
Marquette University Marquette University 

e-Publications@Marquette e-Publications@Marquette 

Biological Sciences Faculty Research and 
Publications Biological Sciences, Department of 

7-2019 

Persistence of a Geographically-Stable Hybrid Zone in Puerto Persistence of a Geographically-Stable Hybrid Zone in Puerto 

Rican Dwarf Geckos Rican Dwarf Geckos 

Brendan J. Pinto 
Marquette University 

James Titus-McQuillan 
University of Texas 

Juan D. Daza 
Sam Houston State University - Huntsville, TX 

Tony Gamble 
Marquette University, anthony.gamble@marquette.edu 

Follow this and additional works at: https://epublications.marquette.edu/bio_fac 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
Pinto, Brendan J.; Titus-McQuillan, James; Daza, Juan D.; and Gamble, Tony, "Persistence of a 
Geographically-Stable Hybrid Zone in Puerto Rican Dwarf Geckos" (2019). Biological Sciences Faculty 
Research and Publications. 789. 
https://epublications.marquette.edu/bio_fac/789 

https://epublications.marquette.edu/
https://epublications.marquette.edu/bio_fac
https://epublications.marquette.edu/bio_fac
https://epublications.marquette.edu/biology
https://epublications.marquette.edu/bio_fac?utm_source=epublications.marquette.edu%2Fbio_fac%2F789&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=epublications.marquette.edu%2Fbio_fac%2F789&utm_medium=PDF&utm_campaign=PDFCoverPages
https://epublications.marquette.edu/bio_fac/789?utm_source=epublications.marquette.edu%2Fbio_fac%2F789&utm_medium=PDF&utm_campaign=PDFCoverPages


 

Marquette University 

e-Publications@Marquette 

 

Biological Sciences Faculty Research and Publications/College of Arts and 

Sciences 

 

This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed manuscript. The 

published version may be accessed by following the link in the citation below. 

 

Journal of Heredity, Vol. 110, No. 5 (July 2019): 523-534. DOI. This article is © Oxford Academic and 

permission has been granted for this version to appear in e-Publications@Marquette. Oxford Academic 

does not grant permission for this article to be further copied/distributed or hosted elsewhere without 

the express permission from Oxford Academic.  

 

Persistence of a Geographically-Stable Hybrid 
Zone in Puerto Rican Dwarf Geckos 
 

Brendan J Pinto 
Department of Biological Sciences, Marquette University, Milwaukee, WI 

James Titus-McQuillan 
Department of Biology, University of Texas at Arlington, Arlington, TX 

Juan D Daza 
Department of Biological Sciences, Sam Houston State University, Huntsville, TX 

Tony Gamble 
Department of Biological Sciences, Marquette University, Milwaukee, WI 
Bell Museum of Natural History, University of Minnesota, Saint Paul, MN 
Milwaukee Public Museum, Milwaukee, WI 
 

Abstract 
Determining the mechanisms that create and maintain biodiversity is a central question in ecology and 

evolution. Speciation is the process that creates biodiversity. Speciation is mediated by incompatibilities that 

lead to reproductive isolation between divergent populations and these incompatibilities can be observed in 
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hybrid zones. Gecko lizards are a speciose clade possessing an impressive diversity of behavioral and 

morphological traits. In geckos, however, our understanding of the speciation process is negligible. To address 

this gap, we used genetic sequence data (both mitochondrial and nuclear markers) to revisit a putative hybrid 

zone between Sphaerodactylus nicholsi and Sphaerodactylus townsendi in Puerto Rico, initially described in 

1984. First, we addressed discrepancies in the literature on the validity of both species. Second, we sampled a 

10-km-wide transect across the putative hybrid zone and tested explicit predictions about its dynamics using 

cline models. Third, we investigated potential causes for the hybrid zone using species distribution modeling and 

simulations; namely, whether unique climatic variables within the hybrid zone might elicit selection for 

intermediate phenotypes. We find strong support for the species-level status of each species and no evidence of 

movement, or unique climatic variables near the hybrid zone. We suggest that this narrow hybrid zone is 

geographically stable and is maintained by a combination of dispersal and selection. Thus, this work has 

identified an extant model system within geckos that that can be used for future investigations detailing genetic 

mechanisms of reproductive isolation in an understudied vertebrate group. 

Keywords 
geckos, hybridization, hybrid zone dynamics, speciation, Sphaerodactylus 

Species, independently evolving metapopulation lineages that are durable through time (de Queiroz 

2007; Singhal et al. 2018), are the evolutionary units of biodiversity. A sizable number of species (>10% in 

animals) have failed to develop sufficient prezygotic isolating barriers to prevent interspecific reproduction, or 

hybridization, between closely related taxa (Mallet 2005). However, species’ integrity can be maintained, in 

these cases, by postzygotic isolating mechanisms that limit the fitness of hybrids (Coyne and Orr 2004). 

Fortunately, opportunities to study postzygotic isolating mechanisms occur naturally in the form of hybrid zones, 

geographic areas where 2 species meet and produce interspecific offspring (Hewitt 1988). Thus, the study of 

hybrid zones in nature is essential to understanding the processes involved in speciation (Barton and Hewitt 

1985; Harrison 1993; Butlin et al. 2012). 

The establishment of hybrid zones is common in areas where previously allopatric species meet in areas of 

secondary contact. However, reproductive isolation is often incomplete, or “leaky”, because the development of 

complete reproductive isolation between allopatric species is primarily due to genetic drift and not divergent 

selection (Vijay et al. 2016; Bay and Ruegg 2017; Mack and Nachman 2017; Ravinet et al. 2017). Moreover, 

hybrid zones are highly dynamic and can fluctuate geographically over both long and relatively short periods of 

time, especially in areas of fluctuating climate and high anthropogenic disturbance (Engebretsen et al. 

2016; Leaché et al. 2017). Thus, it is important to both investigate gene flow and geographic stability when 

studying the complexities of postzygotic isolation within hybrid zones. 

To thoroughly investigate how genomic differences among groups affect speciation, it is imperative to study 

hybridization in a diversity of vertebrate clades. However, some clades are better represented in the literature 

(e.g., birds and mammals) than others due to historical contingency and publication biases (Barton and Hewitt 

1985; Harrison 1993; Vijay et al. 2016). This is because past research in birds and mammals may be biased by 

intrinsic genomic factors, for example, degenerated sex chromosomes, and examining the process of speciation 

across the diversity of organisms on Earth is essential for developing and testing theory (Coyne and Orr 

1989; Lima 2014; Gerchen et al. 2018). While some animal groups have been the focus of much work, other 

groups have remained relatively untouched by scientific investigation, even some highly diverse groups, such as 

gecko lizards. 

Gecko lizards (Squamata: Gekkota) comprise a highly speciose clade of lizards (>1800 species) where reports of 

hybridization are rare when compared to other vertebrate groups, and even other squamate groups (lizards and 



snakes) (Barton and Hewitt 1985; Mallet 2005; Jančúchová-Lásková et al. 2015; Uetz 2018). Although natural 

hybridization is suspected to have occurred in various gecko lineages, for example, Ptyodactylus (Werner and 

Sivan 1996) and Tarentola (Tejangkura 2012), very few cases have been confirmed using molecular genetic data. 

These cases include: limbless Australian geckos of the genus Delma (Brennan et al. 2016), numerous 

parthenogenetic geckos, such as Heteronotia binoei and Lepidodactylus lugubris (Fujita and Moritz 2009), and 

hybrid zones within 2 genera Gekko (Toda et al. 2001, 2006) and Sphaerodactylus (Murphy et al. 1984). Thus, 

across geckos, studies of the speciation process are generally lacking. 

Dwarf geckos of the genus Sphaerodactylus (Gekkota: Sphaerodactylidae) are a charismatic clade of neotropical 

geckos that occur in high abundance throughout the Caribbean, usually in the leaf-litter of forested habitats or 

abandoned human dwellings (Grant 1931; Murphy et al. 1984; Thomas and Schwartz 1966). The Puerto Rican 

Bank and nearby islands (Mona, Monito, and Desecheo) are home to 8 currently 

recognized Sphaerodactylus species, some of which possess comparatively large geographic ranges 

(e.g., Sphaerodactylus nicholsi, Sphaerodactylus macrolepis, and Sphaerodactylus klauberi) and are at least 

partially sympatric with one or more species (Rivero 2006). Of these, 4 currently recognized Puerto Rican 

(PR) Sphaerodactylus species have been hypothesized to be closely related: S. nicholsi, Sphaerodactylus 

townsendi, Sphaerodactylus monensis, and Sphaerodactylus levinsi (Grant 1931, 1932a; Heatwole 1968). 

However, the taxonomic status and phylogenetic relationships between these species have been debated, 

without conclusion, since their description—based on both morphological and genetic data (Grant 

1931; Thomas and Schwartz 1966; Murphy et al. 1984; Hass 1991; Díaz-Lameiro et al. 2013). While the 

taxonomic status of S. monensis and S. levinsi has remained relatively stable (occurring allopatrically on the 

islands of Mona and Desecheo, respectively), the relationship and taxonomic status of S. nicholsi, with regard 

to S. townsendi, have been somewhat contentious. This is likely because both species are sexually 

monochromatic, look superficially similar to one another (Grant, 1932b), occur in similar (arid and semi-arid) 

habitats (Pregill 1981), and, together, possess a continuous distribution along PR’s southern coast with an 

overlapping parapatric area within the municipality of Juana Díaz (Murphy et al. 1984; Rivero 2006). In 1984, 

Murphy and others characterized the parapatric zone (the region where S. nicholsi and S. townsendi’s 

distributions overlap) as a putative hybrid zone using allozyme genetic analysis. While a large number of 

individuals were examined (S. nicholsi N = 45; hybrids N = 26; S. townsendi N = 36; total N = 107), Murphy et al. 

(1984) only confirmed hybrids from 2 localities, and a majority of the “pure” samples (N = 68/81) were collected 

from well outside the hybrid zone (e.g., Guanica or Pozuelo). Thus, provided a more complete characterization 

of this putative hybrid zone, Sphaerodactylus geckos are a potential model system to study hybridization and 

speciation in gecko lizards. 

Broadly, there are 2 hypotheses that govern the persistence of a hybrid zone through time (Barton and Gale 

1993), either dispersal-mediated selection against hybridization (Barton and Hewitt 1985) or selection for 

intermediate phenotypes at a zone of intermediate habitat (Moore 1977). Beyond why a hybrid zone exists to 

begin with, hybrid zones can be stable or dynamic (i.e., transient or fluctuating geographically) (Harrison 

1993; Engebretsen et al. 2016; Leaché et al. 2017). To investigate historical processes affecting hybrid zones, 

cline models are an immensely effective tool to detect changes and fluctuations within a hybrid zone (Barton 

1979; Barton and Gale 1993; Singhal and Moritz 2013). For instance, when a hybrid zone moves, some alleles 

will faithfully track this movement, while others will lag behind (Rohwer et al. 2001; Leaché et al. 2017). Those 

alleles that faithfully track the hybrid zone are strongly deleterious to one species, while those alleles that lag 

behind are likely neutral or only mildly deleterious. Indeed, cline models can be used to elucidate the selective 

pressures acting upon a locus within a hybrid zone, as the slope (i.e., width and shape) of the cline is a derivation 

of the selection acting on that locus (Barton 1979; Barton and Gale 1993). Similarly, the cline center of a locus 

can be used as a comparative metric to other data (e.g., unlinked loci or other characters) to elucidate 

differential introgression or hybrid zone movement. Ideally, measurement of hybrid zone movement requires 



repeated, time-structured sampling (Buggs 2007; Leaché et al. 2017). However, sampling at a single time-point 

can also be used to identify signatures of hybrid zone movement by resolving clines of neutral or mildly 

deleterious alleles (Arntzen et al. 2016; van Riemsdijk et al. 2019), especially when paired with related historical 

information within the study system. Thus, we utilized cline models to investigate hybrid zone dynamics in this 

system by testing predictions generated from a series of hypotheses. 

We used 3 different approaches (below) to answer 3 research questions, 1) Do S. nicholsi and S. 

townsendi represent genetically distinct populations? 2) What dynamics are actively affecting this putative 

hybrid zone or is the hybrid zone geographically stable? 3) Is this hybrid zone maintained by dispersal and 

selection against hybrids or selection for intermediate phenotypes at a zone of intermediate habitat? 

First, we used genotypically “pure” individuals, sampled from across each species’ range, in a species 

delimitation analysis to statistically demarcate these nominal taxa. Second, we sampled a transect through the 

municipality of Juana Díaz, PR and generated multilocus sequence data for a set of neutral markers. We then 

used model testing to find the best-fit cline models to represent our data and used model-testing to determine: 

coincidence (same center), concordance (same width and shape), and the presence or absence of exponential 

tails (signs of movement or introgression). Indeed, although the null hypothesis is that hybrid zones tend not to 

move (Barton 1979), recent work has shown that in areas of recent climatic variation or high anthropogenic 

disturbance hybrid zones have a higher capacity to be transient or fluctuate geographically (Engebretsen et al. 

2016; Leaché et al. 2017; van Riemsdijk et al. 2019). Specifically, in PR, the rising and falling of sea levels during 

the Quaternary (≥6000 years ago) and agricultural boom of the early- to mid-20th century (~60-120 years ago) 

could both have initiated, and/or caused fluctuations in this geographic area (Heatwole and MacKenzie 

1967; Murphy et al. 1984). If the hybrid zone has moved in the past ~35 years, we predicted that 1) we would 

not find the hybrid zone in same geographic location as Murphy et al. (1984) initially described and/or 2) we 

would find evidence of asymmetrical introgression (i.e., an exponential tail) leading away from locations 

described by Murphy et al. (1984). However, if the hybrid zone is transient or actively fluctuating, we expected 

to find either 3) no evidence of hybridization across this transect or 4) cline centers would be shifted between 

these unlinked loci. Third, we addressed whether there was evidence to favor a hypothesis of selection for 

intermediate phenotypes, at a zone of intermediate habitat between these two species using species 

distribution models and niche simulations. We predicted that if these data supported this hypothesis, then we 

would find 1) a unique climatic variable, or suite of variables, in the hybrid zone (e.g., sharp transition zone 

between preferred habitats) and 2) a low degree of fundamental niche overlap, which would provide further 

evidence that there is a transition in habitat use between parental species. 

Materials and Methods 

Data Generation 
We collected and vouchered animals from across the putative hybrid zone over a 10-km-wide transect in May 

2017 and “pure” individuals, for species delimitation, from allopatric populations of each species across Puerto 

Rico between 2012 and 2017. We identified putative hybrids via intermediate, and anomalous, color and 

patterning schemes across the dorsum of the animals (N = 18). Our sampling reflected the geographic extremes 

where we could definitively categorize individuals as “pure” S. nicholsi or S. townsendi on either side of the 

putative hybrid zone. A single hybrid individual (BJP016 – locality H) was sequenced from an autotomized tail 

(animal not captured), and thus was unidentifiable in the field (adjusted sample sizes: hybrids N = 19, S. nicholsi 

N = 19, S. townsendi N = 25). Uneven sampling across the putative hybrid zone is due to biologically relevant 

factors (uneven habitat) and land-use factors; specifically, the Military Training Center (Fort Allen) that lies in the 

middle of the sampling area. We extracted genomic DNA from tail or liver tissue using the Qiagen® DNeasy Blood 

and Tissue Kit. We generated sequence data for all 63 individuals, using PCR amplification and subsequent, 



single-pass Sanger sequencing in both directions (Genewiz®). All sequences were accessioned to GenBank 

(Supplementary Table 1), and for taxonomic assignment of hybrid animals submitted to GenBank, we 

standardized by using the animals’ mitochondrial assignment. We amplified fragments of 7 genetic markers, 1 

mitochondrial gene: NADH dehydrogenase subunit 2 (ND2); and 6 nuclear markers: Oocyte Maturation Factor 

mos (CMOS), Death Inducer-Obliterator 1 (DIDO), Microtubule-Actin Crosslinking Factor 1 (MACF), Microtubule 

Associated Protein 2 (MAP2), Protein Tyrosine Phosphatase, Non-receptor type 12 (PTPN12), and 

Recombination Activating Gene 1 (RAG1); primers and associated references for each marker are provided 

(Supplementary Table 2). Raw sequence reads were assembled using Geneious® (v10.2.2); (Kearse et al. 2012). 

We identified heterozygous sites using the “Find Heterozygotes” function in Geneious® and verified putative 

heterozygous sites by examining trace chromatograms for dual base-called sites that were equal in height and 

shorter than neighboring sites. We aligned DNA sequences using MUSCLE software (Edgar 2004) and refined 

alignments by eye. We phased allelic variants for each nuclear gene using PHASE software (Stephens et al. 

2001), with default settings, implemented in DNAsp (v5.10.1) (Librado and Rozas 2009). 

Species Phylogeny and Species Delimitation 
To generate a species tree in a coalescent framework, we utilized a subset of our aforementioned dataset (ND2, 

CMOS, PTPN12, RAG1), and generated additional sequence data for mitochondrial ribosomal subunit 16S and 3 

additional closely related taxa from within this clade, S. monensis, S. levinsi, and S. klauberi for all loci 

(Supplementary Table 2). Sphaerodactylus klauberi was used as an outgroup for all phylogenetic analyses. The 

best-partitioning scheme for each gene was determined using PartitionFinder2 (v2.1.1); (Guindon et al. 

2010; Lanfear et al. 2012, 2017) on the CIPRES cluster (Miller et al. 2010) (Supplementary Table 3). Each locus 

consisted of a single data partition except ND2, where each codon had its own partition. Both mitochondrial loci, 

16S and ND2, were combined into a single tree partition. Models of sequence evolution for each locus and 

partition are listed in Supplementary Table 3. We generated a species tree using the StarBEAST2 package 

(v0.13.5); (Ogilvie et al. 2017) in BEAST2 (v2.4.6); (Bouckaert et al. 2014), also on the CIPRES cluster (Miller et al. 

2010). Each locus utilized an uncorrelated lognormal clock and a birth-death model with other priors set as 

default. We ran 3 independent chains of 10 × 108 mcmc iterations, with a 10% burnin, and examined likelihood 

values for convergence using Tracer (v1.6) (Rambaut et al. 2018). Tree files were compiled using LogCombiner 

and the final tree was generated in TreeAnnotator. 

To further resolve the species-level relationships within this clade and perform an initial assessment of the 

validity of S. townsendi and S. nicholsi as distinct species, we analyzed our postburnin species trees to identify 

the frequency of a S. townsendi + S. nicholsi clade. We calculated the posterior probability of this hypothesis by 

filtering postburnin species trees that were consistent with a topology that constrained an S. townsendi + S. 

nicholsi clade, exclusive of S. levinsi and S. monensis, using Phylogenetic Analysis Using Parsimony (PAUP*) (v 

4.0a157) (Swofford 2002). 

To identify whether S. nicholsi and S. townsendi are genetically distinct populations relative to each other, we 

conducted statistical species delimitation under the multispecies coalescent to test for species-level divergence 

in this clade using STACEY (v1.2.4) (Jones 2017). We conducted STACEY analysis using the previously described 

StarBEAST2 dataset, with all taxa and partitions conserved in both analyses (Supplementary Table 3). All priors 

were left default unless specifically stated below. In accordance with program documentation and additional 

specifications outlined by Barley et al. (2018), we provided an exponential distribution with a mean of 0.1 for the 

“popPriorScale” parameter, a lognormal distribution with a mean of 5 and a standard deviation of 2 to the 

“bdcGrowthRate” prior, and the “collapseWeight” was provided a uniform distribution with the lower and upper 

bounds set at 0 and 1, respectively (Barley et al. 2018). In addition, each partition was provided an independent 

strict molecular clock, with rate priors calculated from a log-normal distribution that were given a mean of 0 and 

standard deviation of 1 (Barley et al. 2018). We ran 3 independent chains of 5.0 × 107 mcmc repetitions, 



sampling every 5000 trees, and compared likelihood values from trace files using Tracer (v1.6) (Rambaut et al. 

2018). We combined tree files using LogCombiner and analyzed the resulting 30,000 trees using the 

SpeciesDelimitationAnalyzer (SpeciesDA) (v1.8). We used a burnin of 5000 and a collapse-height of 0.0001 to 

calculate our final species delimitation result. To corroborate the results generated using STACEY and SpeciesDA, 

we analyzed a dataset of nuclear-only loci using BPP software (v4.0) (Flouri et al. 2018). We analyzed CMOS, 

PTPN12, and RAG1 genes for S. nicholsi, S. townsendi, S. levinsi, S. monensis, and S. klauberi using a specified 

guide tree from our StarBeast2 analysis. To examine an array of biological scenarios, we used 3 different 

configurations of population size (inverse-gamma θ = a, b) and divergence time (inverse-gamma τ = a, b) priors 

to begin our parameter estimation (Leaché and Fujita 2010). In configuration 1, we assumed “medium” Ne (θ = 

3, 0.002) with “medium” divergence time (τ = 3, 0.03); in configuration 2, we assumed “small” Ne (θ = 3, 0.0002) 

with “recent” divergence time (τ = 3, 0.003); in configuration 3, we assumed “large” Ne (θ = 3, 0.02) with “long” 

divergence time (τ = 3, 0.3). This allowed us to interrogate the effects of various biological changes within the 

system on species delimitation analysis. We ran each mcmc chain for 5 × 105, sampling every 5, with a 10% 

burnin. We ran 2 independent mcmc chains for each configuration and checked log files’ likelihood values for 

convergence using Tracer (v1.6) (Rambaut et al. 2018). In addition to statistical species delimitation methods, 

we generated table of uncorrected P-distances between lineages of the mitochondrial gene ND2 using MEGA7 

(Kumar et al. 2016) to compare across other recognized gecko species (Supplementary Table 4). 

Genetic Cline Analyses 
To assign alleles in hybrids to their respective parental species, we constructed maximum-likelihood (ML) gene 

trees of phased alleles using RAxML-HPC BlackBox (v8.2.10) (Stamatakis 2014) on the CIPRES cluster (Miller et al. 

2010). These gene trees were rooted using S. klauberi, with bootstrap support necessary for one species-specific 

clade (≥70) to the exclusion of the other (i.e., support for all individuals within a group excludes all members of 

other group). All species-specific allelic variants were condensed into binary allelic assignment, where all 

individuals were either “pure” S. townsendi (0), “pure S. nicholsi” (1), and/or, for nuclear markers, heterozygous 

(0.5) assignments. 

To calculate genetic clines, we calculated the mean value of the individuals at each locality to produce a per-

locality allele frequency for each locus. We plotted these values along a collapsed, 1-dimensional (longitudinal) 

transect using the hzar package (v0.2–5) (Derryberry et al. 2014) in R (R Core Team 2016). To find the best-fit 

cline model, we conducted a series of model-testing analyses in hzar. First, to identify the best-fit model for 

each locus we tested 4 different potential models using corrected Akaike information criterion (AICc). Model I 

maintained that each interval was fixed at either 0 or 1 without an exponential tail; model II maintained that 

each interval was free to fluctuate based on the data (was not fixed at 0 or 1), also without an exponential tail. 

Between these models, model I was favored, thus, models III and IV maintained fixed intervals. To test for the 

presence of asymmetric introgression, we model III tested for the presence of a left-side tail and model IV a 

right-side tail (Table 1). Further, to test for discordance between mitochondrial and nuclear markers (cline 

movement), we generated models V and VI, which constrained the cline center and width, respectively, of our 

mitochondrial cline to the average values of our nuclear data for each. For all model-testing analyses, a model 

with an AICc difference of >2 was considered a significantly better fit to the data than the alternate model 

(Leaché et al. 2017). 

Table 1. 

(A) Corrected AICc values for each cline-fitting model tested at each locus. Score differences of >2 indicate a 

significantly greater fit to the model, and the best-fit model for each locus is bolded (* indicates 3 best-fit 

models to the data). (B) Cline center and width ranges for each locus. Cline center is respective of the 



longitudinal cline (i.e., along a 0–10 km axis). Cline widths are kilometer ranges irrespective of their location 

along the cline (i.e., distance wide) 

A) AICc mtDNA CMOS MACF PTPN12 RAG1 

  NULL model  60.731  129.450  131.900  136.889  130.606  

  Model I (fixed, no tails)  7.894*  5.010  19.181  16.165  13.883  

  Model II (free, no tails)  13.149  11.480  24.401  22.003  20.807  

  Model III (fixed, left tail)  12.326  9.129  23.419  20.294  18.166  

  Model IV (fixed, right tail)  12.526  9.159  23.385  20.469  18.167  

  Model V (fixed, no tails; 

constrained center)  

7.737*  N/A.  N/A.  N/A.  N/A.  

  Model VI (fixed, no tails; 

constrained width)  

7.734*  N/A.  N/A.  N/A.  N/A.  

B)  Cline Ranges            

  Cline centers  3.759–

4.432  

4.284–

4.496  

4.306–

4.597  

4.246–

4.456  

4.212–

4.485  

  Cline widths  0.5969–

2.794  

0.4402–

1.044  

0.6806–

1.591  

0.4652–

1.272  

0.5311–

1.505  

 

Species Distribution Models and Simulations 
To estimate the climatic factors involved in the generation and maintenance of this hybrid zone, we constructed 

independent species distribution models for S. nicholsi and S. townsendi using Maxent (v3.41) (Phillips et al. 

2006, 2017; Phillips and Dudík 2008). Locality information was collected by the authors (BJP, JT, JDD, and TG, 

personal observation), Murphy et al. (1984), and VertNet (accessed 30 January 2018) (Supplementary Table 5). 

GIS layers were assembled in QGIS (v3.2) (QGIS Development Team 2009). We procured the base vector layer 

(“Puerto Rico administrative area”) from the Global Administrative Database (https://gadm.org). All 19 BioClim 

layers were acquired from WorldClim 2 (Fick and Hijmans 2017), current 1970–2000, at 30 arc-seconds (~1 km) 

(Supplementary Table 6). Landsat tree cover was parsed and stitched together to create a vegetative continuous 

field in QGIS (v3.2). Resolution was set to 30 m2 per pixel. Vegetation was estimated as tree cover of horizontal 

wooded cover greater than 5 m in height. Map data were derived from Landsat-5 Thematic Mapper and 

Landsat-7 Enhanced Thematic Mapper Plus (ETM+) (Sexton et al. 2013). Finally, topographic raster group was 

derived from Shuttle Radar Topography Mission – February 2000 (SRTM) (Farr et al. 2007). Elevation layer was 

taken from SRTM at 30 m2 resolution. Roughness, slope (using Horn (1981) algorithm [Fleming and Hoffer 

1979; Ritter 1987]), aspect, hillshade, terrain position index, and terrain ruggedness index (TRI) were derived 

from SRTM using R package raster 2.6–7 (Hijmans and van Etten 2012). WorldClim 2 layers were trimmed and 

bound to Puerto Rico administrative boundaries in QGIS, then transformed to a raster in ASCII format for 

Maxent. Since locality cover for each species is high (locality data reasonably represent the ranges of these 

species) and broadly established within the putative range, no assumption was made for limiting presence data 

by arbitrary omission. Our niche model analysis was conducted with presence only data (Fielding 2002; Veloz 

2009) to predict regions where species distributions could extend without extraneous factors (Supplementary 

Table 6). One hundred replicates with a random seed were conducted on S. nicholsi and S. townsendi using 

cross-validation to estimate robustness of prediction. A maximum number of background points were set to 

10,000. Environmental variable importance used the Jackknife method in Maxent, and output format was 

written in the Cloglog. Once written, we determined whether or not the machine-learning “receiver operating 

curve” (ROC) fit the data by calculating the “area under the curve” (AUC) (Supplementary Table 6). 



To understand the ecological dynamics of the hybrid zone between S. nicholsi and S. townsendi, we conducted a 

model-based analysis of the niche space overlap in NicheA (Qiao et al. 2016). This tests fundamental niche 

similarity between S. nicholsi and S. townsendi to determine how the dynamics of each niche influence the 

distribution of each species. By characterizing the fundamental niches between species, we can postulate the 

stability of a species range by the conserved factors within the environmental and geographic overlap (Stigall 

2014). NicheA allows for visualization of Hutchinsonian duality (Pulliam 2000; Colwell and Rangel 2009) between 

environmental (E) and geographic (G) spaces across species distribution, where the niche is a multidimensional 

volume with a set of defined characters (E-space) influenced by the physical conditions that dictate those 

conditions (G-space) (Colwell and Rangel 2009). In our case, we calculated the overlap between parental species 

to elucidate how a hybrid zone may form based on the shared suitability of niche space between S. 

nicholsi and S. townsendi. Thus, we used these niche simulations to estimate 1) fundamental niche space of S. 

nicholsi and S. townsendi and 2) to calculate the niche overlap between the 2 species. The niche simulations 

employed in NicheA software use a background cloud (BC) to constrain the environmental space within the 

species range (Puerto Rico’s geography in this study) within 3-dimensional space. Each species’ niche is then 

simulated into a hypervolume, a set of defined characters that influence the niche of the species, within the 

constraints set by the BC. A minimum volume ellipsoid (MVE) is the simulated fundamental niche of a species 

within the constrained set of characters of the BC defined by the specific characters inherent to the species 

itself. 

Results 

Data Description 
We collected 19 animals that showed evidence of hybrid ancestry at 4 localities within the hybrid zone (Figure 

1); 9 of these animals possessed mitochondrial DNA inherited from S. nicholsi and 10 from S. 

townsendi (Supplementary Table 1). However, we found no evidence that any of these 19 animals were 

F1 hybrids (i.e., heterozygous at diagnostic alleles at all 4 nuclear loci). In fact, we found that only one of the 4 

hybrid-containing localities possessed any “pure” parental individuals, that is, possessed diagnostic for S. 

nicholsi alleles at all loci, among the sampled hybrids (Supplementary Table 1). One individual (TG3186 – locality 

I) failed to amplify any nuclear genes well-enough for sequencing, while another (JDD383 – locality H) also failed 

to amplify MACF and PTPN12. 

Figure 1. 

 
(A) StarBeast2 species tree showing phylogenetic relationships among sampled Sphaerodactylus species. 

Numbers along branches indicate posterior probability support for adjacent node. (B) Geographic depiction of 

the current distributions for S. nicholsi and S. townsendi on Puerto Rico and Caja de Muertos. (C) Sampling 

localities along the putative hybrid zone between S. nicholsi and S. townsendi in Juana Díaz. Black line indicates 

the collapsed one-dimensional transect utilized in genetic cline analyses. White circles (A–D) indicate the 

presence of pure S. townsendi, black circles (localities I–K) represent pure S. nicholsi, and gray circles (E,H) 



indicate hybrid populations overlaid on Google Maps®. *Putative contact zone adapted from Murphy et al. 

(1984) and modified using authors’ personal observation. 

Species Phylogeny and Species Delimitation 
The species tree topology recovered S. monensis as sister species to S. townsendi with strong support (posterior 

probability = 0.96) and S. levinsi as the sister taxon to that S. townsendi + S. monensis clade, and S. nicholsi as 

sister to the clade of these 3 species (Figure 1a). Species tree results were concordant with a species tree 

generated without mtDNA (data not shown). Filtering the postburnin species trees in PAUP*, we calculated the 

posterior probability of an S. nicholsi + S. townsendi clade as 0.00049, or 25 out 51,003 postburnin trees 

included that arrangement. Species delimitation using STACEY and SpeciesDA generated high-support for all 

nominal taxa in our species tree as species-level lineage divergences (SpeciesDA: posterior = 0.99). Further, 

SpeciesDA analysis of STACEY trees was concordant with species delimitation using BPP (Supplementary Table 

7). These findings are corroborated by genetic distances of ND2 between 7 and 11% (Supplementary Table 4), 

that are typical of species-level divergences of gekkotan ND2 sequences, for example, from ~5 to 20% (Pepper et 

al. 2011; Grismer et al. 2014; Pinto et al. 2019). 

Genetic Cline Analyses 
We conducted allelic assignment by generating gene trees of phased alleles for each locus (Supplementary 

Figures 1–7). We were unable to confidently assign species-specific alleles for DIDO or MAP2, as gene trees 

showed little, or conflicting, support for species-specific clades (Supplemental Figures 3 and 5). Thus, we 

removed DIDO and MAP2 from all subsequent cline analyses. For the remaining 5 loci (ND2, CMOS, MACF, 

PTPN12, and RAG1), we identified well-supported species-specific clades for each parental species 

(Supplementary Figures 1, 2, 4, 6, and 7). To assess the shape and width of genetic clines, we fitted 4 different 

models to our data and conducted model testing to discern between different scenarios at each locus (Table 1). 

For all loci, the best-fit cline model was a fixed allele model with no exponential tail on either side (Table 1). All 

genetic clines constructed under this model possessed coincidental (same center) and concordant (width and 

shape) sigmoidal clines for each locus (Table 1; Figure 2). Measuring the width of these clines provided an 

approximate width of the total hybrid zone at ~1100 m (Table 1). 

Figure 2. 

 
Genetic clines for each locus examined in this study. Frequency is the proportion of species-specific alleles found 

at each locality where “1” is pure S. nicholsi and “0” is pure S. townsendi with associated 95% confidence 

intervals (gray shading). Each plotted point (mtDNA–RAG1) is a sampled locality. Overlaid clines (bottom-right) 

indicate a common sigmoidal shape across all 5 unlinked markers. 



Species Distribution Models and Simulations 
Our species distribution models show overlap between S. nicholsi and S. townsendi variable raster stacks over 

the hybrid zone, near Juana Díaz (Figure 3). Topography and elevation create a barrier from expanding north, 

while vegetation is not a significant factor driving distribution (Supplementary Table 6; Supplementary Figure 8). 

For BioClim layers, the machine-learning ROC, is well-fitted to the model—with an AUC of 0.879 for S. nicholsi. S. 

townsendi is also well-fitted to the model with an AUC of 0.972. S. nicholsi had high importance contribution 

from annual precipitation, precipitation of the warmest quarter, precipitation seasonality, and max temperature 

of the warmest month at percent contributions 38.7, 14.9, 7.5, and 7.2%, respectively (Supplementary Table 

6). Sphaerodactylus townsendi also had similar driving variables with precipitation of the warmest quarter, 

precipitation seasonality, temperature seasonality, and precipitation of the driest month at 26, 17.2, 10.8, and 

10.7%, respectively (Supplementary Table 6). The permutation importance in S. nicholsi was driven mainly by 

mean temperature of wettest quarter and annual precipitation at 19.3 and 14.5%. Sphaerodactylus 

townsendi had a significant driver of 54.2% for precipitation of warmest quarter (Supplementary Table 6). 

Figure 3. 

 
Niche models for (A) S. nicholsi, and (B) S. townsendi, generated in Maxent (v3.41). Warmer colors illustrate a 

higher percent estimation of distribution (climatic suitability) within the lineage’s climatic niche space. Juana 

Díaz is located in the middle of the island, near the epicenter of S. townsendi’s predicted range. 

 

The simulations of each species’ fundamental niche produced niche-space hypervolumes for each species that 

represent their fundamental niche space. The area where ellipsoids overlap is the shared hypervolume space 

between each species and this overlap is measured relative to each species (i.e., as a proportion of their total 

hypervolume). Sphaerodactylus nicholsi niche hypervolume accounts for around 17.50% overlap of niche space 

with S. townsendi, while S. townsendi hypervolume accounts for around 70.26% overlap with S. nicholsi (Figure 

4; Supplementary Table 6). Indeed, S. townsendi has a smaller fundamental niche compared to S. nicholsi, and, 

although shared niche space overlaps each species range, the only area where both species are in contact within 

shared niche space a hybrid zone has formed. No other area outside the hybrid zone has shared niche space and 

an overlapping distribution. 

Figure 4. 

 

Sphaerodactylus nicholsi (dark/blue online only) and S. townsendi (light/gray) niche spaces plotted against one 

another within Puerto Rican environmental and geographic niche space (dots). By plotting 19 BioClim (2.0) 

layers and species distributions from Figure 3, we calculated the overlap between the Grinnellian niche space of 



each species, that is, their niche overlap. Percentage of the niche space of S. nicholsi overlapped by S. 

townsendi is 17%. Conversely, the percentage of the niche space of S. townsendi overlapped by S. nicholsi is 

70%, indicating strong interspecific competition between species. 

Discussion 
To address our original 3 research questions, we conducted statistical species delimitation, genetic cline 

analyses, and niche modeling, respectively. We found that S. nicholsi and S. townsendi represent genetically 

distinct species; this hybrid zone is geographically-stable, and no evidence intermediate habitat near the hybrid 

zone. 

Species Phylogeny and Species Delimitation 
The species-level status of S. townsendi has been in doubt since its description (Grant 1931) insofar as it was at 

one point synonymized with S. nicholsi as a nominal subspecies (S. nicholsi townsendi) (Thomas and Schwartz 

1966). Our phylogenetic reconstructions and species delimitation analyses confirm the hypothesis of Murphy et 

al. (1984) and Grant (1931) that S. nicholsi and S. townsendi are distinct species. Furthermore, S. nicholsi and S. 

townsendi are not sister taxa and an S. nicholsi sensu lato that includes a synonymized S. townsendi would be 

rendered paraphyletic by both S. monensis and S. levinsi (Figure 1a). However, these results do conflict with the 

only previously published molecular genetic phylogeny for this group, which found S. townsendi samples nested 

deep within S. nicholsi to the exclusion of both S. monensis and S. levinsi (Díaz-Lameiro et al. 2013). To resolve 

this discrepancy, we briefly reanalyzed Díaz-Lameiro et al.’s (2013) 16S sequence data but added several 

vouchered S. townsendi specimens we collected from populations allopatric with respect to S. nicholsi. This 

revised phylogeny indicates the 2 S. townsendi specimens used in Díaz-Lameiro et al. (2013) were 

misidentified S. nicholsi (Supplementary Figure 9). Thus, resolving this phylogenetic discrepancy and rejecting 

the hypothesis that S. townsendi and S. nicholsi form a clade to the exclusion of S. monensis and S. levinsi. These 

data provide us the ability to reliably distinguish these species at the molecular genetic level, which is a 

prerequisite of conducting subsequent hybrid zone analyses with genetic data. 

Genetic Cline Analyses 
Recent work has shown that, although most hybrid zones tend to stay where they first arise (Barton 1979), 

hybrid zones can move or widen in areas of recent climatic variation or large anthropogenic disturbance 

(Rohwer et al. 2001; Engebretsen et al. 2016; Leaché et al. 2017; van Riemsdijk et al. 2019). Thus, because both 

recent climatic fluctuations and anthropogenic disturbance have affected this region, we hypothesized that 

there was a strong possibility that the hybrid zone is dynamic. We broke this possibility down further into 2 core 

components: 1) Has the hybrid zone moved in the past ~35 years? and 2) Was this hybrid zone transient or is it 

geographically fluctuating? 

First, we predicted that if the hybrid zone has moved, 1) we would not find the hybrid zone in the same 

approximate geographic location as Murphy et al. (1984) initially described and/or 2) we would find evidence of 

asymmetrical introgression (i.e., an exponential tail) leading away from locations described by Murphy et al. 

(1984). Indeed, although their detection of hybrids was convincing, their sampling around the 2 hybrid localities 

was somewhat scarce, which left room for alternative explanations. Here, 1) we found hybrids present both 

within and outside of the 2 localities where Murphy et al. (1984) documented them. Further, by comparing 

models that allowed asymmetrical introgression to other possible models (Table 1), 2) we found no evidence of 

asymmetrical introgression and, thus, no evidence of hybrid zone movement within the past ~35 generations 

ago (~1 generation per year). 

Next, if the hybrid zone was transient or is actively fluctuating, we expect to find either no evidence of 

hybridization across this transect or cline centers would be shifted between these unlinked loci. In fact, we 



found that this hybrid zone is extant and that cline centers were concordant across all 5 unlinked loci. Indeed, S. 

nicholsi and S. townsendi appear to have maintained a geographically stable hybrid zone for ≥35 years. 

Interestingly, similarly to Murphy et al. (1984), we found no evidence of F1 hybrids in our sampling. The fact that 

among 45 hybrids sampled (19 here and 26 sampled by Murphy et al. 1984) no F1 hybrids were identified may 

be coincidence. It could also be evidence of the low dispersal ability of these animals (likely due to their body 

size, weighing <0.5 g with an average snout-vent length (SVL) 21.7 and 24.6 mm for S. nicholsi and S. townsendi, 

respectively; Thomas and Schwartz 1966) and their mosaic occurrence across Juana Díaz (represented by our 

sampling; Figure 1c). However, this finding is also consistent with a scenario of assortative mating, as mating 

preference has also been shown to be a strong barrier of neutral alleles, such as those used in this study 

(Gavrilets and Cruzan 1998). Thus, we can conclude that this hybrid zone is not actively fluctuating over 

geographic space and selection against hybridization is uniform across the unlinked regions of the genome that 

we sampled. Overall, these concordant sigmoidal shapes of genetic clines are consistent with a hybrid zone 

maintained by balanced dispersal and selection or selection for hybrid phenotypes in an area of intermediate 

habitat (Moore 1977; Barton and Gale 1993). 

Species Distribution Models and Simulations 
We addressed whether there was evidence to favor a hypothesis of selection for hybridization at a zone of 

intermediate habitat between these two species using species distribution models and niche simulations. We 

predicted that if our data supported this hypothesis, then we would find 1) a unique climatic variable, or suite of 

variables, in the hybrid zone (e.g., sharp transition zone between preferred habitats) and 2) the low degree of 

fundamental niche overlap, which would provide further evidence that there is a transition in habitat use 

between parental species. 

We used species distribution modeling to evaluate whether or not unique climatic variable(s) in the hybrid zone 

might favor the production of hybrids. Conversely, we found that both species found suitable habitat extending 

well beyond the hybrid zone (Figure 3), suggesting no zone of intermediate habitat near the hybrid zone. Next, 

we used niche simulations to evaluate the degree of (climatic) fundamental niche overlap, which showed strong 

evidence of similar habitat preference between species. Indeed, S. nicholsi has a much broader fundamental 

niche compared to S. townsendi and there is extensive overlap in their climatic niche spaces (Figure 4). The 

implications of these findings are 2-fold, 1) there is little evidence that there is a possible “zone of intermediate 

habitat” between these species, and 2) there is evidence for competitive effects (e.g., competitive 

exclusion; Gause 1934) between S. nicholsi and S. townsendi. Thus, these data taken together provide little 

support for the idea that hybridization occurred at a transition zone between the habitable spaces of S. 

nicholsi and S. townsendi. Further, the occurrence of this hybrid zone, between two species that should 

theoretically be in strong competition, in a zone of high anthropogenic disturbance is also interesting and may 

warrant further investigation. 

Further Considerations and Future Directions 

Biogeographic Considerations 
Murphy et al. (1984) suggested 2 causes for the secondary contact of S. nicholsi and S. townsendi and, thus, the 

initiation of this hybrid zone, namely 1) Quaternary glacial cycling or 2) anthropogenic disturbance. Both 

scenarios are better-informed by our work, but remain untested. We briefly discuss the merits and flaws with 

relation to our data and present potential steps necessary to distinguish between these alternatives moving 

forward. 1) The historic availability of habitable landmass in southern Puerto Rico has been in flux for millennia. 

Indeed, the rising and falling of sea levels during the late-Quaternary likely provided more habitable land mass 

for both S. nicholsi and S. townsendi (Heatwole and MacKenzie 1967). Until as recently as 6000 years ago, 

southern Puerto Rico was connected to both Caja de Muertos (≥ 8.7 km south of PR) and Vieques (≥ 10 km east 



of PR), 2 places in which S. townsendi is currently distributed. This suggests that S. townsendi had a much wider 

distribution previously and has been squeezed into its current distribution by Pleistocene glacial fluctuations, 

certainly due to elevation tolerance (Supplementary Figure 8) but perhaps also “trapped” against strong 

competition with S. nicholsi to the north and west (Figure 1b). Further, many hybrid zones have been dated to 

this time period, as glacial fluctuations caused range shifts across taxa and, thus, secondary contact between 

previously allopatric species (Durrett et al. 2000). 

Murphy et al. (1984) also suggested that 2) anthropogenic disturbance due to the sugar cane agricultural boom 

in the early 20th century provided S. townsendi with the means to invade previously inaccessible habitat. 

However, this hypothesis was heavily predicated on the anecdotal statements that S. nicholsi prefers, “interior 

xeric woodlands” and S. townsendi prefers, “more open habitats such as grassy fields, ruderal situations, and 

open coastal coconut palm (Cocos) groves.” We have since shown that vegetation type is not strongly associated 

with either species niche space (Supplementary Figure 8) and, thus, this line of reasoning is inadequate in this 

system. However likely each of Murphy et al.’s (1984) hypotheses are relative to one another, the data 

presented here are unable effectively tease them apart. Thus, this should be a goal of future work. 

Specifically teasing apart these scenarios would require range-wide, population genomic data. Moving forward, 

we believe that 2 lines of evidence, inference of the biogeographical history of these species (towards the 

present) and an estimate to the age of the hybrid zone (towards the past), will be needed to develop a complete 

picture of historical processes at work in this system. The main biogeographical questions in this system is, what 

are the spatiotemporal range dynamics of S. nicholsi and S. townsendi, and when did these species come into 

secondary contact? These questions can be answered by collecting S. nicholsi and S. townsendi from their entire 

current distributions. By examining the phylogenetic relatedness between populations and each population’s 

historical demography, a plausible biogeographic scenario could be constructed to ascertain the approximate 

time since these species came into secondary contact (Díaz-Lameiro et al. 2013; Reynolds et al. 2017; Pinto et al. 

2019). The second line of evidence would attempt to corroborate the proposed date of secondary contact and 

the specific age of the hybrid zone by using calculations of linkage disequilibrium to estimate how many 

generations have passed since the establishment of the hybrid zone (Schumer et al. 2014). In essence, if the 

estimates of secondary contact and the establishment of the hybrid zone coincide, the evidence would favor an 

“ancient” hybrid zone. However, if these estimates are disparate (i.e., the hybrid zone being much younger than 

the time since secondary contact), this would provide strong evidence of a recent, possibly anthropogenically 

mediated, hybrid zone. Thus, these contrasting scenarios provide a spectrum of biogeographical and population 

genetic predictions to test when sufficient range-wide, genomic data are available for this system. 

Behavioral and Morphological Considerations 
The occurrence of interspecific reproduction is mediated by a combination of morphological and behavioral 

factors (Barton and Hewitt 1985; Harrison 1993). When 2 species with homologous morphologies and courting 

behaviors meet, they are at higher risk for reproductive infidelity than species that are highly divergent at these 

traits. Sphaerodactylus geckos are ancestrally sexually dichromatic, and most species maintain these 

differentiations in male and female color and patterning (Grant 1931; Thomas and Schwartz 1966, and citations 

herein). However, dichromatism has been lost independently multiple times across the genus (Schwartz and 

Henderson 1991; Regalado 2015), as it was in the ancestor of S. nicholsi and S. townsendi (Figure 1a). The loss of 

distinct visual cues in mate recognition may have led to a divergence in courtship and mating strategies between 

sexually dichromatic species and their monomorphic cousins (Regalado 2012). The Lost Recognition Cue (LRC) 

model has proposed these divergences in monochromatic versus dichromatic behaviors (Regalado 2015). This 

model predicts that in the absence of sexual dichromaticism to visually distinguish potential conspecific mates, a 

behavioral “court–threaten” approach will be utilized when an animal encounters a sexually ambiguous 

conspecific until the sex of the counterpart becomes clear (Regalado 2003, 2012, 2015). Indeed, this model is 



conceptually similar to those of sexually dichromatic fishes that lose visual acuity due to water turbidity, thus, 

losing the ability to distinguish color differences between sexes of different species (Seehausen et al. 1997). 

Under this LRC model, we can extrapolate that sexually monochromatic species that share a common mate-

choice strategy may be more susceptible to reproductive infidelity, such as the case with S. nicholsi and S. 

townsendi. However, more promising work has begun to elucidate alternative mate-choice factors, such as 

chemosensing in reproductive isolation in geckos (Zozaya et al. 2019). Indeed, these findings are also consistent 

with a hypothesis of assortative mating in this system, which, without a behavioral or morphological barrier to 

reproduction, chemical signaling may play a role as well. Thus, further investigation into what factors influence 

prezygotic reproductive barriers in geckos may help uncover why hybridization is underreported in this group. 

Conclusions 
Overall, we conducted a 3-part study to characterize a putative hybrid zone between S. nicholsi and S. 

townsendi. First, we statistically demarcated these nominal taxa as valid species (Figure 1a). Second, we sampled 

a transect across the municipality of Juana Díaz, PR and identified the best-fit cline models. Third, we attempted 

to elucidate whether or not this hybrid zone was maintained by dispersal and selection or selection for 

hybridization at a zone of intermediate habitat and found that these animals overlap so extensively in their 

habitat. Indeed, we found that S. nicholsi and S. townsendi represent genetically distinct populations; this hybrid 

zone is geographically stable; no evidence intermediate habitat near the hybrid zone. 

These data provide important findings, both within geckos and across vertebrates more broadly. Indeed, most 

hybrid zone investigations have taken place within a few select vertebrate clades, while other groups have 

remained relatively untouched, such as geckos. Studying hybrid zones in a diversity of organisms is essential for 

understanding the processes that create and maintain biodiversity. However, as reports of hybridization are rare 

in gecko lizards compared to other groups, the prior knowledge of hybridization in this system provided 

by Murphy et al. (1984) gave us both a starting line for this investigation and important temporal snapshot of 

this system. This first example of a geographically stable hybrid zone in geckos provides a natural experiment for 

further investigation of the evolutionary patterns of postzygotic isolation in a “new” vertebrate clade. Future 

directions should focus on both the biogeographic and demographic history of these 2 species and their hybrid 

zone and identifying postzygotic isolating barriers present in this system. 

Funding 
This work was supported by Marquette University Laboratory Startup Funds to T.G.; B.J.P. was supported by 

NSF-DEB1657662 (to T.G.). Field work was supported by NSF-IOS1146820 (to D. Zarkower) and the Department 

of Biological Sciences at Sam Houston State University (J.D.D.). In addition to support awarded to UTA Graduate 

Student Senate Award for Travel (TAGGS) 2015 (to J.T.). 

Acknowledgments 
We thank S.V. Nielsen for photography. We also thank J.M. Bernstein and S.V. Nielsen for field assistance. In 

addition, we thank M.L. Haines for ideas and assistance with R code. We thank A. Díaz-Lameiro, J. Boone, 

Museum of Vertebrate Zoology (MVZ), M. Garcia, C. Rivera, and R. Thomas for additional samples used in 

phylogenetic analyses. Animals were collected in accordance with Institutional Animal Care and Use Committee 

(IACUC) protocol number AR-288 approved by the Office of Research Compliance at Marquette University with 

permission of the Puerto Rican Departamento de Recursos Naturales y Ambientales (DRNA; under permits 2014-

IC-042, 2013-IC-006, and 2016-IC-091). 



Author Contributions 
B.J.P. designed study, conducted fieldwork, performed laboratory work, analyzed the genetic data, and drafted 

the manuscript. J.T. conducted fieldwork, species distribution analyses, and wrote accompanying sections. J.D.D. 

conducted fieldwork, contributed to specimen identification, and provided feedback on early versions of the 

manuscript. T.G. assisted in design of study and provided feedback on early versions of the manuscript. All 

authors read and approved the final manuscript prior to submission. 

Data Availability 
Sequence data is available on GenBank, accession numbers and sample metadata are available in Supplemental 

Table 1. R code and data used for cline analyses and model testing is available on Figshare (Pinto BJ, 

doi:10.6084/m9.figshare.7571807.v1). 

References 
Arntzen JW, Trujillo T, Butôt R, Vrieling K, Schaap O, Gutiérrez-Rodríguez J, Martínez-Solano I. 2016. Concordant 

morphological and molecular clines in a contact zone of the common and spined toad (Bufo bufo and B. 

spinosus) in the northwest of France. Front Zool. 13:52. 

Barley AJ, Brown JM, Thomson RC. 2018. Impact of model violations on the inference of species boundaries 

under the multispecies coalescent. Syst Biol. 67:269–284. 

Barton N. 1979. Gene flow past a cline. Heredity. 43:333–339. 

Barton N, Gale K. 1993. Chapter 2: genetic analysis of hybrid zones. In: Harrison R, editor. Hybrid zones and the 

evolutionary process. Oxford University Press. Oxford, UK. 

Barton N, Hewitt G. 1985. Analysis of hybrid zones. Ann Rev Ecol Syst. 16:113–148. 

Bay R, Ruegg K. 2017. Genomic Island of divergence or opportunities for introgression. Proc R Soc Lond. 

284:2229–2243. 

Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu CH, Xie D, Suchard MA, Rambaut A, Drummond AJ. 2014. BEAST 

2: a software platform for Bayesian evolutionary analysis. PLoS Comput Biol. 10:e1003537. 

Brennan IG, Bauer AM, Jackman TR. 2016. Mitochondrial introgression via ancient hybridization, and systematics 

of the Australian endemic pygopodid gecko genus Delma. Mol Phylogenet Evol. 94:577–590. 

Buggs RJ. 2007. Empirical study of hybrid zone movement. Heredity (Edinb). 99:301–312. 

Butlin R, Debelle A, Kerth C, Snook RR, Beukeboom LW, Castillo Cajas RF, Diao W, Maan ME, Paolucci S, Weissing 

FJ, et al. 2012. What do we need to know about speciation? Trends Ecol Evol. 27:27–39. 

Colwell RK, Rangel TF. 2009. Hutchinson’s duality: the once and future niche. Proc Natl Acad Sci USA. 106 (Suppl 

2):19651–19658. 

Coyne J, Orr A. 1989. Two rules of speciation. In: Otte O, Endler JA, editors. Speciation and its consequences. 

Sunderland, MA: Sinauer Associates, Inc. 

Coyne J, Orr A. 2004. Speciation. Sunderland, MA: Sinauer Associates, Inc. 

De Queiroz K. 2007. Species concepts and species delimitation. Syst Biol. 56:879–886. 

Derryberry EP, Derryberry GE, Maley JM, Brumfield RT. 2014. HZAR: hybrid zone analysis using an R software 

package. Mol Ecol Resour. 14:652–663. 

Díaz-Lameiro AM, Oleksyk TK, Bird-Picó FJ, Martínez-Cruzado JC. 2013. Colonization of islands in the Mona 

Passage by endemic dwarf geckoes (genus Sphaerodactylus) reconstructed with mitochondrial 

phylogeny. Ecol Evol. 3:4488–4500. 

Durrett R, Buttel L, Harrison R. 2000. Spatial models for hybrid zones. Heredity (Edinb). 84 (Pt 1):9–19. 

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids 

Res. 32:1792–1797. 



Engebretsen KN, Barrow LN, Rittmeyer EN, Brown JM, Moriarty Lemmon E. 2016. Quantifying the 

spatiotemporal dynamics in a chorus frog (Pseudacris) hybrid zone over 30 years. Ecol Evol. 6:5013–

5031. 

Farr TG, Rosen PA, Caro E, Crippen R, Duren R, Hensley S, Kobrick M, Paller M, Rodriguez E, Roth L, et al. 2007. 

The shuttle radar topography mission. Rev Geophys. 45:RG2004. 

Fick S, Hijmans R. 2017. WorldClim 2: new 1‐km spatial resolution climate surfaces for global land areas. Int J 

Climatol. 37:4302–4315. 

Fielding A. 2002. What are the appropriate characteristics of an accuracy measure. In: Scott J. et al. ., editors. 

Predicting species occurrences: issues of accuracy and scale. Washington, DC: Island Press. 

Fleming M, Hoffer R. 1979. Machine processing of Landsat MSS data and DMA topographic data for forest cover 

type mapping. LARS Tech Rep. 80:377–390. 

Flouri T, Jiao X, Rannala B, Yang Z. 2018. Species tree inference with BPP using genomic sequences and the 

multispecies coalescent. Mol Biol Evol. 35 (10): 2585–2593. 

Fujita MK, Moritz C. 2009. Origin and evolution of parthenogenetic genomes in lizards: current state and future 

directions. Cytogenet Genome Res. 127:261–272. 

Gause G. 1934. The struggle for existence. Baltimore, MD: Williams & Wilkins Co. 

Gavrilets S, Cruzan MB. 1998. Neutral gene flow across single locus clines. Evolution. 52:1277–1284. 

Gerchen JF, Dufresnes C, Stöck M. 2018. Introgression across hybrid zones is not mediated by large x-effects in 

green toads with undifferentiated sex chromosomes. Am Nat. 192:E178–E188. 

Grant C. 1931. The sphaerodactyls of Porto Rico, Culebra and Mona Islands. J Dept Agric Puerto Rico. 15:199–

213. 

Grant C. 1932a. A new sphaerodactyl from Porto Rico. J Dept Agric Puerto Rico. 16:31. 

Grant C. 1932b. Chart for determining the sphaerodactyls of the Porto Rico region. J Dept Agric Puerto Rico. 16: 

33–36. 

Grismer LL, Wood PL Jr, Onn CK, Anuar S, Muin MA. 2014. Cyrts in the city: a new Bent-toed Gecko (Genus 

Cyrtodactylus) is the only endemic species of vertebrate from Batu Caves, Selangor, Peninsular Malaysia. 

Zootaxa. 3774:381–394. 

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010. New algorithms and methods to 

estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol. 59:307–

321. 

Harrison R. 1993. Chapter 1: Hybrids and hybrid zones. In: Hybrid zones and the evolutionary process. Ed. 

Harrison R. Oxford University Press. 

Hass C. 1991. Evolution and biogeography of West Indian Sphaerodactylus (Sauria: Gekkonidae): a molecular 

approach. J Zool. 225:525–561. 

Heatwole H. 1968. Herpetogeography of Puerto Rico. V. Description of a new species of Sphaerodactylus from 

Desecheo Island. Breviora. 292:1. 

Heatwole H, MacKenzie F. 1967. Herpetogeography of Puerto Rico. IV. paleogeography, faunal similarity and 

endemism. Evolution. 21:429–438. 

Hewitt GM. 1988. Hybrid zones-natural laboratories for evolutionary studies. Trends Ecol Evol. 3:158–167. 

Hijmans R, van Etten J. 2012. raster: geographic analysis and modeling with raster data. R package version 2.0–

12. Available from: http://CRAN.R-project.org/package=raster 

Horn B. 1981. Hill shading and the reflectance map. Proc IEEE. 69:14–47. 

Jančúchová-Lásková J, Landová E, Frynta D. 2015. Are genetically distinct lizard species able to hybridize? A 

review. Curr Zool. 61:155–180. 

Jones G. 2017. Algorithmic improvements to species delimitation and phylogeny estimation under the 

multispecies coalescent. J Math Biol. 74:447–467. 



Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C, et 

al.  2012. Geneious basic: an integrated and extendable desktop software platform for the organization 

and analysis of sequence data. Bioinformatics. 28:1647–1649. 

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger 

datasets. Mol Biol Evol. 33:1870–1874. 

Lanfear R, Calcott B, Ho SY, Guindon S. 2012. Partitionfinder: combined selection of partitioning schemes and 

substitution models for phylogenetic analyses. Mol Biol Evol. 29:1695–1701. 

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. 2017. PartitionFinder 2: new methods for selecting 

partitioned models of evolution for molecular and morphological phylogenetic analyses. Mol Biol Evol. 

34:772–773. 

Leaché A, Fujita M. 2010. Bayesian species delimitation in West African forest geckos (Hemidactylus fasciatus). 

Proc R Soc Lond. 277:307–7. 

Leaché AD, Grummer JA, Harris RB, Breckheimer IK. 2017. Evidence for concerted movement of nuclear and 

mitochondrial clines in a lizard hybrid zone. Mol Ecol. 26:2306–2316. 

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. 

Bioinformatics. 25:1451–1452. 

Lima TG. 2014. Higher levels of sex chromosome heteromorphism are associated with markedly stronger 

reproductive isolation. Nat Commun. 5:4743. 

Mack K, Nachman M. Forthcoming 2017. Gene regulation and speciation. Trends Genet. 33 (1): 68–80. 

Mallet J. 2005. Hybridization as an invasion of the genome. Trends Ecol Evol. 20:229–237. 

Miller M, Pfeiffer W, Schwartz T. 2010. “Creating the CIPRES Science Gateway for inference of large phylogenetic 

trees”. In: Proceedings of the Gateway Computing Environments Workshop (GCE); 2010 Nov 14; New 

Orleans (LA). p. 1–8. 

Moore W. 1977. An evaluation of narrow hybrid zones in vertebrates. Q Rev Biol. 52:263–277. 

Murphy R, McCollum F, Gorman G, Thomas R. 1984. Genetics of hybridizing populations of Puerto Rican 

Sphaerodactylus. J Herpetol. 18:93–105. 

Ogilvie HA, Bouckaert RR, Drummond AJ. 2017. StarBEAST2 brings faster species tree inference and accurate 

estimates of substitution rates. Mol Biol Evol. 34:2101–2114. 

Pepper M, Doughty P, Hutchinson MN, Scott Keogh J. 2011. Ancient drainages divide cryptic species in 

Australia’s arid zone: morphological and multi-gene evidence for four new species of Beaked Geckos 

(Rhynchoedura). Mol Phylogenet Evol. 61:810–822. 

Phillips S, Anderson R, Dudík M, Schapire R, Blair M. 2017. Opening the black box: an open‐source release of 

Maxent. Ecography. 40:887–893. 

Phillips S, Anderson R, Schapire R. 2006. Maximum entropy modeling of species geographic distributions. Ecol 

Model. 190:231–259. 

Phillips S, Dudík M. 2008. Modeling of species distributions with Maxent: new extensions and a comprehensive 

evaluation. Ecography. 31:161–175. 

Pinto BJ, Colli GR, Higham TE, Russell AP, Scantlebury DP, Vitt LJ, Gamble T. 2019. Population genetic structure 

and species delimitation of a widespread, Neotropical dwarf gecko. Mol Phylogenet Evol. 133:54–66. 

Pregill G. 1981. Late Pleistocene herpetofaunas from Puerto Rico. Misc publ Univ Kans Mus Nat Hist – 71. 

Lawrence, KS 

Pulliam H. 2000. On the relationship between niche and distribution. Ecol Lett. 3:349–361. 

QGIS Development Team. 2009. QGIS Geographic Information System. Open Source Geospactial Foundation 

Project. Available from: URL http://qgis.osgeo.org 

Qiao H, Peterson A, Campbell L, Soberón J, Ji L, Escobar L. 2016. NicheA: creating virtual species and ecological 

niches in multivariate environmental scenarios. Ecography. 39:805–813. 



Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 2018. Posterior summarization in Bayesian 

phylogenetics using tracer 1.7. Syst Biol. 67:901–904. 

Ravinet M, Faria R, Butlin RK, Galindo J, Bierne N, Rafajlović M, Noor MAF, Mehlig B, Westram AM. 2017. 

Interpreting the genomic landscape of speciation: a road map for finding barriers to gene flow. J Evol 

Biol. 30:1450–1477. 

R Core Team. 2016. R: a language and environment for statistical computing. Vienna (Austria): R Foundation for 

Statistical Computing. 

Regalado R. 2003. Social behavior and sex recognition in the Puerto Rican dwarf gecko Sphaerodactylus nicholsi. 

Caribb J Sci. 39:77–93. 

Regalado R. 2012. Social behavior of dwarf geckos (Sphaerodactylus): a comparative repertoire. Ethol Ecol Evol. 

24:344–366. 

Regalado R. 2015. Does dichromatism variation affect sex recognition in dwarf geckos? Ethol Ecol Evol. 27:56–

73. 

Reynolds R, Strickland T, Kolbe J, Falk B, Perry G, Revell L, Losos J. 2017. Archipelagic genetics in a widespread 

Caribbean anole. J Biogeogr. 44:2631–2647. 

Ritter P. 1987. A vector-based slope and aspect generation algorithm. Photogramm Eng Remote Sensing. 

53:1109–1111. 

Rivero J. 2006. Guia para la identificacion de lagartos y culebras de Puerto Rico. La Editorial Universidad de 

Puerto Rico. p. 42–62. 

Rohwer S, Bermingham E, Wood C. 2001. Plumage and mitochondrial DNA haplotype variation across a moving 

hybrid zone. Evolution. 55:405–422. 

Schumer M, Cui R, Powell D, Dresner R, Rosenthal G, Andolfatto P. 2014. High-resolution mapping reveals 

hundreds of genetic incompatibilities in hybridizing fish species. eLife. 3:e02535. 

Schwartz A, Henderson R. 1991. Amphibians and reptiles of the West Indies. Gainesville: University of Florida 

Press. 

Seehausen O, van Alphen J, Witte F. 1997. Cichlid fish diversity threatened by eutrophication that curbs sexual 

selection. Science. 277:1808–1811. 

Sexton J, Song X, Feng M, Noojipady P, Anand A, Huang C, Kim D, Collins KM, Channan S, DiMiceli C, et al.  2013. 

Global, 30-m resolution continuous fields of tree cover: landsat-based rescaling of MODIS vegetation 

continuous fields with lidar-based estimates of error. Int J Digit Earth. 6:427–448. 

Singhal S, Hoskin CJ, Couper P, Potter S, Moritz C. 2018. A framework for resolving cryptic species: a case study 

from the lizards of the Australian wet tropics. Syst Biol. 67:1061–1075. 

Singhal S, Moritz C. 2013. Reproductive isolation between phylogeographic lineages scales with divergence. Proc 

Biol Sci. 280:20132246. 

Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. 

Bioinformatics. 30:1312–1313. 

Stephens M, Smith NJ, Donnelly P. 2001. A new statistical method for haplotype reconstruction from population 

data. Am J Hum Genet. 68:978–989. 

Stigall A. 2014. When and how do species achieve niche stability over long time scales? Ecography. 37:1123–

1132. 

Swofford D. 2002. PAUP*: phylogenetic analysis using parsimony (and other methods). Sunderland (MA): 

Sinauer Associates, Inc. 

Tejangkura T. 2012. Hybrid zone genetics and within-island diversity of the gecko Tarentola boettgeri. Liverpool 

John Moores University. Unpublished Thesis. ISNI: 0000 0004 2735 9689 

Thomas R, Schwartz A. 1966. Sphaerodactylus (Gekkonidae) in the greater Puerto Rico region. Bull Florida St 

Mus. 10:193–260. 



Toda M, Okada S, Hikida T, Ota H. 2006. Extensive natural hybridization between two geckos, Gekko tawaensis 

and Gekko japonicus (Reptilia: Squamata), throughout their broad sympatric area. Biochem Genet. 44:1–

17. 

Toda M, Okada S, Ota H, Hikida T. 2001. Biochemical assessment of evolution and taxonomy of the 

morphologically poorly diverged geckos, Gekko Yakuensis and G. Hokouensis (Reptilia: Squamata) in 

Japan, with special reference to their occasional hybridization. Biol J Linn Soc. 73:153–165. 

Uetz P. (editor). 2018. The reptile database. Available from: URL http://www.reptile-database.org. Accessed 

February, 2019. 

van Riemsdijk I, Butlin R, Wielstra B, Arntzen J. Forthcoming 2019. Testing a hypothesis of hybrid zone 

movement for toads in France. Mol Ecol. In press. doi:10.1111/mec.15005 

 Veloz S. 2009. Spatially autocorrelated sampling falsely inflates measures of accuracy for presence‐only niche 

models. J Biogeograph. 36:2290–2299. 

Vijay N, Bossu CM, Poelstra JW, Weissensteiner MH, Suh A, Kryukov AP, Wolf JB. 2016. Evolution of 

heterogeneous genome differentiation across multiple contact zones in a crow species complex. Nat 

Commun. 7:13195. 

Werner Y, Sivan N. 1996. Systematics and zoogeography of Ptyodactylus (Reptilia: Sauria: Gekkonidae) in the 

levant: 3, experimental and natural hybrids of P. guttatus and P. puiseuxi. Isr J Zool. 42:185–202. 

Zozaya S, Higgie M, Moritz C, Hoksin C. 2019. Are pheromones key to unlocking cryptic lizard diversity? Am Nat. 

In press. 

  


	Persistence of a Geographically-Stable Hybrid Zone in Puerto Rican Dwarf Geckos
	Recommended Citation

	tmp.1597773848.pdf.v9syI

