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Abstract
Invasive species are a major threat to global biodiversity. The US state of Florida is especially susceptible to the spread of 
exotic reptiles due to its subtropical climate, disturbed habitats, and robust pet trade. The Argentine black-and-white tegu 
(Salvator merianae) is a large, omnivorous lizard currently established in two different regions of Southern Florida. These 
two populations pose potential threats to sensitive ground nesting species such as gopher tortoises, American crocodiles, 
and migratory birds. At present, the introduction histories of these populations and the degree to which they are connected 
by gene flow are largely unknown. To address these issues, we genotyped S. merianae from Hillsborough and Miami-Dade 
Counties at ten microsatellite loci to assess intrapopulation genetic diversity, the degree of gene flow between populations, 
and compare the plausibilities of several potential introduction scenarios. Our results indicate that both populations have low 
genetic diversity [mean number of effective alleles across loci in both populations = 2.09 and are highly differentiated from 
each other (GST = 0.170; G″ST = 0.545)]. In addition, our results suggest that these populations underwent a bottleneck event 
prior to their divergence. We discuss what our results suggest about the histories of Florida’s invasive tegu populations, as 
well as how they inform ongoing management strategies.
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Introduction

One of the greatest threats to global biodiversity is the 
spread of invasive species (Clavero and Garcı ́a-Berthou 
2005; Wake and Vredenburg 2008; Wilcove et al. 1998). 
Invasive species can negatively impact native species either 
directly through competition, predation, and disease or indi-
rectly through alteration of ecosystem structure and func-
tion (Klug et al. 2015; Mooney and Cleland 2001). The 
spread of invasive species has accelerated over the last few 
centuries due to increases in international trade and trans-
port (Abdelkrim et al. 2005; Di Castri 1989; Mack et al. 
2000), and port-rich coastal regions have frequently served 
as points of entry. Florida is especially susceptible to the 
proliferation of invasive reptiles largely due to three factors: 
(1) a subtropical climate, (2) the presence of altered habi-
tats (ponds, canals, levees) that provide suitable migration 
corridors for invasive species, and (3) an extensive exotic 
pet industry that imports and produces potentially invasive 
organisms (Mazzotti et al. 2015; Smith 2006). Consequently, 
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in Florida, there are more nonnative lizards than native liz-
ard species (Krysko et al. 2011; Pernas et al. 2012).

One of the nonnative species that is of particular concern 
is the Argentine black-and-white tegu (Salvator merianae; 
Klug et al. 2015). Salvator merianae is a large, fecund lizard 
(Fitzgerald 1994), reaching lengths up to 145 cm total length 
(TL) and weighing up to 8 kg, with a broad, omnivorous 
diet that consists of vegetation, fruit, seeds, snails, arthro-
pods, fish, birds, bird eggs, small mammals, amphibians, 
reptiles, reptile eggs, and carrion (Duarte Valera and Cabrera 
2000; Galetti et al. 2009; Kiefer and Sazima 2002; Mer-
colli and Yanosky 1994). Due to S. merianae’s propensity 
for depredating nests, this species poses a direct threat to 
Florida’s sensitive, ground-nesting species such as American 
crocodiles (Crocodylus acutus), Eastern indigo snakes (Dry-
marchon couperi), Cape Sable seaside sparrow (Ammodra-
mus maritimus mirabilis), and gopher tortoises (Gopherus 
polyphemus; Mazzotti et al. 2015). Salvator merianae is 
native to southeastern Brazil, Uruguay, eastern Paraguay, 
and northern Argentina (Luxmoore et al. 1988). Within their 
native range, S. merianae occupy open habitats such as for-
est clearings, secondary forests, and other disturbed areas 
across a broad range of tropical, subtropical, and temperate 
climates (Cardozo et al. 2012; Chamut et al. 2012; Embert 
et al. 2010; Fitzgerald 1994; Winck and Cechin 2008). Sal-
vator merianae also exhibits dormancy in response to winter 
temperatures and periods of drought (Abe 1983). Based on 
these distributional and ecological characteristics, Lanfri 
et al. (2013) suggested that S. merianae could spread as far 
north as the US state of West Virginia.

Preventing the spread of harmful species, such as S. 
merianae, is necessary for effective management planning. 
However, the control of invasive species is often hindered 
by a lack of information about the histories and origins of 
the populations in question and the level of connectivity 
between groups of individuals (Rollins et al. 2009). It is 
generally assumed that isolated populations are easier to 
eradicate than populations that are connected by migration 
and gene flow because connected populations may require 
simultaneous eradication to prevent recolonization by 
migrants from neighboring areas (Abdelkrim et al. 2005; 
Rollins et al. 2009).

Salvator merianae was first observed in Hillsborough 
County, Florida on the Balm Boyette Nature Preserve (Enge 
2007). Purportedly, introduction of S. merianae to Hills-
borough County occurred via an exotic pet dealer that ille-
gally released specimens imported with broken tails or other 
defects that diminished their market value (Enge 2007). In 
addition to the Hillsborough population, there is also a self-
perpetuating S. merianae population approximately 300 km 
away in Miami-Dade County near Florida City (Pernas et al. 
2012). The source of this population is believed to be indi-
viduals that escaped from a nearby property operated by an 

exotic pet importer (Krysko et al. 2011). Both introductions 
supposedly occurred around 2000, but established breed-
ing populations were not documented in Hillsborough and 
Miami-Dade Counties until 2006 and 2010, respectively 
(Enge 2007; Krysko et al. 2011). Importation records from 
the late 1990s and early 2000s report that live S. merianae 
(formerly known as Tupinambis merianae) specimens were 
being imported from across their native range (http://trade​
.cites​.org/). Therefore, the exact native source of the cap-
tive populations existing in the United States at that time is 
unknown. At present, nothing is known about the popula-
tion genetic dynamics of S. merianae populations in Florida. 
However, surveys of neutral molecular variation could pro-
vide insight into the invasion histories of these populations 
and the extent to which these populations are connected by 
gene flow. Such information would likely prove useful to 
wildlife managers and may enable more informed decisions 
about how to best manage these exotic populations. To this 
end, we used microsatellite markers to examine genetic 
diversity within populations, genetic structure between 
populations, and possible introduction scenarios in Florida’s 
documented S. merianae populations.

Materials and methods

Field sites, sampling, and tissue collection

Salvator merianae specimens were collected from Hillsbor-
ough and Miami-Dade Counties, Florida (Fig. 1). In Hills-
borough County, S. merianae are primarily found in ruderal 
habitats near Balm Boyette Scrub Preserve located between 
the cities of Riverview and Lithia. At the time of this study, 
38 specimens had been collected from this locale—all of 
which were used in this study. These samples were col-
lected between 2012 and 2013 by one of us (TSC) from a 
43.5 km2 area centered around approximately 27°47′55″N, 
82°11′56″W.

In Miami-Dade County, S. merianae are primarily found 
in the southeastern portion of the County near Florida City 
(25°23′02″N, 80°30′44″W). Ninety-three tissue samples 
collected from different specimens captured in Miami-
Dade County in 2011 were donated to our study. To keep 
sample sizes approximately even between locations, we ran-
domly selected 40 of these individuals for inclusion in this 
study. Salvator merianae specimens in Miami-Dade County 
have been primarily removed from disturbed areas such as 
ditches, canal levees, and historical wetlands that are com-
prised of late successional grasslands that are being replaced 
by shrubs and grasslands (Klug et al. 2015). The S. merianae 
specimens from Miami-Dade County that were used in this 
study were captured between 2009 and 2011. The Florida 
Wildlife Commission collected these samples.

http://trade.cites.org/
http://trade.cites.org/
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The exact ages of the specimens analyzed in this study are 
unknown. Salvator merianae have a potential lifespan of up 
to 20 years (Brito et al. 2001), with females typically reach-
ing reproductive age around three years of age (Fitzgerald 
et al. 1993). Therefore, it is possible that our samples rep-
resent multiple generations, and could include some of the 
first introduced individuals.

DNA isolation and PCR‑based genotyping

In 2011, we isolated Genomic DNA from muscle and liver 
from S. merianae specimens collected in Miami-Dade 
County using the Wizard Genomic DNA Purification Kit 
(Promega) according to the manufacturer’s instructions. 
In 2012, we used the same procedure and tissues to isolate 
DNA from S. merianae specimens collected in Hillsbor-
ough County. These samples were genotyped at 14 micros-
atellite loci developed using S. merianae samples from the 
Miami-Dade population (Wood et al. 2015). All PCRs had 
a final volume of 25 µl and contained 2 µl of template (DNA 

concentration between 10 and 100 ng/µl), 1× buffer, 1.5 mM 
MgCl2, 0.2 mM of each dNTP, 0.8 µM of non-M13(-21)-
twinned primer, 0.8 µM of 6-FAM labeled M13(-21) primer, 
0.2 µM of M13(-21)-twinned primer, and 0.625 units of 
GoTaq polymerase (Promega). Reaction conditions were as 
follows: 2 min at 94 °C followed by 25 cycles of 94 °C for 
30 s, 30 s at 62 °C decreasing by 0.3 °C per cycle, and 72 °C 
for 40 s, followed by eight cycles of 94 °C for 30 s, 53 °C 
for 30 s, and 72 °C for 40 s, followed by a final cleanup step 
of 30 min at 72 °C. Agarose gel electrophoresis (2% gels) 
was used to confirm successful amplification, and fragment 
analysis was performed at the Arizona State University DNA 
Lab using an Applied Biosystems 3730. PEAK SCANNER 
1.0 (Applied Biosystems) was used to manually score all 
loci. In order to identify breaks in the amplicon sizes, allelic 
bins were determined by graphically examining the rank-
ordered fragment size distributions of each locus (Guichoux 
et al. 2011). Finally, Microsoft EXCEL was used to bin the 
data from each locus into discrete classes that were defined 
by each allele’s empirically determined size range.

Fig. 1   Map showing the location of the sampling sites (HC Hillsborough County; MD Miami-Dade County) of S. merianae in Southern Florida 
and the position of Florida within the Southeastern US



446	 Genetica (2018) 146:443–459

1 3

Summary statistics and quality control

We used MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 
2004) to examine each locus for evidence of null alleles, 
large allele dropout, and scoring errors. GENALEX 6.5 
(Peakall and Smouse 2012) was used to calculate summary 
statistics including number of alleles, effective number of 
alleles, observed heterozygosity, and expected heterozygo-
sity. Finally, GENEPOP 4.3 (Rousset 2008) was used to test 
for departures from Hardy–Weinberg proportions, genotypic 
equilibrium and to calculate the Weir and Cockerham (1984) 
estimator of FIS.

Assessment of population structure

Several approaches were used to determine the degree of 
genetic differentiation between the S. merianae populations 
in Hillsborough and Miami-Dade Counties. GENALEX 6.5 
(Peakall and Smouse 2012) was used to calculate GST values 
based on Nei and Chesser’s (1983) unbiased estimators of HS 
(i.e., the Hardy–Weinberg expected heterozygosity averaged 
across subpopulations) and HT (i.e., the Hardy–Weinberg 
expected heterozygosity in the total population ignoring sub-
division). We also used GENALEX to calculate Hedrick’s 
further standardized GST (G″ST), which is a modified version 
of Hedrick’s G’ST (a standardized G-statistic that is formu-
lated to equal one when populations have non-overlapping 
allele sets regardless of the level of allelic richness) that 
corrects for the tendency of G’ST to underestimate the true 
degree of subdivision when only a small number of popu-
lations have been sampled (Meirmans and Hedrick 2011). 
All resampling tests conducted in GENALEX were based 
on 9999 permutations. We also performed an AMOVA that 
partitioned genetic variation among populations, among 
individuals within populations, and within individuals using 
ARLEQUIN 3.5.1.2 (Excoffier and Lischer 2010).

STRU​CTU​RE 2.3.4 (Pritchard et al. 2000; Falush et al. 
2003) was used to estimate the number of genetic clusters 
(K) and to assign individuals to clusters (i.e., clusters). We 
used the correlated allele frequencies model to allow for 
the possibility that both populations originated from a com-
mon source and allowed for the possibility of admixture. 
Because we had no a-priori hypotheses about between or 
within region subdivision, we examined a range of K-val-
ues (K = 1–6) and inspected the mean Ln P(D) from rep-
licate runs at each value of K to assess whether the range 
of K-values we considered is likely to contain the optimal 
value of K (see results for interpretation). When using STRU​
CTU​RE, we conducted 10 replicate runs for each value of 
K with a burn-in period of 500,000, followed by 500,000 
MCMC steps. STRU​CTU​RE HARVESTER (Earl and 
vonHoldt 2012) was used to generate mean Ln P(D) ± SD 
and ΔK (Evanno et al. 2005) plots, and convergence was 

assessed by examining the consistency of parameter esti-
mates and likelihood values across replicate runs. CLUMPP 
(Jakobsson and Rosenberg 2007) was used to align cluster 
assignments across replicate runs and STRU​CTU​RE PLOT 
(Ramasamy et al. 2014) was used to visualize and interpret 
the CLUMPP output. We also used STRU​CTU​RE 2.3.4, 
STRU​CTU​RE HARVESTER, CLUMPP, and STRU​CTU​RE 
PLOT to investigate whether there is evidence of substruc-
ture within the Hillsborough and Miami-Dade populations 
respectively. When performing analyses in STRU​CTU​RE 
that considered the Hillsborough and Miami-Dade datasets 
separately, model options, burn-in periods, MCMC param-
eters, number of replicate runs, and the range of K values 
investigated were as described above for our ‘global’ STRU​
CTU​RE analysis.

To further examine genetic differentiation in our sam-
ple, we also used Bayesian Analysis of Population Struc-
ture (BAPS) v5.3 (Corander et al. 2008) to infer K, assign 
individuals to clusters, and perform an admixture analysis. 
When clustering individuals with BAPS v5.3, the user pro-
vides an upper limit on K and the program identifies the 
optimal partition of the data assuming a uniform prior dis-
tribution in the clustering space between K = 1 and the user-
defined upper limit. The BAPS v5.3 manual (http://www.
helsi​nki.fi/bsg/softw​are/BAPS/macSn​ow/BAPS5​_3manu​
al.pdf) recommends conducting runs based on several user-
defined maximum K-values (including some substantially 
bigger than the expected optimal value) in order to aid in the 
detection of outlier genotypes and to reduce the risk of find-
ing only a local mode. In addition, the BAPS v5.3 manual 
recommends conducting multiple runs for each maximum 
K-value to assess whether the stochastic nature of BAPS’ 
optimization algorithm results in different solutions from 
replicate runs of the same upper limit. In keeping with these 
recommendations, we ran 20 replicates of maximum K = 5, 
maximum K = 10, and maximum K = 15 (a total of 60 runs). 
We then used the output from this clustering procedure to 
perform an admixture analysis in which we discarded clus-
ters with fewer than 5 individuals, used 100 iterations to esti-
mate individual admixture coefficients, used 200 reference 
individuals from each population, and used 20 iterations to 
estimate admixture coefficients for reference individuals.

Because introduced populations may not exhibit 
Hardy–Weinberg or linkage equilibrium, the major assump-
tions of Bayesian clustering approaches, such as STRU​CTU​
RE and BAPS, it is important to examine genetic variation 
among populations using alternate approaches. There-
fore, we performed a principal component analysis (PCA) 
on the raw genotypic data for the whole data set as well 
as both respective populations using the gstudio package 
(Dyer 2012) for R 3.1 (R Core Team 2014). Because PCA 
ordinates individuals along axes that summarize variation 
irrespective of source (i.e., differences between vs. within 

http://www.helsinki.fi/bsg/software/BAPS/macSnow/BAPS5_3manual.pdf
http://www.helsinki.fi/bsg/software/BAPS/macSnow/BAPS5_3manual.pdf
http://www.helsinki.fi/bsg/software/BAPS/macSnow/BAPS5_3manual.pdf
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populations), we also performed a discriminant analysis of 
principal components (DAPC), as this approach ordinates 
samples along axes that maximize separation between 
groups and is therefore better suited than PCA for explicitly 
examining population structure (Jombart et al. 2010). We 
used the adegenet package (Jombart 2008) for R to infer K 
via K-means clustering and to conduct a DAPC. When per-
forming K-means clustering, all principal components were 
retained and the Bayesian information criterion (BIC) was 
used to determine the most appropriate value of K. DAPC 
was then performed using the cluster memberships obtained 
from the K-means algorithm as prior group assignments. 
Before performing DAPC, the optimal number of principal 
components to retain in the discriminant analysis was inves-
tigated using a cross validation procedure that was scaled 
to the largest proportion of the sample size that ensured all 
clusters would be represented in both the training and valida-
tion sets (Jombart and Collins 2015).

To assess the possibility that kinship was driving the 
intraregional structuring observed from the DAPC analysis 
(see results below), we used the related package for R (Pew 
et al. 2015). In these analyses, resampling without replace-
ment was used to randomly assign individuals from a given 
geographic region to groups of the same size as the DAPC 
clusters identified for that region. During each of 1000 
rounds of randomization, the mean relatedness of individu-
als within pseudoclusters was calculated and these values 
were used to estimate the distribution of mean relatedness 
within randomly generated groups of the same size as our 
DAPC clusters. All calculations performed in related were 
based on the Queller and Goodnight (1989) estimator.

Assessment of gene flow

We assessed the degree of recent gene flow between the 
Hillsborough and Miami-Dade populations with BAYES-
ASS 1.3 (Wilson and Rannala 2003). This method infers 
pairwise migration rates during recent generations by utiliz-
ing a coalescent-based approach. We performed 108 itera-
tions, sampling every 2000 iterations, with a burn-in of 107. 
To determine if the runs had reached convergence, we plot-
ted likelihood scores over time and examined the consist-
ency of results across independent runs.

In addition, we used GENECLASS2 (Piry et al. 2004) 
to perform assignment tests via Paetkau’s et al. (1995) fre-
quency-based criterion. We used a default frequency of 0.01 
for missing alleles and the Monte-Carlo resampling method 
described by Paetkau’s et al. (2004). Probability computa-
tions were based on 10,000 simulated individuals, and the 
type I error rate was 0.01. GENECLASS2 and Paetkau et al. 
(1995) frequency-based criterion were also used to test for 
the presence of first-generation migrants. Since the Hillsbor-
ough and Miami-Dade populations represent the only known 

S. merianae populations in Florida, we used the ‘L_home/L_
max’ test statistic because it is most appropriate when all 
source populations have been sampled (Piry et al. 2004).

Effective population size and demographic history

To better understand the breeding population size of S. meri-
anae, in Florida, we estimated the effective population size 
(Ne) with NeESTIMATOR 2.0 (Do et al. 2014) using the 
linkage disequilibrium (LD) method, which is based on the 
frequent occurrence of non-random associations of alleles 
across independent loci in small populations (Waples and 
Do 2008). The minimum allele frequency was set to 0.02 to 
avoid an upward bias caused by rare alleles (Waples and Do 
2010) and the 95% confidence interval was calculated using 
the jackknife method implemented in the program.

We tested for evidence of recent population declines using 
the program BOTTLENECK 1.2.02 (Piry et al. 1999). This 
method assesses deviations from expected heterozygosity, 
indicative of population decline (heterozygote excess) and 
expansion (heterozygote deficiency). In addition, BOTTLE-
NECK examines the distribution of allele frequencies, which 
are typically skewed following bottleneck events (Piry et al. 
1999). We tested for deviations under the two-phase model 
(TPM) with 70% stepwise mutation model (SMM) and a 
variance of 30—the recommended value for microsatellite 
loci (Di Rienzo et al. 1994). We performed 1,000,000 itera-
tions and tested for significance with the Wilcoxon signed-
rank test, recommended for data sets containing fewer than 
20 loci (Piry et al. 1999), and a mode-shift test, both of 
which are implemented in BOTTLENECK. Additionally, we 
used the program KGTESTS (Bilgin 2007) to test for genetic 
signatures of population expansion via a within-locus k test 
and an interlocus g test. The k test is based on the observa-
tion that the typical allele distribution at a locus has several 
modes in a constant-sized population due to a small number 
of historic splitting events in the genealogy (Reich and Gold-
stein 1998; Reich et al. 1999). Conversely, an expanding 
population shows a more peaked allele distribution with a 
single mode due to many recent splitting events occurring 
near the time of the expansion (Reich and Goldstein 1998; 
Reich et al. 1999). Furthermore, expanding populations typi-
cally show lower levels of variance in the widths of allele 
distributions across loci than do constant-sized populations 
(Reich and Goldstein 1998). Therefore, the g test measures 
the variance in the allele distribution at each locus as well 
as the variance of these variances across loci to determine 
if a population shows evidence of expansion (Reich et al. 
1999). Finally, we calculated M-ratios (Garza and William-
son 2001) in EXCEL using the output from GENALEX. 
M-ratios are defined as the ratio of k (total number of alleles) 
to r (overall range in allele size in number of repeat units). 
These ratios are indicative of recent bottlenecks when they 
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are less than a critical value (Mc), determined via simulation 
under a two-phase mutation model as described by Garza 
and Williamson (2001). We used the command line execut-
able Critical_M (Garza and Williamson 2001) to obtain Mc 
values for the Hillsborough and Miami-Dade populations 
respectively. These Mc values were based on the minimum 
sample size obtained across loci for each respective geo-
graphic region and were determined from 10,000 replicate 
simulations that assumed 90% single-step mutations with 
a mean of 3.5 repeat units for non-single-step mutations as 
recommended by Garza and Williamson (2001). In addition, 
Critical_M requires a user-specified estimate of θ in the pre-
bottleneck population, where θ = 4Neµ, and µ is the mutation 
rate. From DIYABC simulations based on our selected sce-
nario (see methods and results), we obtained an Ne estimate 
of 9,050 for the ancestral South American population. Thus, 
assuming mutation rates at the loci we examined are simi-
lar to the central tendency for dinucleotide loci (5.6 × 10− 4; 
Bhargava and Fuentes 2010), θ in the ancestral South Ameri-
can population is approximately 20.27. As such, we used this 
value of θ when parameterizing Critical_M.

Tests of alternative introduction scenarios

To infer the introduction history of Florida’s S. merianae 
populations, we tested seven competing scenarios with 

DIYABC 2.1.0 (Cornuet et al. 2014). Given that this spe-
cies is prevalent in the pet trade and can be bred in captivity 
(Hall 1978; Bartlett and Bartlett 1996), we wanted to dis-
tinguish between a direct introduction route (defined here 
as a non-native introduction originating from a wild source 
population) versus an indirect route (a non-native introduc-
tion originating from a captive population). To do this, we 
included scenarios in which the populations have undergone 
different numbers of bottleneck events. A direct introduction 
route is characterized by a single bottleneck event, where the 
founding population is typically comprised of a few indi-
viduals. An indirect route of introduction would encompass 
two or more bottleneck events, with the first occurring dur-
ing the formation of the captive population and subsequent 
bottlenecks associated with the non-native introduction. We 
acknowledge, however, that multiple successive bottlenecks 
may be reflective of alternative scenarios, which we discuss 
below.

The first scenario assumes the introduced S. merianae 
populations were formed from two independent introduc-
tions from an ancestral (source) population (direct intro-
duction; Fig. 2). Scenarios 2–3 test hypotheses involving a 
serial introduction pathway, where the second introduced 
population originated from the first introduced popula-
tion, rather than separately from the native range. Sce-
nario 4 describes an indirect introduction where the two 

Scenario 1
Direct, independent introductions

N1 = Hillsborough N2 = Miami-Dade

NA
N1f
N2f
N1
N2

Scenario 2
Serial introduction events

N1 = Hillsborough N2 = Miami-Dade

NA
N1f
N2f
N1
N2

Scenario 3
Serial introduction events

N1 = Hillsborough N2 = Miami-Dade

NA
N1f
N2f
N1
N2

Scenario 4
Indirect (2 bottlenecks) with shared 
captive population

N1 = Hillsborough N2 = Miami-Dade

NA
NCf
N1f
N2f
NC
N1
N2

NC = Captive

Scenario 5
Hillsborough -  indirect (2 bottlenecks) 
Miami-Dade - direct (1 bottleneck)

N1 = Hillsborough N2 = Miami-Dade

NA
NCf
N1f
N2f
NC
N1
N2

Scenario 6
Hillsborough - direct (1 bottleneck)
Miami-Dade - indirect (2 bottlenecks)

N1 = Hillsborough N2 = Miami-Dade

NA
NCf
N1f
N2f
NC
N1
N2

e
mit ni kca

B

e
mit ni kca

B

t1

t1

t2

t1

t2

t2

t1
t1

t2

t1

t2

Scenario 7
Indirect (2 bottlenecks) with separate 
captive populations 

N1 = Hillsborough N2 = Miami-Dade

NA
NCf
N1f
N2f
NC
N1
N2

t1

t2

Fig. 2   Graphical representation of the competing introduction sce-
narios for S. merianae compared with the software DIYABC. In each 
scenario, thin lines represent bottlenecked populations following 
introduction events, while thick lines represent the current or post-
bottleneck effective population size. NA ancestral (source) effective 

population size; N1 effective population size for the Hillsborough 
population; N2 effective population size for the Miami-Dade popula-
tion; NC effective population size for unsampled (captive) population; 
Nf the effective number of founding individuals; t time in generations
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S. merianae populations originated from the same captive 
source, i.e. divergence of the populations occurred after 
the first bottleneck event. Scenarios 5–6 hypothesize that 
one population originated from a wild source (direct), 
while the other population originated via a captive source 
(indirect). Lastly, Scenario 7 describes an indirect intro-
duction where the two S. merianae populations originated 
from different captive populations, i.e. divergence of the 
populations occurred prior to the first bottleneck event. 
Because the population structure and gene flow analyses 
suggested little admixture between the two introduced S. 
merianae populations (see “Results”), we did not test sce-
narios involving admixture, and instead opted to limit our 
analysis to a few simple introduction histories that reflect 
common pathways.

For all analyses, we used broad, uniform prior distribu-
tions defined as follows: 5 < N < 10,000; 5 < NC < 10,000; 
10 < NA < 50,000; 1 < Nf < 100; 1 < db < 50; 1 < t1 < t2 < 100; 
where ‘N’ denotes the current effective population size, 
‘NA’ denotes the ancestral (wild source) effective population 
size, ‘NC’ denotes the unsampled (captive) effective popula-
tion size, ‘Nf’ denotes the effective number of founding indi-
viduals, ‘db’ denotes the bottleneck duration in generations, 
and ‘t’ the time in generations. Priors for the microsatellite 
mutation model were set to default values, including the 
Generalized Stepwise Mutation model (Estoup et al. 2002), 
and a uniform prior distribution for both the mean mutation 
rate (1E−4 to 1E−3) and the geometric distribution (1E−1 
to 3E−1). Summary statistics included the mean number 
of alleles, mean genic diversity, and mean size variance for 
both the one-sample and two-sample statistics. Addition-
ally, we used the mean Garza-Williamson M index (one-
sample statistic) as well as pairwise FST values and the mean 
classification index (two-sample statistics). We simulated 
one million datasets for each scenario, for a total of seven-
million, and evaluated the scenario and parameter priors by 
performing a PCA, as implemented in DIYABC.

We determined the optimal scenario based on posterior 
probabilities using the logistic regression analysis imple-
mented in DIYABC and the 1% closest simulated data sets. 
For comparison, we performed a pre-processing step (Lin-
ear Discriminant Analysis) on the summary statistics prior 
to computing the logistic regression. To further evaluate 
the power of our ABC method in distinguishing among the 
various competing scenarios, we analyzed 100 simulated 
pseudo-observed data sets (pods) for each scenario, using 
parameter values drawn from the same prior distribution as 
our previous analyses. The relative posterior probabilities 
of each scenario, estimated for each pod, were then used to 
calculate the likelihood of excluding the focal scenario when 
it is actually the true scenario (type I error rate), as well as 
the likelihood of selecting the focal scenario when it is not 
the true scenario (type II error rate).

Results

Summary statistics and quality control

All 14 of the loci we initially examined were variable 
when considering both populations. However, upon per-
forming Holm’s (1979) correction for multiple testing 
via treating the tests associated with each population as 
a family of tests, we detected significant departures from 
Hardy–Weinberg proportions for Teg4, Teg14, and Teg17 
in the Hillsborough population and Teg4, Teg5, Teg17, 
and Teg19 in the Miami-Dade population. In addition, 
MICRO-CHECKER detected evidence of null alleles 
for Teg4, Teg5, and Teg19, and upon performing Holm’s 
(1979) correction for multiple testing, there was evidence 
for genotypic disequilibrium between Teg14–Teg19 in 
the Miami-Dade population. Due to these quality con-
trol issues, we excluded the loci that exhibited significant 
departures from Hardy–Weinberg equilibrium in both 
populations (Teg4 and Teg17) and the loci that exhibited 
evidence of null alleles (Teg4, Teg5 and Teg19) from all 
further analyses. By excluding Teg19, we were also able to 
address the non-independence between Teg14 and Teg19 
in the Miami-Dade population. Summary statistics for the 
remaining ten loci that we used for all inferential analyses 
are given in Table 1.

Assessment of population structure

Locus-specific GST estimates ranged from 0.028 to 0.312 
and were statistically significant (maximum P = 0.011). 
Locus-specific estimates G″ST were also statistically sig-
nificant (maximum P = 0.009), with values ranging from 
0.119 to 0.893. The global GST estimate that resulted 
from averaging information across all loci was 0.170 
(SE = 0.025, P = 0.0001). Similarly, the global estimate for 
G″ST was 0.545 (SE = 0.060, P = 0.0001). The AMOVA 
results computed in ARLEQUIN are also indicative of a 
high degree of genetic differentiation between the Hills-
borough and Miami-Dade populations (Table 2) and sug-
gested moderate heterozygote excess (i.e., produced a 
negative FIS estimate).

In the PCA generated from the raw genotypic data, the 
first two principal components accounted for 35.57% of the 
overall genetic variation (Fig. 3) and separated the Hills-
borough and Miami-Dade populations into distinct clus-
ters, with only two intermediate individuals (individual 24 
from Hillsborough and individual 42 from Miami-Dade). 
One tegu (individual 37) sampled in the Hillsborough 
population showed a large discrepancy in principal compo-
nent 2 and did not cluster with the remaining individuals. 
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Plotting each population individually, excluding the outli-
ers 37 and 42 to provide better resolution of intrapopula-
tion genetic patterns showed only minor substructuring 
(Online Resource 1).

Evaluation of K-means clustering solutions for K = 1–30 
showed that BIC decreased until K = 5  at which point 
BIC essentially leveled off for several values of K before 
increasing for K ≥ 9 (Online Resource 2). Consequently, 
we selected K = 5 as the optimal value of K for DAPC. 
The cross-validation procedure identified retention of eight 

principal components in the DAPC as optimal. Therefore, 
we retained eight principal components in order to avoid 
overfitting. As can be seen in Fig. 4, the first discriminant 
function (horizontal plane) effectively distinguishes between 
the Hillsborough and Miami-Dade regions, whereas the 
second discriminant function (vertical plane) largely sepa-
rates clusters from the same geographic region. Examina-
tion of the DAPC cluster membership probabilities (Online 
Resource 3) is consistent with the idea that membership 
between clusters within geographic regions is much fuzzier 

Table 1   Summary statistics 
and diversity estimates for 
the ten loci that were used for 
genotyping

N number of individuals, k number of alleles; HO observed heterozygosity; HE expected heterozygosity; FIS 
inbreeding coefficient (Weir and Cockerham 1984), M M-ratios (Garza and Williamson 2001)
*Significantly deviated from Hardy–Weinberg equilibrium

Locus/Pop. N k H
O

H
E

F
IS

No. effective 
alleles

No. private 
alleles

M

Hillsborough
 Teg1 27 4 0.74 0.66 − 0.10 2.96 0 0.80
 Teg2 34 3 0.62 0.49 − 0.25 1.96 1 0.60
 Teg6 33 2 0.55 0.49 − 0.10 1.96 1 0.67
 Teg7 32 4 0.53 0.61 0.15 2.58 0 0.57
 Teg9 30 3 0.63 0.64 0.03 2.78 1 0.50
 Teg10 31 3 0.61 0.66 0.09 2.98 0 0.16
 Teg12 33 3 0.61 0.63 0.05 2.71 1 0.75
 Teg13 35 2 0.63 0.50 − 0.24 2.00 1 0.29
 Teg14 34 5 0.68 0.59 − 0.13* 2.45 2 0.50
 Teg20 27 4 0.67 0.63 − 0.04 2.71 2 1.00
 Pop. Mean 31.60 3.30 0.63 0.59 − 0.05 2.51 0.90 0.58
 Pop. SEM 0.90 0.30 0.02 0.02 0.04 0.13 0.23 0.08

Miami-Dade
 Teg1 40 4 0.63 0.56 − 0.11 2.26 0 0.80
 Teg2 40 2 0.03 0.02 N/A 1.03 0 0.40
 Teg6 40 2 0.25 0.22 − 0.13 1.28 1 1.00
 Teg7 40 4 0.33 0.28 − 0.14 1.39 0 0.57
 Teg9 40 2 0.08 0.12 0.37 1.13 0 1.00
 Teg10 39 4 0.59 0.53 − 0.11 2.11 1 0.21
 Teg12 38 2 0.08 0.08 − 0.03 1.08 0 1.00
 Teg13 38 2 0.47 0.45 − 0.04 1.82 1 0.25
 Teg14 40 4 0.68 0.64 − 0.04 2.79 1 0.40
 Teg20 38 2 0.58 0.43 − 0.33 1.76 0 1.00
 Pop. Mean 39.30 2.80 0.37 0.33 − 0.06 1.67 0.40 0.66
 Pop. SEM 0.30 0.33 0.08 0.07 0.06 0.19 0.16 0.11

Table 2   AMOVA results Source of variation Degrees of 
freedom

Sum of squares Variance component Fixation Index

Among populations 1 67.85 Va = 0.85 FST = 0.32
Among individuals 76 111.62 Vb = − 0.36 FIS = − 0.20
Within individuals 78 171.00 Vc = 2.19 FIT = 0.18
Total 155 350.47 2.68 N/A
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than membership between clusters from different geographic 
regions. However, individual 42 has a probabilistic member-
ship of 0.844 to one of the Miami-Dade clusters, while also 
having respective probabilistic memberships of 0.092 and 
0.061 to two different Hillsborough clusters.

As shown in Fig. 5a, the mean Ln P(D) plot as a function 
of K plateaus around K = 2 before decreasing for values of 
K > 3, a result indicative of the investigated range of K-val-
ues encompassing the optimal value of K. Furthermore, as 
seen in Fig. 5b, ΔK indicates K = 2 as the best partition of 
the data. STRU​CTU​RE detected evidence of admixture in 
the same two intermediate individuals (individuals 24 and 
42) identified by the PCA and incorrectly assigned individ-
ual 42 to the Hillsborough cluster (Fig. 5c). The STRU​CTU​
RE analyses that we performed separately on the Hillsbor-
ough and Miami-Dade datasets were both indicative of a 
lack of substructure in each respective geographic region 
(i.e., K = 1; Online Resources 4–5).

The log(marginal likelihoods) of the 10 best parti-
tions visited by BAPS v5.3 were − 1116.5052 (K = 5), 
− 1116.7588 (K = 5), − 1116.8369 (K = 5), − 1117.1590 
(K = 6), − 1117.5120 (K = 5), − 1117.9614 (K = 6), 
− 1118.2606 (K = 5), − 1118.2691 (K = 5), − 1118.4195 
(K = 5), − 1118.4801 (K = 5) and the posterior probabilities 
for K returned by BAPS v5.3 were 0.0036 (K = 4), 0.7739 
(K = 5), 0.1873 (K = 6), and 0.0352 (K = 7). As such, K = 5 
was identified as the optimal partition. The five clusters iden-
tified by BAPS v5.3 can be summarized as follows: (cluster 

1) eight Hillsborough individuals plus individual 42 who 
was sampled from Miami-Dade, (cluster 2) two Hillsbor-
ough individuals, (cluster 3) 27 Hillsborough individuals, 
(cluster 4) individual 37—the individual previously flagged 
as an outlier by PCA, and (cluster 5) thirty-nine individuals 
from Miami-Dade. Kullback–Leibler (KL) divergence val-
ues between pairs of clusters generally supported the view 
that clusters predominantly composed of individuals from 
the same geographic region are less divergent (mean KL 
divergence among clusters 1–3 = 0.811) than clusters com-
posed predominantly of individuals from different geographic 
regions (mean KL divergence between clusters 1–3 and clus-
ter 5 = 2.268). The admixture analysis performed using the 
output of the individual clustering (i.e., mixture analysis) per-
formed in BAPS v5.3 did not provide evidence of admixture, 
as all admixture proportions were 1.00.

Intraregional kinship patterns within DAPC clusters

As can be seen in Table 3, mean relatedness within the Hills-
borough DAPC clusters varied between 0.12 and 0.25. For 
all three of these clusters, mean relatedness was greater than 
the 0.975 quantile for mean relatedness within randomly 
generated groups of the same size. Similarly, mean related-
ness within the Miami-Dade DAPC clusters ranged from 
0.11 to 0.14 and both of these values exceeded the 0.975 
quantile for mean relatedness within randomly generated 
groups of the same size.

Fig. 3   Principal component 
analysis based on raw genotypes 
of introduced S. merianae popu-
lations in Florida ●
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Assessment of gene flow

The assignment analyses, performed in GENECLASS2, 
correctly assigned 77 of 78 individuals to the locales from 
which they were sampled (Fig. 6). The single animal that was 
incorrectly assigned was individual 42, who was sampled 
in Miami-Dade County but assigned to the Hillsborough 
cluster by STRU​CTU​RE. Not surprisingly, GENECLASS2 
found evidence that individual 42 was a first-generation 
migrant from Hillsborough (log(L_home/L_max) = 2.295, 
P = 0.0001). Because the analyses we performed in DIYABC 
suggested the possibility of an un-sampled, captive popula-
tion (see below) we repeated the migrant detection analysis 
in GENECLASS2 using the L_home likelihood estima-
tion, which produces a more appropriate test statistic when 
there are populations that have not been sampled (Piry et al. 
2004). The results of this analysis suggested that individual 
42 from Miami-Dade County [− log(L_home) = 10.721, 
P = 0.0001] and individual 37 from Hillsborough County 
[− log(L_home) = 11.663, P = 0.0001] were both first-gen-
eration migrants; individual 37 being the same tegu that did 
not cluster with any known populations in the PCA.

Our analysis of recent migration rates in BAYESASS 
suggested that gene flow between Hillsborough and Miami-
Dade is rare. We found that non-migrants accounted for 
0.989 (CI 0.963–1.000) and 0.985 (CI 0.960–0.998) of the 
Hillsborough and Miami-Dade populations, respectively. 
Migrants from Hillsborough to Miami-Dade comprised 
0.015 (0.002–0.040) of the population, while migrants 
from Miami-Dade to Hillsborough represented 0.011 (CI 
0.000–0.037) of the population.

Effective population size and demographic history

The effective population size for both of the introduced 
S. merianae populations was low, consistent with founder 
populations. For the Hillsborough population, Ne was esti-
mated to be 10.8 (95% CI 3.2–34.2), while the Miami-
Dade population was estimated to have an “infinite” Ne 
(95% CI 22.3–∞), which indicates that the population 
lacks the genetic signature caused by a finite number of 
parents—a result attributable to sampling error (Do et al. 
2014). Decreasing the allele frequency cutoff to 0.01 

Fig. 4   Discriminant analysis of 
principal components scat-
ter plot showing ordination 
of genotypes onto canonical 
coordinates associated with the 
first two discriminant functions. 
The first discriminant function 
(x-axis) primarily distinguishes 
between the Miami-Dade and 
Hillsborough clusters, while the 
second discriminant function 
(y-axis) primarily separates 
clusters within geographic 
regions
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Fig. 5   The mean Ln P(D) ± SD from replicate STRU​CTU​RE runs at 
each value of K investigated (n = 10) as a function of K (a). The value 
of ΔK as a function of K (b). Results of the analysis performed in 

STRU​CTU​RE when K = 2. Bars represent average cluster member-
ship across 10 replicate runs that were aligned using CLUMPP (c)

Table 3   Results of the intraregional pair-wise relatedness within DAPC clusters analysis

Relatedness values and resampling analyses were computed separately for the Hillsborough and Miami-Dade populations

Cluster No. Individu-
als

Mean within 
cluster r

Average mean r within random group 
across 1000 randomizations

0.025 quantile for mean r 
within random group

0.975 quantile for mean 
r within random group

Hill 5 6 0.247 − 0.024 − 0.227 0.140
Hill 2 16 0.138 − 0.028 − 0.112 0.032
Hill 1 16 0.122 − 0.026 − 0.114 0.035
MD 3 21 0.105 − 0.030 − 0.151 0.062
MD 4 19 0.144 − 0.036 − 0.158 0.066
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yielded Ne estimates of 6.7 (95% CI 2.7–14.8) and 8.2 
(95% CI 2.9–21.2) for Hillsborough and Miami-Dade, 
respectively.

We found no evidence of population expansion for either 
population based on the k test (Hillsborough: P = 0.93; 
Miami-Dade: P = 0.15) and the g test (Hillsborough: 
g = 1.89; Miami-Dade: g = 2.88). However, the analyses per-
formed in BOTTLENECK suggested that the Hillsborough 
population has undergone a recent population bottleneck 
(Wilcoxon test: P < 0.001 for heterozygote excess; Mode-
shift: shifted), while heterozygote excess was not detected 
(Wilcoxon test: P = 0.461; Mode-shift: normal L-shaped 
distribution) for the Miami-Dade population.

Inspection of repeat size distribution data for each locus 
in each population revealed that all alleles across all loci and 
populations were multiples of their respective repeat units 
and are therefore consistent with stepwise and two-phase 
mutation models. However, in both populations, Teg10 had 
outlier alleles that caused there to be > 10 unoccupied repeat 
positions. Consequently, we calculated mean M-ratios for 
both populations that excluded Teg10 and assessed them for 
significance against Mc values obtained from simulations 
in Critical_M based on 9 loci. The mean M-ratio, for Hills-
borough, excluding Teg10 (M = 0.631), was less than the 
corresponding Mc of 0.635, suggesting a recent population 
bottleneck. However, the mean M-ratio for Miami-Dade, 
excluding Teg10 (M = 0.713), was greater than the corre-
sponding Mc of 0.665.

Tests of alternative introduction scenarios

The approximate Bayesian computation found evidence for 
two successive bottlenecks in both the Hillsborough and 
Miami-Dade lineages, with divergence of the two popula-
tions occurring after the first bottleneck. This demographic 
pattern is represented in Scenario 4 (Fig. 2), which had the 
highest posterior probability of 0.6605 (0.6434–0.6775) 
(Online Resource 6; Online Resource 7). The serial intro-
duction hypotheses, Scenarios 2 and 3, also produced 
moderate posterior probability values of 0.1744 and 
0.1226, respectively. All remaining introduction scenarios 
showed posterior probability levels below 0.015. Although 
Scenario 4 was found to have the highest posterior prob-
ability, the type I and type II errors were high (Online 
Resource 6), mainly due to low resolution among Scenario 
4 and the serial introduction hypotheses (Scenarios 2 and 
3). When Scenarios 2 and 3 were removed from the analy-
sis, the posterior probability for Scenario 4 increased to 
0.9370 (0.9298–0.9441), and the type I and type II errors 
decreased to 0.21 and 0.32, respectively. Further examina-
tion of the selected scenario via posterior model checking 
with all available summary statistics showed that none of 
the proportions (simulated < observed) fell outside the 
0.05–0.95 range.

Fig. 6   Stacked bar plots depict-
ing the results of the assignment 
analysis performed in GENE-
CLASS2. Each individual is 
represented by a bar that is 
presented over a label indicat-
ing the population in which that 
individual was sampled. For 
each individual, GENECLASS2 
calculates the probability of 
that individual’s multilocus 
genotype being derived from 
Hillsborough (black) and 
Miami-Dade (light gray). Thus, 
each bar can consist of as many 
as two colors, with the height 
of each color indicating the rela-
tive strength of assignment to 
each of the two populations
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Discussion

Overview

In this study, we surveyed neutral variation in two inva-
sive Argentine black-and-white tegu populations in Flor-
ida—one of which is in Hillsborough County and the 
other of which is in Miami-Dade County. Our analyses 
revealed that both of these populations have low genetic 
richness, and that the Hillsborough population exhibits 
genetic signatures of having undergone a recent bottle-
neck. In addition, several analytical approaches suggested 
that the populations in these respective regions of Florida 
are well differentiated from one another. Interestingly, 
use of ABC to infer the most likely introduction pathway 
suggested that the Hillsborough and Miami-Dade popu-
lations underwent a bottleneck event prior to diverging; 
however, it is unclear whether the first of these bottle-
necks happened in a wild, native population or following 
importation into the United States (see below). In what 
follows, we elaborate on the implications of our results 
and make recommendations to wildlife managers who are 
working to control Florida’s self-perpetuating S. meri-
anae populations.

Within population diversity

Heterozygote excess tests and M-ratios suggested that 
only the Hillsborough S. merianae population showed 
unequivocal evidence of a recent founder effect. This 
result is somewhat surprising considering that both popu-
lations were likely founded by a small number of individ-
uals within the past 20 years. It is possible that our failure 
to unambiguously detect a bottleneck in the Miami-Dade 
population is a Type II statistical error, as bottleneck 
tests have failed to detect known population collapses, 
and recent simulation-based power analyses found that 
heterozygosity excess tests have limited power to detect 
10 to 1000-fold population declines (Peery et al. 2012). 
Unsurprisingly, both S. merianae populations had low 
levels of allelic richness (range of number of alleles per 
locus: 2–5 in Hillsborough and 2–4 in Miami-Dade) and 
average numbers of effective alleles across loci that were 
below three. While definitive conclusions about reduc-
tions in genetic diversity would require comparisons to 
wild populations within the native range, our Ne estimates 
were low (point estimates for Hillsborough ranged from 
6.7 to 10.8; point estimate for Miami-Dade = 8.2) and 
are comparable to assessments of Ne in the Nile monitor 
(Varanus niloticus)—an ecologically similar lizard that is 
also invasive to Florida (Wood et al. 2016).

Intraregional genetic structure

Although DAPC and BAPS recovered different patterns of 
individual assignment, both approaches suggested that there 
is intraregional genetic structuring. While BAPS indicated 
that only the Hillsborough population exhibits substructure, 
the DAPC identified three Hillsborough only clusters and 
two Miami-Dade only clusters. Thus, contrary to the pat-
terns obtained by STRU​CTU​RE, PCA, BAPS, and GENE-
CLASS2, DAPC correctly assigned all samples to their 
geographic region of origin. The patterns of assignment 
recovered by DAPC, and to a lesser extent BAPS, raise the 
possibility that the population in Hillsborough, and perhaps 
the population in Miami-Dade as well, have been infused 
with subsequent introductions since their initial establish-
ment. However, it is also possible that substructuring in 
Hillsborough and Miami-Dade is fully or partially attrib-
utable to kin groups. Our region-specific examinations of 
relatedness within DAPC clusters, support the idea that these 
clusters are enriched with individuals who are kin. Indeed, 
mean relatedness within all five DAPC clusters was statisti-
cally greater than mean relatedness within randomly gener-
ated groups of the same size and, in most cases, approxi-
mated the level of coancestry that would be expected of first 
cousins.

Assessment of gene flow

We used several independent analyses to examine the degree 
of genetic structure between the S. merianae populations in 
Hillsborough and Miami-Dade counties. While our results 
are generally consistent with the view that there is marked 
genetic differentiation between these two populations, we 
did detect intermediate and outlier genotypes. In particular, 
STRU​CTU​RE identified two individuals (tegu 24 collected 
in Hillsborough County and tegu 42 collected in Miami-
Dade County) with substantial admixture proportions, and 
both of these individuals were intermediate to the Hillsbor-
ough and Miami-Dade clusters identified by PCA. Moreo-
ver, PCA identified another individual (tegu 37) with a PC2 
coordinate that markedly differed from all other individuals 
in our sample. BAPS also corroborated this result by assign-
ing tegu 37 to a cluster that contained no other individuals. 
While it is possible, if not likely, that these rare genotypes 
were sampled by chance and are not indicative of popula-
tion or anthropogenic phenomena, these results raise the 
possibility that there has been human-mediated gene flow 
between the Hillsborough and Miami-Dade populations and 
that individuals from an unknown population are migrating 
or being introduced into Florida’s wild S. merianae popu-
lations. Therefore, it may be worthwhile to conduct peri-
odic genetic surveys of these populations to assess whether 
genetic diversity and admixture increase over time.
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Introduction scenario testing

Our analysis of possible introduction pathways yielded 
multiple competing scenarios. Although Scenario 4 dis-
played the highest posterior probability overall, the lack of 
resolution between this scenario and the serial introduction 
hypotheses (Scenarios 2 and 3), produced high type I and 
type II errors. In a serial introduction pathway, one popula-
tion originally becomes established in the non-native range 
and subsequently acts as a source for a secondary invasion, 
forming a new population. Based on our knowledge of the 
introduced S. merianae populations and the high level of 
genetic differentiation between them, a serial introduc-
tion pathway is less probable than the alternative scenario. 
Because Hillsborough and Miami-Dade are approximately 
300 km apart, it is unlikely that individuals could migrate 
this distance to form a secondary population, with no known 
intermediate populations. However, as indicated previously, 
human-mediated transport is a possible explanation.

Excluding the serial introduction hypotheses from the 
analysis increased the posterior probability and decreased 
the error rate for Scenario 4. In this scenario, both of the 
S. merianae populations have undergone multiple succes-
sive bottleneck events. One possible explanation is that the 
two introduced S. merianae populations originated from the 
same captive-bred population. The first bottleneck event 
occurred when the initial captive population was formed, 
followed by a second bottleneck occurring at the time of 
introduction. In the United States, S. merianae is one of 
the most commonly bred tegu species (Bartlett and Bartlett 
1996). Additionally, the number of reported S. merianae 
imported into the United States is relatively low, compared 
to other reptiles in the pet trade, with an average of less 
than 600 live individuals imported annually, primarily from 
Argentina (http://trade​.cites​.org/). By comparison, Nile 
monitors (Varanus niloticus), another common lizard spe-
cies in the pet trade, are imported into the United States at 
rates averaging around 7,000 live individuals per year (http://
trade​.cites​.org/). The low rate of tegu imports could be a 
reflection of the predominance of captive-bred individuals in 
the pet market, suggesting a higher likelihood that a captive 
population was the source of the introduction.

Alternatively, the population fluctuations identified in the 
S. merianae lineage could reflect events occurring in the 
species’ native range. For example, recent overexploitation 
or habitat destruction could have led to a population decline 
prior to their introduction. Aside from the pet industry, tegus 
are commonly harvested for their skins, and represent one 
of the most heavily exploited lizard species in Latin Amer-
ica (Fitzgerald 1994; Chardonnet et al. 2002; Mieres and 
Fitzgerald 2006). Therefore, another potential explanation 
for Scenario 4 is that the native source population under-
went a population decline, followed by two independent 

introductions into Florida. Future studies examining the 
genetic patterns of South American and captive-bred S. 
merianae could further elucidate the source and introduc-
tion history of the Florida populations.

We limited the scope of this analysis to compare common 
routes of species introduction and did not examine com-
plex patterns involving admixture or additional divergence 
events. Therefore, the true introduction pathway could be 
more complicated than those described and would not be 
captured by our analysis. Additionally, genetic signatures 
are not always reflective of underlying demographic pat-
terns, and therefore, the results of this study must be viewed 
cautiously. Positive selection can alter the allele frequencies 
of neighboring genomic regions, even those thought to be 
neutral, and can be difficult to distinguish from demographic 
processes (Maynard-Smith and Haigh 1974; Kaplan et al. 
1989; Stephan et al. 1992). Selective sweeps, i.e. strong 
selection for an advantageous mutation, have been shown 
to produce an excess of rare alleles compared to equilib-
rium expectations (Tajima 1989b; Braverman et al. 1995; 
Fu 1997), which can also result from a recent population 
bottleneck (Tajima 1989a) as well as from population expan-
sion (Fu and Li 1993). Although selection is often thought 
to act on specific regions of the genome, and therefore affect 
few loci in a given analysis, some studies suggest that natural 
selection can produce genome-wide perturbations (Zayed 
and Whitfield 2008; Sella et al. 2009; Corbett-Detig et al. 
2015), leading to incorrect inferences of demographic pat-
terns (Schrider et al. 2016).

Conclusion

In this study, we have shown that the S. merianae popu-
lations present in Hillsborough and Miami-Dade have low 
standing molecular genetic variation and are well differ-
entiated from one another. However, because of the pos-
sibilities of human-mediated movement, the existence of 
unknown populations, and repeated escapes/releases from 
captive sources, we propose that interregional coordina-
tion is likely to be an important component to the effec-
tive management of Florida’s wild S. merianae populations. 
According to Florida EddMaps (http://www.eddma​ps.org/
flori​da/distr​ibuti​on/viewm​ap.cfm?sub=18346​), verified S. 
merianae specimens have already been documented via 
photograph near the cities of Port Charlotte, Naples, and 
Port St. Lucie—all of which are over 150 km from the near-
est known breeding population. If more self-perpetuating 
populations become established, natural dispersal between 
populations will become increasingly likely. As such, it is 
important for wildlife managers to follow-up on credible 
sightings and monitor potential migration corridors. Finally, 
our results are consistent with the idea that both of Florida’s 

http://trade.cites.org/
http://trade.cites.org/
http://trade.cites.org/
http://www.eddmaps.org/florida/distribution/viewmap.cfm?sub=18346
http://www.eddmaps.org/florida/distribution/viewmap.cfm?sub=18346
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S. merianae populations originated from a common cap-
tive source. While other scenarios are also compatible with 
our data (see above), it is important for the Florida Wildlife 
Commission to continue closely monitoring the exotic pet 
trade, as it is likely to be the culprit primarily responsible for 
the introduction and establishment of S. merianae in Florida.
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