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Human-mediated introductions have reshaped species-area 
and species-isolation relationships across many groups (Sax 
et al., 2002; Helmus et al., 2014; Capinha et al., 2015) while pos-
ing major threats to biodiversity. For reptiles, and lizards in par-
ticular, unintentional transport through cargo shipments or the 
nursery trade as well as intentional transport via the pet trade 
have been predominant introduction pathways (Lever, 2003; 
Kraus, 2009). Unlike some other species (e.g., Rhinella marina; 
Shanmuganathan et  al., 2010), reptiles are less common in 
deliberate introductions, such as biological control agents (but 
see e.g., Leiocephalus carinatus in Florida; Krysko et al., 2011). In 
many instances, little is known about the history of introduc-
tions, such as pathways, dates, number of events, or propagule 
sizes, because these events are often undocumented, poorly 
reported, or information is widely scattered in obscure sources 
(Kraus, 2009; Mahoney et al., 2015). Information on invasion his-
tory is often necessary for testing hypotheses about genetic and 
phenotypic divergence during invasions, allowing for appropri-
ate comparisons between native-range sources and introduced 
populations (Estoup and Guillemaud, 2010). Such studies can 
provide important insights into ecological and evolutionary 
causes and consequences of biological invasions.

Application of molecular tools has signi"cantly advanced 
our ability to verify documented introduction histories, detect 
cryptic non-native species, identify the likely geographic ori-
gin or origins of non-native populations, and elucidate complex 
invasion pathways (Estoup and Guillemaud, 2010; Fitzpatrick 
et al., 2012). Mitochondrial DNA (mtDNA) sequences are excel-
lent markers for inferring certain aspects of invasion histories 

due to their high mutation rate and lack of frequent recombi-
nation. For example, mtDNA can help determine whether an 
invasion resulted from a single introduction or multiple intro-
ductions from different source populations (Kolbe et al., 2004; 
Rollins et al., 2011; Michaelides et al., 2013). Depending on the 
amount and structure of genetic variability in the native range, 
low mtDNA genetic diversity in the introduced populations 
may also indicate a founder event (i.e., small propagule size), 
while high diversity may suggest multiple events (from the 
same source, different sources, or both) or a single event from 
a diverse source in the native range (Taylor and Keller, 2007). 
Since mtDNA has been widely used in phylogeographic studies 
involving reptiles, published mtDNA sequences from diverse 
populations in their native ranges can complement new sam-
pling, thus enabling reconstruction of invasion histories and 
identi"cation of source regions with greater accuracy.

Lizards of the genus Anolis are known for their remark-
able adaptive radiation (Losos, 2009) and high endemism in 
the Caribbean due to their limited overwater dispersal abil-
ity, which has resulted in only rare long-distance dispersal 
events (Williams, 1969; Glor et al., 2003; 2004; Reynolds et al., 
2020). However, recent human activities, that are usually unin-
tentional, are responsible for the occurrence of Anolis lizards 
beyond their native islands being introduced throughout the 
Caribbean and elsewhere (Williams, 1969; Kraus, 2009; Helmus 
et al., 2014). More than 20 Anolis species have been introduced 
and have become established in over 80 populations worldwide, 
the majority by human assistance through transport of agri-
cultural and ornamental plants as well as the pet trade (Lever, 
2003; Kraus, 2009; Krysko et al., 2011). Strong phylogeographic 
structure in the native ranges of most Anolis species (i.e., distinct 
genetic lineages found in speci"c geographic regions) has made 
it possible for genetic analyses to trace the sources of many intro-
duced anole species (e.g., Kolbe et al., 2004, 2007; Eales et al., 2010; 
Michaelides et al., 2018, 2019). Thus, introduced Anolis species are 
typically good candidates for invasion history reconstruction.

6Present address: Department of Biology, Concordia University, 
Montreal, Quebec, H4B1R6, Canada
7Present address: School of Biological Sciences, Georgia Institute of 
Technology, Atlanta, Georgia, 30332, USA
8Corresponding author. E-mail: jjkolbe@uri.edu
DOI: 10.1670/23-043

Invasion Histories Differ Markedly Among the Four Anolis Lizard Species 
Introduced to Bermuda

S#z#% N. M&c()*+&,*%-,., J)/*% T. S01#2,3,4, S*)5 T. G&*167, B1&)5 E. S/&0(8, R&c()1, E. G+#19 )5, 
J)%#5 J. K#+:*-,;

1Department of Biological Sciences, University of Rhode Island, Kingston, RI, 02881, USA
2Fairchild Tropical Botanical Gardens, Coral Gables, Florida, 33156, USA

3Department of Biological Sciences, Ohio University, Athens, Ohio, 45701, USA
4Department of Biology, Black Hills State University, Spear!sh, South Dakota, 57799, USA

5Department of Ecology & Evolutionary Biology, University of Kansas, Lawrence, Kansas, 66045, USA

ABSTRACT.—Islands are the recipients of numerous invasive amphibians and reptiles, often resulting in negative impacts on native 
biodiversity. In the Caribbean, Anolis lizards, a well-studied system for their adaptive radiation, are also commonly introduced outside 
of their native range, which has resulted in reshaping species-area and species-isolation relationships. We used mitochondrial DNA 
(mtDNA) sequence data in a phylogeographic framework to reconstruct and compare invasion histories of four non-native Anolis spe-
cies (A. grahami, A. extremus, A. leachii, and A. sagrei) established in Bermuda over the past 120 years. Our "ndings support different 
invasion histories for the four species, including the number of native-range sources, genetic diversity, secondary introductions and 
opportunities for intraspeci"c hybridization between previously isolated lineages. The extent of population genetic structure in the 
native range and the mode of introduction (i.e., intentional vs. unintentional) may in#uence patterns of the invasion history and genetic 
diversity for introduced Anolis lizards in Bermuda. These results suggest that human-mediated introductions can create substantial 
variation in invasion dynamics, which in turn may in#uence fates of species in new environments.
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Bermuda is a small, oceanic archipelago of about 5,500 ha 
located in the western North Atlantic (Fig. 1) with only one 
endemic terrestrial vertebrate, the Critically Endangered 
Bermuda Skink, Plestiodon (syn. Eumeces) longirostris (Bacon 
et al., 2006). As with other islands and mainland coastal regions 
that are hotspots of established non-native species (Dawson 
et al., 2017), during the "rst half of the twentieth century Anolis 
species were introduced to the archipelago. First, in 1905, A. 
grahami was purposefully introduced from Jamaica as a bio-
logical control agent of the fruit <y Ceratitis capitata and have 
since spread over most of the archipelago (Wingate, 1965; Losos, 
1996). Wingate (1965) reported that the propagule consisted of 
71 individuals collected in the Kingston area, which is on the 
south coast of eastern Jamaica. In the 1950s, or perhaps as early 
as the 1940s (Wingate, 1965), two additional Anolis species were 
introduced, albeit this time unintentionally. Anolis leachii, from 
Antigua and Barbuda, "rst observed in west-central Bermuda 
and now found throughout the main island, and A. extremus, 
from Barbados, "rst recorded from Sandy’s Parish in north-
west Bermuda and still geographically restricted to this area 
(Losos, 1996; Macedonia et al., 2016). Another species, A. sagrei, 

was introduced to central Bermuda around 2011 (Stroud et al., 
2017, 2019), originally from the Bahamas and Cuba but now 
widely established outside of its native range, including Florida 
(Kolbe et al., 2004). Anolis sagrei is now established at two sites in 
Bermuda, one of which is a plant nursery (Stroud et al., 2017). A 
"fth species, A. carolinensis, has been recently recorded due to a 
single individual being found in a cargo dock and is therefore 
not considered established (Stroud et al., 2016).

In this study, we used phylogeographic analyses of mtDNA 
haplotypic variation to reconstruct invasion histories of four 
species of Anolis lizards introduced to Bermuda over the past 
120 years. We focused on several aspects of the invasion histories 
of the four Anolis species: (1) identifying the number of native-
range source populations; (2) delimiting the geographic area in 
the native range from which introduced populations are derived; 
(3) assessing whether multiple, previously isolated mtDNA lin-
eages are detected in the introduced populations; (4) comparing 
genetic variation in native and introduced populations; and (5) 
determining whether secondary introductions from previously 
established non-native populations occurred in the case of A. 
sagrei. Our "ndings support a wide range of invasion histories 

F&g. 1. Sampling locations for introduced Anolis species in (A) Bermuda and their respective native ranges (black dots) of (B) Antigua and Barbuda 
for A. leachii, (C) Barbados for A. extremus, (D) Jamaica for A. grahami, and (E) Cuba and Florida (non-native) for A. sagrei. Pie charts indicate haplotype 
frequency in introduced-range populations and are color-matched to putative native-range source localities (i.e., those native-range locations with 
the least divergent haplotypes compared to haplotypes sampled in Bermuda). Percentages above these native-range sources localities indicate 
minimum pairwise sequence divergence between haplotypes from introduced populations and that native-range population. Within each panel, 
the legend shows colors associated with native-range haplotypic variation for each introduced Anolis species, locations in the native range with the 
most similar haplotypes to those sampled in Bermuda. The inset map shows the location of Bermuda (A) and all possible native and non-native 
(for A. sagrei) range source areas in the region (B–E) with red arrows showing introduction events.
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among the four introduced Anolis species, including introduc-
tions derived from one to several native-range sources, variable 
levels of mtDNA haplotype variation within introduced popu-
lations, and secondary introductions from Florida for A. sagrei. 
Different modes of introduction and the extent of population 
genetic structure in the native range appear to in<uence patterns 
of invasion history for introduced Anolis lizards in Bermuda.

M)0*1&)+% )5, M*0(#,%

Sampling, DNA Extraction, and PCR Ampli!cation.—We sam-
pled a total of 155 lizards from 21 locations in Bermuda (Fig. 1, 
Table S1), comprising four non-native Anolis species: A. extre-
mus (n = 25), A. grahami (n = 64), A. leachii (n = 48), and A. sagrei 
(n = 18). To identify patterns of invasion history, we also used 
samples collected from the native range for A. leachii in Antigua 
and Barbuda (51 individuals from 24 locations) and A. grahami 
in Jamaica (74 individuals from 28 locations). For A. extremus 
and A. sagrei, we used published data from their native ranges 
in Barbados for A. extremus (67 individuals from 15 locations; 
Thorpe et al. 2005, 2008) and the Bahamas, Belize, Caymans, 
and Cuba as well as introduced populations in Grand Cayman, 
Grenada, Jamaica, Taiwan, and the United States (i.e., Florida, 
Hawaii, Louisiana, and Texas) for A. sagrei (773 individuals from 
133 locations; Kolbe et al., 2004, 2007; see also the Phylogenetic 
and Population Genetic Analyses section). We extracted DNA from 
liver or tail tissue preserved in 70–90% ethanol using DNA 
extraction kits from Viogene and Bioline.

Different mtDNA genes have been used in past phyloge-
netic, biogeographic, and taxonomic studies of Anolis spe-
cies (e.g., Poe et al., 2017). To this end, we chose to sequence 
a speci"c mtDNA gene for each of the four introduced Anolis 
species taking into consideration available primer informa-
tion and published sequences for comparative analyses. For 
A. leachii, A. grahami, and A. sagrei, we sequenced an approxi-
mately 1,200 base pair (bp) region of the mitochondrial NADH 
dehydrogenase 2 (ND2) gene using the primer pair H5730 
(5’-AGCGAATRGAAGCCCGCTGG-3’; Glor et  al., 2004) and 
L4437a (5’-AAGCTTTCGGGCCCATACC-3’; Macey et al., 1997). 
Ampli"cations were carried out in a total volume of 30 µl con-
sisting of 15 µl of MyTaq HS Mix (Bioline), 1.2 µl (0.4 mM) of 
each primer, 10.6 µl PCR grade H2O, and 2 µl template DNA 
(20 ng). PCR conditions were as follows: an initial denaturation 
step at 95 oC for 1 min, followed by 30 cycles at 95 oC for 1 min, 
53 oC for 35 s, 72 oC for 80 s, and a "nal extension step at 72 
oC for 5 min. For A. extremus, we ampli"ed an 1139 bp region 
of the mitochondrial cytochrome b (cytB) gene with the fol-
lowing primers Mt-A (5′-CTCCCAGCCCCATCCAACATC 
TCAGCATGATGAAACTTCG-3′; Lenk and Wink, 1997) 
and Mt-F (5′-AGGGTGGAGTCTTCTGTTTTTGGTT 
TACAAGACCAATG-3′; Wink, 1995; Malhotra and Thorpe, 
2000; Thorpe and Stenson, 2003). PCR was carried out in 50 µl 
volumes containing 20 ng template DNA, 20 mM Tris-HCl, 
50 mM KCl, 2 mM MgCl2, 0.2 mM each dNTP, 0.4 mM each 
primer, and 2 units of Taq DNA polymerase (Invitrogen). PCR 
cycling parameters were 94 °C for 3 min, 30 cycles of 93 °C for 
1 min, 48 °C for 2 min, 72 °C for 2 min, and a "nal extension 
step at 72 °C for 3 min. PCR products were puri"ed using the 
QIAquick PCR Puri"cation Kit (Qiagen) and sequencing was 
performed on the AB 3130xl genetic analyzer.

Mitochondrial DNA sequences from both directions (for-
ward and reverse) were "rst aligned together to obtain a 

consensus sequence. Accepted sequences were then aligned 
using the MAFFT program (Katoh et al., 2002) implemented in 
GENEIOUS 8 (Kearse et al., 2012) and trimmed to a uniform 
length of either 1172 bp for ND2 or 1044 bp for cytB. We trans-
lated sequenced ND2 and cytB regions to amino acid sequences 
to verify that no premature stop codons disrupted the reading 
frame. Unique sequences were submitted to GenBank under the 
accession numbers PV460752-PV460753 and PV494569-PV494682 
(Table S3).

Phylogenetic and Population Genetic Analyses.—We used phy-
logenetic analysis to reconstruct relationships among hap-
lotypes and assign genetic origin of introduced haplotypes 
from Bermuda. Final alignments for A. leachii and A. grahami 
contained 36 and 81 haplotypes, respectively, including out-
group sequences belonging to the closely related species A. 
wattsi (MH375645; Michaelides et al., 2019), A. pogus (AY296193; 
Harmon et  al., 2003), and A. garmani (Kolbe, unpubl. data). 
For A. extremus, the "nal alignment contained 51 haplotypes 
from introduced (this study) and native ranges (Thorpe et al., 
2005) including two outgroup sequences belonging to the 
closely related species of A. aeneus and A. oculatus (KP677043, 
KP677210; Thorpe et al., 2015). For A. sagrei, the "nal alignment 
contained 510 haplotypes including three outgroup sequences 
of the closely related species A. homolechis, A. bremeri, and A. 
quadriocellifer (Kolbe et  al., 2004). Because A. sagrei has been 
widely introduced outside of their native range, we included 
all published non-native haplotypes (Kolbe et al., 2004, 2007) to 
test for secondary introduction events from already established 
non-native populations.

We ran Bayesian inference (BI) analyses in MRBAYES 
(Huelsenbeck and Ronquist, 2001) by implementing a plugin 
in GENEIOUS 8 (Kearse et al., 2012). The best-"t model for each 
species (HKY+G, for A. extremus and A. leachii, GTR+G for A. 
grahami, and HKY+G+I for A. sagrei) was identi"ed by applying 
the Akaike Information Criterion (AICc) using MEGA 7 (Kumar 
et al., 2016). The BI analysis was run with four chains of 2,000,000 
generations and sampling every 1,000 trees with default priors 
(unconstrained branch lengths). We discarded the "rst 10% 
(burn-in-length) of trees after checking for convergence of the 
chains, and the posterior probability branch support was esti-
mated from the 50% majority-rule consensus tree. When distinct 
mtDNA lineages, clades, or subclades from the consensus tree 
were also associated with speci"c geographic regions or loca-
tions in the native range, we considered the species to exhibit 
strong phylogeographic structure. In contrast, when lineages or 
clades were not strongly associated with speci"c native-range 
locations, we inferred weak (or no) phylogeographic structure. 
Well-supported clades (>50% consensus support, including 
ancestral and all descendant sequences) and native-range phy-
logeographic structure were used to infer whether divergent 
clades coexisting in the same location in the introduced range 
created opportunities for intraspeci"c admixture.

To further investigate mtDNA divergence between intro-
duced and native haplotypes and identify the likely source loca-
tion or locations, we constructed phylogenetic networks for each 
species using a median-joining algorithm in PopArt (Leigh and 
Bryant, 2015). To construct the phylogenetic networks, we used 
median vectors as hypothetical ancestral sequences required to 
connect existing sequences within the network with maximum 
parsimony. We used a subset of mtDNA sequences for each 
species that included the introduced-range haplotypes from 
Bermuda and the native-range sequences from phylogenetically 
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closely related clades or subclades identi"ed from the phyloge-
netic tree analyses above. Haplotype similarity based on the 
distance in mutation steps of an introduced-range haplotype 
in Bermuda from the nearest native-range haplotype on the 
median-joining network was used to infer the likely native-
range geographic origin. A strong phylogeographic structure 
in the native range increases accuracy and con"dence in the 
geographic source location of introduced haplotypes.

We calculated nucleotide diversity (Pi) for both native and 
introduced-range populations in DNAsp 6 (Rozas et al., 2017). 
Pairwise sequence divergence (D) was calculated among native 
and introduced haplotypes in MEGA 7 (Kumar et al., 2016).

R*%2+0%

In A. grahami, the "rst anole species introduced to Bermuda, 
our phylogenetic analysis revealed 14 mtDNA haplotypes in 
Bermuda (Table S1), which were nested within the east-central 

Jamaica clade (Fig. S1). There were four unresolved subclades 
(i.e., a four-edge polytomy) within east-central Jamaica (Figs. 2B, 
S1). One group (EC1) contained 64% of haplotypes from Bermuda 
and native-range haplotypes from sampling locations around 
Kingston, the second group (EC2) contained haplotypes geo-
graphically north of Kingston, the third group (EC3) contained 
the remaining introduced haplotypes from Bermuda solely, and 
the fourth group (EC4) contained haplotypes that were sampled 
southeast of Kingston (Fig. 1D). Minimum sequence divergence 
between haplotypes sampled in introduced locations and the 
most similar haplotypes from the native range varied from 
0.3% (east-central group 1), 2.3% (east-central group 2), and 2.4% 
(east-central group 4, Tables 1, S2; Figs. 1, 2). Nine of 13, almost 
70%, sampling locations in Bermuda contained haplotypes 
from more than one of these east-central subgroups (Fig.  1). 
The most likely geographic origin of introduced haplotypes 
was either multiple locations in the east-central part of Jamaica, 
near Kingston (Figs. 1D, 2), or a single location in the native 
range where divergent haplotypes from multiple subgroups 

F&g. 2. Median-joining networks for each introduced Anolis species in Bermuda. (A) For A. leachii, the network was derived from 81 ND2 sequences. 
All individuals in Bermuda share the same haplotype (BM-leaH1). One haplotype from Barbuda, BAR-H1, was identical to a haplotype sampled on 
Antigua, ANT-H1. (B) For A. grahami, the network was derived from 88 ND2 sequences; introduced haplotypes in Bermuda (BM-gra) cluster within 
east-central haplogroups (EC1, EC2, EC4) from the native range in Jamaica. (C) For A. sagrei, three independent networks were constructed, each 
using the subset of ND2 sequences corresponding to the native-range clade with which the three haplotypes on Bermuda clustered. BM-sagH1 
from Bermuda was identical to FL-BigPine364 from Florida (originally derived from the Western Cuba lineage). (D) For A. extremus, the network 
was derived from 37 cytB sequences. Only haplotypes belonging to the Central lineage in Barbados were used along with the two haplotypes 
found in Bermuda. The size of circles corresponds to the number of sampled individuals sharing that haplotype. All haplotypes from Bermuda are 
shown in the same olive-green color across networks, and different colors are used for the closely related native-range haplotypes. Lines represent 
mutation steps.
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were present. Within populations, mean pairwise nucleotide 
diversity was similar for introduced and native ranges (Table 1).

We found two haplotypes for A. extremus in Bermuda that 
are clustered within the central clade of native haplotypes from 
Barbados (Figs. 2, S2). A single location in Bermuda (SGR) con-
tained both haplotypes, whereas all other locations shared the 
same haplotype (Fig. 1; Table S1). The geographic origin of these 
introduced-range haplotypes is consistent with a single origin 
from central Barbados where these introduced-population 
sequences were 0.4–0.5% divergent from native-range haplo-
types (Tables 1, S2; Fig. 1). Mean pairwise nucleotide diversity 
was much lower in introduced populations compared to native 
ones (Table 1).

All A. leachii individuals in Bermuda shared the same haplo-
type, which was 0.17% divergent from the most common native-
range haplotype (ANT-H1) found throughout Antigua and in 
southern Barbuda (Figs. 1, 2). There was poor resolution in the 
phylogenetic tree for this species (Fig. S3), indicative of low 
divergence among native-range haplotypes (Fig. 2A) and low 
nucleotide diversity within populations of A. leachii (Table 1). 
Because many of the native-range populations shared the same 
haplotype (ANT-H1), the lack of phylogeographic structure for 
A. leachii precludes inference of a speci"c source location.

Anolis sagrei has a strong phylogeographic structure in its 
native range of Cuba and the Bahamas with numerous well-
supported clades (Fig. S4; Kolbe et al., 2004). We found three 
mtDNA haplotypes in the two introduced locations in Bermuda 
that clustered with three separate geographically distinct native-
range clades (Fig. S4). The Paget Parish (PAG) location was mono-
morphic with a haplotype derived from the western Cuba clade, 
whereas Pembroke Parish (PEM) had two haplotypes belonging 
to the east-central and eastern Cuba clades (Fig. 1). Investigating 
the relationship of these haplotypes with a neighbor-joining 
network revealed that the western Cuba haplotype (BM-sagH1) 
was identical to a haplotype found in an introduced popula-
tion in Big Pine Key, Florida (Figs. 1E, 2C). The other two haplo-
types were very closely related (i.e., 0.1% sequence divergence) 
to haplotypes found in introduced locations in Tampa and St. 
Petersburg, Florida (Fig. 2C), rather than any other haplotypes 
sampled from previously identi"ed native-range source loca-
tions in Cuba or the Bahamas (Kolbe et al., 2004). It should also 
be noted that both Tampa and St. Petersburg populations har-
bor haplotypes from all three native-range mtDNA clades (i.e., 
western, east-central, and eastern Cuba). Our results suggest that 
Bermuda populations are most likely secondary introductions 

from established non-native populations in Florida as opposed 
to independent introductions of the same or similar haplotypes 
directly from the native range and that the mixture of haplo-
types observed in the Bermuda population likely occurred in 
Florida. On average, within-population nucleotide diversity in 
Bermuda was much greater than in the native range (Table 1), but 
lower than in Tampa and St. Petersburg, the putative sources for 
secondary introductions to Bermuda.

D&%c2%%&#5

Our phylogeographic and population genetic analyses of 
mtDNA haplotypes revealed that the invasion histories for the 
four Anolis species introduced to Bermuda differed markedly. 
The pathway of introduction (primary vs. secondary) and the 
extent of phylogeographic structure in the native range appear 
to in<uence invasion patterns as well as haplotypic and genetic 
diversity. Variation in native-range population structure had a 
strong in<uence on the ability to detect the number and speci"c 
geographic location of source populations. Co-occurrence of 
divergent haplotypes in some introduced populations appears 
to result from a secondary introduction from Florida for A. 
sagrei, whereas the larger propagule size associated with the 
biocontrol introduction of A. grahami may explain their higher 
haplotype diversity. Our "ndings highlight the diverse out-
comes of species invasions and contribute to our understanding 
of how human activities can reshape the distribution of genetic 
and phenotypic diversity of species.

Unintentional introductions, such as those resulting from 
species hitchhiking in shipping cargo or via the nursery trade, 
typically involve a small number of individuals from a restricted 
geographic area and single introduction events. Consequently, 
such introductions are often associated with lower haplotypic 
and genetic diversity due to founder effects (Uller and Leimu, 
2011). However, A. sagrei in Bermuda, likely introduced via nurs-
ery plants, exhibit high nucleotide diversity despite a low num-
ber of haplotypes. The observed high nucleotide diversity likely 
results from a secondary introduction from genetically variable, 
admixed, non-native populations in Florida (Kolbe et al., 2004, 
2008; Bock et al., 2021). Such genetic diversity within non-native 
populations of A. sagrei in Florida may enhance adaptability 
to new environments, increasing establishment success (Kolbe 
et al., 2004), and likelihood of serving as a source for future 
introductions. Secondary introductions within the non–native 

TABLE 1. Introduction information and summary of mtDNA analyses for four Anolis species. Number of introduced-range sampling locations 
(NISL), introduced-range samples analyzed (NI), introduced-range haplotypes (HI), and mean within introduced-population nucleotide diversity 
(PiINT) are shown for the introduced range in Bermuda. For the native ranges, we show the number of native-range sampling locations (NNL), 
native-range samples analyzed (NNS), native-range haplotypes (HN), mean within native-range population nucleotide diversity (PiNAT), and 
pairwise haplotype divergence (D) between introduced and native-range haplotype(s). Note that for A. sagrei, one haplotype (BM-sagH1) is 
identical (0% divergence) to a haplotype from the non-native range, Big Pine Key, Florida (see also Fig. 2, Table S2).

Species Ecomorph Native range
Date of 

introduction
Mode of 

introduction NISL NI HI PiINT (%) NNL NNS HN PiNAT (%) D (%)

A. grahami Trunk-crown Jamaica 1905 Biological 
control

13 64 14 1.04 28 74 65 1.24 0.3–2.5

A. extremus Intermediate 
Lesser Antilles

Barbados 1940–50s Cargo stowaway 5 25 2 0.03 15 67 47 1.43 0.4–0.5

A. leachii Large Lesser 
Antilles

Antigua/Barbuda 1940–50s Unknown 10 48 1 0 24 51 33 0.40 0.17

A. sagrei Trunk-ground Cuba/Bahamas 2011–2015 Unknown, 
nursery trade

2 18 3 4.3 133 773 504 1.78 0.4–0.8
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range, both locally and globally, are common in species inva-
sions (Kolbe et al., 2004; Floerl et al., 2009; Lombaert et al., 2010). 
For example, Green Anoles, A. carolinensis (native to southeast-
ern USA), have established several populations in Paci"c islands 
from earlier introductions within the region (Michaelides et al., 
2018). In Bermuda, A. sagrei currently occur in two locations 
(Stroud et al., 2017). Given their history of secondary introduc-
tions and high genetic variation due to admixture (Kolbe et al., 
2004; Bock et al., 2021), we might expect that A. sagrei could be 
more effective dispersers than other species of Anolis. To this 
end, substantial ecological overlap in diet and habitat between 
introduced A. sagrei and the native skinks on Bermuda suggests 
a serious conservation threat if the two species come into con-
tact (Stroud et al., 2017).

The intentional introduction of A. grahami to Bermuda for 
biocontrol differed from the unintentional introduction of the 
other three species in several respects. Anolis grahami is found 
throughout the archipelago and exhibits substantially more 
haplotypic variation (i.e., 14 versus 1–3 haplotypes) compared to 
the other introduced species. Intentional efforts associated with 
biocontrol and the pet trade, for example, may deliberately sam-
ple more individuals from multiple locations to increase genetic 
or phenotypic diversity and favor characteristics that predis-
pose them toward successful establishment (e.g., “introduction 
biases,” Street et al., 2023). Similarly, Kolbe et al. (2013) hypoth-
esized that genetic diversity among Italian Wall Lizard (Podarcis 
siculus) populations was the result of introductions from mul-
tiple native-range sources and driven by desire for variety in 
the pet trade. Biocontrol efforts may include large propagules 
and repeated introduction events to establish the biocontrol 
agent. The documented source of the original A. grahami propa-
gule was near Kingston (Wingate, 1965), where some Bermuda 
haplotypes are most closely related (the east-central Jamaica 
group 1; Figs. 1, 2, S1). However, additional haplotypes detected 
in Bermuda, belonging to the four-edge polytomy of the east-
central Jamaica clade (Figs. 2, S2), show higher divergence and 
are more closely related to native-range locations northeast and 
southeast of Kingston (Fig. 1, Table S2). The additional haplo-
types may have been part of the original propagule, and it is 
possible that Kingston, as a hub of traf"c and human activity, 
facilitated transport of lizards from various parts of east-central 
Jamaica. Presence of multiple native-range haplotypes within 
introduced populations in Bermuda may represent secondary 
contact and opportunities for intraspeci"c hybridization (i.e., 
admixture). However, levels of within-population diversity are 
similar between introduced and native-range populations in 
Jamaica. Whether A. grahami lizards originated from multiple 
divergent populations or a single admixed population in their 
native range remains to be tested. Additionally, an undocu-
mented introduction from a different location or locations in 
east-central Jamaica sometime after the original biocontrol 
release is possible.

Moderate to strong population structure is a nearly ubiq-
uitous feature of Anolis species (Glor et al., 2003, 2004; Thorpe 
et al., 2005, 2008, among others) facilitating the identi"cation of 
native-range sources and admixture in introduced populations 
(e.g., Kolbe et al., 2004). For example, strong native-range popu-
lation structure for A. extremus increases our con"dence in the 
interpretation of a single introduction from central Barbados. In 
A. leachii, however, the single haplotype detected in Bermuda, 
along with generally low haplotypic diversity and lack of popu-
lation structure in the native range, precludes the ability to iden-
tify sources or use haplotype variation as a proxy for propagule 

size (i.e., the minimum number of introduced females). Whether 
a large or small number of individuals was introduced cannot 
be deduced when the native range lacks geographically struc-
tured genetic variation (Taylor and Keller, 2007).

In conclusion, the four Anolis lizard species introduced to 
Bermuda span a range of invasion histories, including number 
and geographic location of sources, genetic diversity, secondary 
introductions, and presence of multiple divergent mtDNA hap-
lotypes in introduced populations, creating opportunities for 
admixture. Anolis extremus were derived from a single geograph-
ically and genetically distinct native-range source, whereas the 
lack of population structure in the native range of A. leachii pre-
cludes assigning them to a source area. Haplotypic variation in 
A. sagrei is ultimately derived from three distinct areas in Cuba, 
but evidence points to secondary introductions from Florida. 
Haplotypes found in Bermuda for A. grahami could represent 
multiple sources or a single variable native-range source in east-
central Jamaica. Some species, due to coexistence of divergent 
haplotypes, have opportunities for admixture (i.e., A. sagrei and 
to some extent A. grahami) and others no opportunity (i.e., A. 
extremus and A. leachii). Nucleotide diversity was low in these 
single source species, whereas diversity between introduced 
and native populations was similar for A. grahami but sub-
stantially higher in introduced A. sagrei populations. Genetic 
analyses of mtDNA data may also provide insight into the mini-
mum number of individuals involved in species introductions, 
ranging from a single female for A. leachii, to three females for 
Anolis sagrei. Anolis grahami had the highest haplotypic variation 
(14 haplotypes), likely re<ecting native-range phylogeographic 
structure and larger propagule size. Taken together, our "nd-
ings suggest that human-mediated introductions can create 
substantial variation in invasion dynamics, which may in<u-
ence future spread of species in new environments.
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