occurring in populations. For example,
if pure Florida Bass have been recently planted into a
system with Largemouth Bass we would expect pure
Florida Bass and F; hybrids to be detected. Alterna-
tively, if pure Florida Bass were introduced more
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distantly in the past or if non-pure strain Florida Bass
were used in translocations, we would expect to see
predominantly later stage backcrosses (e.g., Large-
mouth Bass x F; hybrid) but not Florida Bass or F,
hybrids. NEWHYBRIDS classified fish into one of six
genealogical classes based on patterns of allelic
inheritance (Largemouth Bass, Florida Bass, F;
hybrids, F, hybrids, Largemouth Bass x F; back-
crosses, and Florida Bass x F; backcrosses).

Results

A total of 94 individuals from 13 different populations
were screened with 60 species-diagnostic SNPs
(Table 1). The extent of hybridization varied widely
among populations with Largemouth Bass alleles
ranging from 9.9 to 96.1% (Table 1). Six populations
(Binfield, Groendal, Groenvlei, Mankazana, Settlers,
and Tanzania) exhibited > 90% Largemouth Bass
alleles while four (Theewaterskloof, Letsibogo, Chi-
camba, and Goedertrouw) exhibited < 40% Large-
mouth Bass alleles, with the remaining populations
exhibiting intermediate values (Table 1). The compo-
sition of alleles of fish sampled in Chicamba and
Goedertrouw were highly skewed towards Florida
Bass, with 10.7% and 9.9% of their alleles being
derived from Largemouth Bass, respectively.

The first two PCA axes explained a total of 71.2%
of the observed variance in the samples (Fig. 2). Bass
from Binfield, Groendal, Groenvlei, Mankazana, Set-
tlers, and Tanzania were tightly clustered and over-
lapping, indicative of low levels of genetic variation
among samples from these populations. Goedertrouw
and Chicamba populations formed clusters proximate
to a reference Florida Bass individual, indicating
similarity in allelic composition. Individuals from
Impofu, Wriggleswade, and Theewaterskloof were
less tightly bound relative to other populations indi-
cating varying degrees of hybridization and
introgression.

Partitioning multilocus genotypes among two clus-
ters using the Bayesian inference approach in STRUCTURE
revealed varying degrees of admixture among popula-
tions (Fig. 3). The average g value corresponding to
Largemouth Bass across all individuals was 0.68
(SD =+ 0.31) and ranged from a low of 0.10 to a high
0f 0.96. Mean values of g (higher = greater incidence of
Largemouth Bass ancestry) were highest for Groendal
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Table 1 A list of sample sites, locations, and numbers of Largemouth Bass (Micropterus salmoides) and Florida Bass (M. flori-
danus) sampled per water across southern Africa to assess hybridization dynamics

Country Locality Latitude (S) Longitude (E) n % FLB % LMB
Botswana Letsibogo 21°50'36.6" 27°43'57.7" 8 70.3 29.7
Mozambique Chicamba 19°09'22.0" 33°08'39.3” 8 89.3 10.7
South Africa Binfield 32°41'17.88" 26°54'16.2" 8 5.4 94.6
Goedertrouw 28°46/22.08” 31°28'3.36" 8 90.1 9.9
Groendal 33°41'27.96” 25°15'56.16” 8 3.9 96.1
Groenvlei 34°1'45.48" 22°50'43.08” 8 5.0 95.0
Kowie Weir 33°32/31.56” 26°45'39.96” 8 44.3 55.7
Mankazana 33°10'0.48” 26°57'15.48" 8 5.3 94.7
Impofu 34°5'32.64" 24°41'21.12" 8 32.0 68.0
Settlers 33°24'46.44" 26°30'30.96” 6 4.8 95.2
Theewaterskloof 34°4'26.4" 19°17'13.2" 8 60.9 39.1
Wriggleswade 32°35'50.64" 27°34'3" 5 49.1 50.9
Tanzania Farm dam 8°08'31.19” 35°24'59.08” 3 6.6 934

The columns %FLB and %LMB correspond to the average percentage of alleles recovered from a population that were derived from

Florida Bass and Largemouth Bass, respectively

Largemouth Bass
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Fig. 2 Principal Component Analysis of species diagnostic
SNP markers amplified for Largemouth Bass (Micropterus
salmoides) sampled from southern Africa to examine patterns of
hybridization with Florida Bass (M. floridanus). Profiles of pure
Florida Bass and Largemouth Bass reference samples (singular
individual) are shown on the right and upper left portions of the
plot, respectively

(0.96 £ 0.002) followed by Settlers (0.95 £ 0.005),
Groenvlei (0.95 + 0.003), Mankazana (0.94 + 0.002),
Binfield (0.94 £ 0.001), and Tanzania (0.93 +
< 0.001). The remaining populations displayed lower

! 1 Il 1 1 Il 1 1 Il 1 Il Il ]
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Fig. 3 Coefficient of ancestry generated for Largemouth Bass
(Micropterus salmoides) and Florida Bass (M. floridanus)
collected across southern Africa. Bars denote individuals,
dashed white lines separate populations, and colors correspond
to the portion of the genome that is derived from Largemouth
Bass (red) and Florida Bass (blue). Population abbreviations are
as follows; BF Binfield, CH Chicamba, GW Goedertrouw, GD
Groendal, GV Groenvlei, KW Kowie Weir, LE Letsibogo, MK
Mankazana, IM Impofu, ST Settlers, 7Z Tanzania, TH Theewa-
terskloof, WR Wriggleswade

average ¢ values and higher variation; Impofu
(0.68 £ 0.03), Kowie Weir (0.56 £ 0.03), Wrig-
gleswade (0.51 &+ 0.05), Theewaterskloof (0.39 +
0.05), Letsibogo (0.30 = 0.01), Chicamba (0.11 +
0.01), and Goedertrouw (0.10 £ 0.01).

The assignment of individuals to hybrid classes
using NEWHYBRIDS indicated substantial variation
among populations but little variation within popula-
tions (Fig. 4). NEwHYBRIDs identified all samples from
Binfield, Groendal, Groenvlei, Mankazana, Settlers,

@ Springer
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Fig. 4 Probability of Largemouth Bass (Micropterus sal-
moides) and Florida Bass (M. floridanus) samples collected
across southern Africa belonging to potential hybrid classes.
Bars denote individuals, dotted white lines denote populations,
and the height of colors correspond to the probability of
belonging to a particular class. FI F; hybrid, F2 F, hybrid,

and Tanzania as Largemouth Bass with high levels of
probability (> 95%) despite the low-level presence of
Florida Bass alleles in these samples. All individuals
from Chicamba and Goedertrouw were assigned as
Florida Bass, whereas bass from Kowie Weir were
classified as second generation hybrids (F5s). All
samples from Letsibogo were identified as Florida
Bass x F; backcrosses, and three populations (Im-
pofu, Theewaterskloof, and Wriggleswade) consisted
of individuals whose probability of ancestry was split
into multiple genealogical classes (e.g., 40% F;, 40%
F,, 20% Largemouth Bass backcross).

Discussion

Using 60 species-diagnostic SNPs, our study gener-
ated a detailed description of the distribution of
Largemouth Bass, Florida Bass, and their hybrids
across southern Africa. We revealed the presence of
substantial variation in levels of hybridization among
water bodies, and identified populations consisting
almost exclusively of Florida Bass and Largemouth
Bass alleles. Despite the fact that hybridization varied
substantially between populations, the genetic com-
position of individuals within the same population was
highly similar, suggesting populations may be in
Hardy—Weinberg equilibrium as a result of introduc-
tions occurring more distantly in the past. The same
pattern was reflected in the distribution of hybrid
classes; populations were found to consist generally of
a single hybrid class. Combined, the current study
highlights the utility of applying high-resolution
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FLB_Bx Florida Bass x F;j hybrid, FLB Florida Bass, LMB
Largemouth Bass, LMB_Bx Largemouth Bass x F; hybrid, BF
Binfield, CH Chicamba, GW Goedertrouw, GD Groendal, GV
Groenvlei, KW Kowie Weir, LE Letsibogo, MK Mankazana, IM
Impofu, ST Settlers, 7Z Tanzania, TH Theewaterskloof, WR
Wriggleswade

markers for inferring the distribution and extent of
hybridization among co-distributed invasive fish
populations.

In general, Florida Bass influence was greatest at
lower latitudes but there were exceptions. The three
populations exhibiting the highest frequency of
Florida Bass alleles were located north of latitude
30°S (Goedertrouw, Chicamba, and Letsibogo), with
upwards of 90% of their alleles being diagnostic for
Florida Bass. The observed frequency of Florida Bass
alleles could be due to selection as a result of superior
performance of Florida Bass in warmer climates (Neal
and Noble 2002), or simply a reflection of species
introductions in different regions. Observations from
Lake Chicamba suggest the former since it was
originally established with Largemouth Bass (Weyl
and Hecht 1999) but now exhibits almost exclusively
Florida Bass alleles. The shift in genetic composition
may be temperature driven as thermal selection for
Florida Bass alleles has been demonstrated in artificial
pond settings (Fields et al. 1987; Philipp et al. 2002)
and in lakes receiving thermal effluent from power
plants (Childers 1979; Allen et al. 2009). Increased
size and greater longevity of Florida Bass have been
recorded in subtropical environments (Neal and Noble
2002; Peterson et al. 2017) and these facets may
promote their survival and reproduction. Additionally,
the spawning season of Florida Bass is more pro-
tracted relative to Largemouth Bass (Isely et al. 1987;
Rogers et al. 2006), and in summer rainfall regions
such as Mozambique, the ability to spawn over a
greater time period may decrease the probability of
spawning failure due to extreme rain events (Weyl and
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Hecht 1999). Future efforts should focus on sampling
in such a manner that the role of temperature could be
explicitly tested as a factor that may promote direc-
tional hybridization.

Results from our genetic analyses suggested that
variation in Florida Bass influence across reservoirs
was strongly influenced by introduction history. For
example, populations classified as Largemouth Bass
(Fig. 4) were likely free from secondary introductions
based on their tight overlapping placement in our PCA
(Fig. 2) and minimal variation in estimates of genetic
admixture (Fig. 3). This pattern was supported by
coalescent modeling performed on microsatellite data
for four of the same populations (Binfield, Groenvlei,
Mankazana, and Settlers) which identified the most
probable introduction scenario involved a single
ancestral source (Hargrove et al. 2017). The low
levels of Florida Bass alleles observed in these
populations was unexpected, but may have been an
artifact of the original founders being hybrids or
typing errors (see below). In contrast to populations
classified as Largemouth Bass, water bodies charac-
terized as containing exclusively Florida Bass were
most likely later generation backcross hybrids. Sup-
port for this argument includes the broader distribution
of individuals along Principal Component axes
(Fig. 2) and larger variance in genetic admixture
levels (Fig. 3). That Chicamba consisted almost
exclusively of Florida Bass alleles, yet was originally
founded with Largemouth Bass (Weyl and Hecht
1999) lends further support to a potential selective
gradient by latitude influencing allele composition.
Unfortunately, our ability to relate allele frequencies
with stocking history was limited because records of
fish introductions in southern Africa are commonly
incomplete or occur as a result of illegal transfers
(McCafferty et al. 2012; Ellender and Weyl 2014;
Hargrove et al. 2017). However, several populations in
southern South Africa exhibited moderate Florida
Bass influence (Impofu, Theewaterskloof, Kowie
Weir, and Wriggleswade), and with the exception of
Kowie Weir, these systems represent popular angling
venues (i.e., host regular bass angling competitions;
Hargrove et al. 2015). Proximity to population centers
and elevated angler use have been previously identi-
fied as factors that may promote the introduction of
invasive species (Johnson et al. 2008; Sharma et al.
2009), and this may in part explain the observed
Florida Bass alleles. Ultimately, the study of

admixture in the success of introduced populations is
relatively nascent (e.g., Rius and Darling 2014), and in
this scenario, sampling allele frequencies through time
and characterizing the performance of different phe-
notypes may help to explain the observed patterns of
hybridization.

Results from the current study generally confirmed
the trends observed in previous genetic assessments of
South African bass populations (Table 2), with two
notable exceptions (Hargrove et al. 2017; Weyl et al.
2017). Ten populations examined here were also
evaluated by Weyl et al. (2017), and both studies
detected Florida Bass influence in Goedertrouw,
Impofu, Theewaterskloof, and Wriggleswade popula-
tions. Because uniparentally inherited markers
(mtDNA sequence data) were used for species iden-
tification in Weyl et al. (2017), a direct comparison of
the extent of introgression between studies was not
possible. One notable deviation between previous
studies and the current one involves the detection of
Florida Bass alleles in the Kowie Weir population.
Hargrove et al. (2017) identified higher levels of
microsatellite diversity in this population relative to
others in the same region, and results from coalescent
based models identified this population as likely
derived from a secondary introduction. Hargrove
et al. (2017) postulated that introgression with another
species of the genus Micropterus may have explained
the observed elevated genetic diversity. Spotted Bass
(M. punctulatus) have been recorded in the Kowie
River and adjacent river systems (James et al. 2008,
OLF Weyl unpublished data), but the hypothesis that
elevated genetic diversity was driven by intraspecific
hybridization was ultimately rejected as all mtDNA
sequences from this population matched those of
Largemouth Bass. Using SNP markers we identified
that interspecific hybridization between Largemouth
Bass and Florida Bass has occurred in this system most
likely as a result of Florida Bass from privately
stocked ponds making their way into the Kowie River
during flood events. Such a prospect is reasonable
given that the Kowie Weir population consists of a
pooled section of the Kowie River situated in the lower
reaches of a 580 km? river catchment (Watling and
Watling 1983; Wasserman et al. 2011). Future work is
necessary to identify the role of connectivity and gene
flow among water bodies in the Kowie Weir system
for sake of explaining Florida Bass influence.

@ Springer
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Table 2 A comparison of species detection from various populations of Largemouth Bass (Micropterus salmoides) and Florida Bass
(M. floridanus) in South Africa based on mitochondrial (Hargrove et al. 2017; Weyl et al. 2017) and SNP data sets (present study)

Water body Weyl et al. (2017) Hargrove et al. (2017) Present study
% LMB % FLB % LMB % FLB % LMB % FLB

Binfield 100.0 0.0.0 100.0 0.0 94.6 5.4
Mankazana 100.0 0.0.0 100.0 0.0 94.7 53
Goedertrouw 0.0 100.0 - - 9.9 90.1
Groendal 100.0 0.0 - - 96.1 3.9
Groenvlei 100.0 0.0 100.0 0.0 95.0 5.0
Kowie Weir 100.0 0.0 100.0 0.0 55.7 44.3
Impofu 0.0 100.0 - - 68.0 32.0
Settlers 100.0 0.0 100.0 0.0 95.2 4.8
Theewaterskloof 28.6 71.4 - - 39.1 60.9
Wriggleswade 66.7 333 - - 50.9 49.1

For mitochondrial studies, values denote the percentage of individuals identified as either Largemouth Bass or Florida Bass. In the
present study, the percentage reflects the mean number of alleles detected in a population that correspond to each of the two species

LMB Largemouth Bass, FLB Florida Bass

A second deviation between the current study and
previous analyses is the prevalence of low-levels of
Florida Bass alleles in every population sampled. This
finding was largely unexpected, and there are several
potential explanations. Hargrove et al. (2017) identi-
fied that five populations of bass in South Africa
contained a mitochondrial haplotype that was identical
to fish sampled in Maryland, USA, and argued this
may have been a potential source population. How-
ever, no records of bass in Maryland exist prior to 1874
(Truitt et al. 1929; Powell 1967), which strongly
suggests that bass in Maryland were themselves
introduced. It is possible that bass introduced into
Maryland were Florida Bass x Largemouth Bass
hybrids, however, patterns of allelic inheritance in our
SNP data suggest otherwise. Specifically, in the five
populations which contained low levels of Florida
Bass influence (< 5%) all Florida bass alleles were
restricted to 5 of the 60 SNPs. This nonrandom pattern
suggests that something other than hybridization may
be driving the observed genotypes. Potential explana-
tions include selection operating on these specific loci
(Gompert and Alex Buerkle 2010), typing errors
associated with the MassARRAY platform (Johansen
et al. 2013), or that SNPs within duplicated genes are
being amplified (Li et al. 2015). Whether or not the
observed patterns are an artifact of methodology or
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differences in introgression among loci is currently
unknown.

A potential criticism of the current study involves
the small sample sizes collected from the focal water
bodies. The probability of detecting introgression
within a population is commonly modeled as a
function of the number of individuals sampled and
number of markers amplified per individual (Ras-
mussen et al. 2010; Amish et al. 2012). Effectively,
small numbers of individuals and few markers would
result in a high likelihood that introgression would not
be detected (Della Croce et al. 2016). Additionally, the
likelihood of detecting introgression is thought to be
positively influenced by the time since introgression
first occurred (Della Croce et al. 2017). Several facets
of our methods provide strong evidence that estimates
of introgression generated here are likely to be
accurate. First, using equation 1 of Della Croce et al.
(2016) to estimate the probability of failing to detect
introgression assuming a sample size of eight fish, 60
markers, and a population admixture rate of 0.05, is
4.1 x 10722, In other words, even in instance where
admixture is low, the large number of markers used
here ensured a high likelihood of detecting introgres-
sion. Secondly, as was noted earlier, variation in
admixture among individuals of the same population
was generally low.
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In conclusion, our study represents the first detailed
accounts of hybridization among Largemouth Bass
and Florida Bass introduced outside of North America.
Future studies should focus on relating the biotic and
abiotic characteristics of individual water to explore
which factors may promote or inhibit hybridization
among black basses. Additional efforts should also be
directed towards identifying potential differences in
performance (e.g., growth and longevity) among
populations that vary in their genetic composition.
Combined, such efforts will help to create a better
understanding of how genetic and environmental
factors interact to affect the dynamics of invasive fish
populations.
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