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ABSTRACT 

 

 

 Globalization has led to the unintended introduction of non-native species to novel 

environments. The urban landscape presents new challenges and opportunities for introduced 

species, but there is a lack of understanding about how these species interact with the urban 

environment and the timing in which those impacts may begin to manifest in genetic patterns. 

Our study investigated the landscape genetics of three well-established introduced reptile species 

on Oahu, HI; Anolis sagrei, Hemidactylus frenatus, and Phelsuma laticauda, with the goal of 

understanding the application of landscape genetics methods at small spatial and temporal scales 

and identifying what features of the urban landscape impact urban introduced species on Oahu. 

We collected approximately 100 individuals of each species, sampled primarily from a 10 x10 

km area in urban Honolulu, and across the larger island. Using reduced representation 

sequencing and landscape genetic tools, we identified roads as barriers to gene flow for two of 

the three species, and urban land use and very dry to seasonally mesic climates as conducive to 

gene flow in both A. sagrei and P. laticauda. All three species had low genetic differentiation 

across the island, and limited evidence of isolation by distance in Honolulu, which accords with 

the fact that they are recent introductions. Genetic patterns and relationships were not the same 

across the three species, nor between Honolulu and Oahu. Our data shows weak support for 

human mediated jump dispersal at an island-wide scale, and diffusive dispersal at a city-wide 

scale, but we suspect these patterns are obscured by the lack of time since introduction. The 

analysis provides insights into the genetics of urban introduced species on Oahu, how they 

interact with their urban environment, and into the timescales with which landscape genetic 

patterns emerge across an urban landscape.  
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INTRODUCTION 

 

 Globalization is a permeating force in our society. While leading to positive progress in 

social, scientific, and economic developments, globalization brings along with it many 

unintended consequences. One such consequence is the introduction of non-native and 

sometimes invasive species to new landscapes. Urban landscapes, such as cities, present a new 

set of challenges for species, with new predators, threats, climates, structural elements, and food 

sources. Species living in urban environments must adapt or acclimate to these novel habitats, 

which influence how a species interacts with the environment and the ultimate success of the 

organism. As a result, those that are able to establish populations in novel urban environments 

are worth understanding at a deeper level. Urban evolutionary biology is a field that focuses on 

this, and on determining the impact of urban environments on genetic patterns and variation in 

species residing in or near urban environments (Garroway & Schmidt 2020, Johnson & Munshi-

South 2017). Urban environments have been shown to impact both adaptive and non-adaptive 

evolutionary processes in a variety of species in different ways (McDonnell & Hahs 2015, Miles 

et al. 2019, Garroway & Schmidt 2020).  

 Generally, urban environments appear to negatively impact effective population size, 

gene flow and connectivity in native species, leading to population declines and leading to 

conservation concern (Schmidt et al. 2020). Conversely, recent studies have shown that urban 

environments, while still leading to decreased effective population size, can often increase gene 

flow and population growth for introduced and invasive species (Facon et al. 2006, Johnson & 

Munshi-South 2017, McDonnell & Hahs 2015). Additionally,  Miles et al. (2019) showed that 

while the majority of studies identified a negative relationship between urbanization, genetic 

diversity, and gene flow, around 1/3 of studies identified a positive or neutral impact of 

urbanization. These results emphasize the lack of clear patterns in the impacts of urbanization 

across cities, molecular techniques, and species (Miles et al. 2019).   

 Often defined as the combination of population genetics, landscape ecology and spatial 

statistics, landscape genetics sets out to understand how specific landscape elements influence 

evolutionary processes (Manel et al. 2003, Storfer et al. 2007). With the influx of research on 

urban evolution, the field of landscape genetics, as a framework to study evolution in these areas, 

has become popular. In the past 15 years, the field has grown significantly, but despite this, 
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researchers have not been able to elucidate a common trend in the relationships between urban 

landscape features and evolutionary processes. Recent work in the field has focused on 

interactions between native and introduced species within urban environments, and often lacks 

comparative elements, giving only insight into singular species or populations in one city or 

location. Finally, the vast majority of urban landscape genetic studies are focused on temperate 

climates and within small mammals, highlighting the need for further studies outside of these 

limited areas and lineages.  

 In addition to the uncertainty about the impacts of urbanization on genetic processes, the 

timing and scale of demographic and dispersal events can have a significant impact on the 

population makeup and the conclusions drawn from landscape genetics studies (Epps & 

Keyghobadi 2015, McGeoch et al. 2010, Hulme 2009). As a field, landscape genetics is only 

beginning to take the temporal variation associated with study species and landscapes into 

account in study design and findings. Many species’ introductions have occurred in the last 25-

50 years, and there is strong focus on introduced species in the field, yet little is known about the 

consistency and applicability of landscape genetics methods to introductions on these short 

timescales and at differing spatial scales. Wishingrad & Thomson (2023) assessed how spatial 

scale impacted which variables were identified in a landscape genetics analysis, concluding that 

while there is concordance across some spatial scales, ensuring the chosen scale is appropriate 

for the study species is critical for producing accurate landscape genetics analysis. Rellstab et al. 

(2015) made a similar conclusion, in addition to warning about potential time lags between the 

process causing genetic patterns and the change in the patterns themselves. Another review in the 

field called for further consideration of spatiotemporal relationships in landscape genetics 

methodology (Fenderson, Kovach & Llamas 2020).  

 Aiming to address temporal concerns in landscape genetics, Landguth et al. (2010) used 

simulations to assess the impacts of time lags, concluding that new landscape barrier features 

become detectable with individual-based landscape genetics methods almost immediately. 

However, the simulations also indicated a strong relationship between dispersal ability and time 

lags, with past landscape conditions impacting species that have very low dispersal ability for up 

to a few hundred generations, and for those with higher dispersal ability only about a dozen 

generations. Further, a review by Epps and Keyghobadi (2015), suggests that shorter time lags 

are expected in populations with short generation times, high dispersal rates, high connectivity, 
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fast population growth and low effective population size, among other factors. However, few 

studies address these issues in non-simulated contexts, and there is a clear need for insights on 

the application of landscape genetics methods at both smaller time and spatial scales, as well as 

in introduced species and urban environments. 

 Hawai‘i, specifically the island of Oahu, is a unique study site that is well suited to 

address some of these questions. It both lacks native non-avian terrestrial reptile species, while 

hosting several that are introduced and well established (McKeown, 1996). The majority of these 

species have populations across urban and natural spaces in Oahu and on other islands (Pejchar, 

L. et al. 2020) despite being native to forested environments elsewhere in the Pacific. Thus far, 

there has been limited work targeted at understanding how each of these species interact with the 

urban landscape.   

 Urban exploiter is a common term used to describe species that thrive in and around 

urban environments, and the three species in this study, Anolis sagrei, Hemidactylus frenatus and 

Phelsuma laticauda are prime examples of that (Winchell et al. 2020). Recent research has 

shown that many introduced and invasive species display a jump mechanism of dispersal across 

urban landscapes, where humans are the primary mechanism of movement (Short & Petren 

2011a, Suarez et al. 2000,  Everman & Klawinski 2013, Rödder 2009). This mechanism is 

described by a short invasion timeline and closely related populations across distances larger 

than an individual could disperse naturally. Jump dispersal mechanisms have been observed in A. 

sagrei, and close relatives of both H. frenatus and P. laticauda (Barnett et al. 2016, Locey & 

Stone 2005, Troy et al. 2009, Campbell 1996, Campbell 2003). This dispersal mechanism creates 

clear genetic patterns over time. In an introduced frog on Hawai‘i Island, jump dispersal led to a 

lack of isolation by distance, high migration rates between sampling locations, high inbreeding, 

and low genetic differentiation between populations, indicating the high gene flow across long 

physical distances. This study also observed a pattern of high genetic differentiation within 

sampling populations, illustrating that natural dispersal that leads to diffusion through the 

landscape was low (Everman & Klawinski 2013). 

 Another common dispersal mechanism, diffusion dispersal or individual dispersal via 

suitable habitat, is marked by a longer time span of invasion, less closely related populations 

across a landscape, and a pattern of genetic isolation by distance overall (Wilson et al. 2009). 

Sanchez & Jean-Michel (2014) found that P. grandis was likely dispersing via human mediated 
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jump dispersal at a large scale (across the island of study), but diffusive dispersal on a small 

scale (within neighborhoods). Further, many studies across introduced and invasive species 

observe a similar pattern of jump dispersal via humans at a large scale, and diffusive dispersal at 

smaller scales, termed stratified diffusion (Short & Petren 2011a, Suarez et al. 2000,  Everman & 

Klawinski 2013, Hengeveld 1989, Hedeen et al. 1999). Additional research in Hemidactylus 

mabouia mirrored these findings, where the species exhibited a stratified diffusion pattern with 

jump dispersal aided by humans as the primary long-distance mechanism, and diffusion dispersal 

at smaller spatial scales. This left a lack of genetic structure across the state, but a pattern of 

genetic structure and population differentiation at small scales (Short & Petren 2011a). However, 

these patterns have not been studied in A. sagrei, H. frenatus or P. laticauda in Hawai‘i, nor has 

it been tested if these patterns are detectable using landscape genetics at smaller temporal scales.

 My thesis research aims to address some of these knowledge gaps. The first objective of 

my research is to explore if we can apply landscape genetics methods at relatively small spatial 

and temporal scales to elucidate patterns of gene flow within the three most common introduced 

lizards on Oahu, Anolis sagrei (Brown Anole), Phelsuma laticauda (Gold Dust Day Gecko) and 

Hemidactylus frenatus (Common House Gecko). The second objective of my research is to 

understand the population genetics of the study species and identify how features of the urban 

landscape impact gene flow patterns. With urban spaces expanding and species introductions 

rising, it is of value to understand how introduced species live within and move through urban 

environments. It is also crucial to understand how time since initial introduction impacts genetic 

patterns, and the ability of landscape genetics methods to elucidate these patterns. 

Specifically, my thesis aims to answer the following questions: 

• Can landscape genetics methods elucidate patterns in recently introduced species, at both 

small spatial scales and short timeframes?  

• What factors of the urban landscape impact gene flow patterns, population dynamics and 

genetic diversity of introduced reptile species?  

• Does connectivity arise primarily via anthropogenic factors, or by dispersal through 

suitable urban habitat? How does this vary across spatial scales and study species?  

 Based on work in other introduced species, a stratified diffusion scenario is most likely 

operating for the species under study here (Short & Petren 2011a, Suarez et al. 2000,  Everman 

& Klawinski 2013, Hengeveld 1989, Hedeen et al. 1999). In this scenario, across Oahu the 
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expectation is to observe that gene flow is primarily driven by human-mediated jump dispersal, 

while within Honolulu, it is primarily driven by dispersal across suitable habitat. With this 

scenario, at a large scale, the expectation is to see no evidence of isolation by distance, and low 

genetic differentiation between sampling locations. Within Honolulu, the expectation is to see 

low inbreeding, potentially evidence of isolation by distance and low genetic structure, reflecting 

the genetic homogeneity due to the efficient, but gradual spread of individuals across the urban 

landscape. Together, this would reflect the high gene flow as a result of human-mediated 

transport at a large scale as well as the gene flow due to continuous gradual movements across 

the landscape, via individual dispersal (Everman & Klawinski 2013, Short & Petren 2011a, Short 

& Petren 2011b). With this scenario, the expectation is to see gene flow aided by roads, 

freeways, and urban features at a large scale, but at a small scale, see the opposite pattern, where 

gene flow is primarily aided by parks, greenspaces, and residential areas within urban 

environments and impeded by roads and other features that prevent dispersal. However, these 

predictions are based on research in an environment with ample time for genetic patterns to 

emerge across the landscape. Given the recent timing of the introductions here, these patterns 

may not all be entirely clear or fully present on Oahu.  

 

METHODS 

Study Species  

Anolis sagrei (Brown Anole) is a common introduced and invasive species globally. 

Originating in Cuba and the Bahamas, it has become established in Jamaica, Florida, Central 

America, Mexico, the Caymans, and Belize. It was first introduced to Hawai‘i in the 1980’s, and 

is now distributed across Oahu, Kauai, Maui, and the Big Island. Usually found in open habitats, 

gardens, and grasslands, this species is primarily terrestrial and often observed near human 

residences. They are diurnal and insectivorous and range from 30 - 70 mm SVL. (Mckeown 

1996, Zug 2013). 

Hemidactylus frenatus, the House Gecko, is another species which has become 

widespread across the Pacific. Native to Southeast Asia, the species is now found across tropical 

and sub-tropical areas globally and is present on all the Hawaiian Islands after being introduced 

in the 1950’s. A well-known human commensal, this nocturnal species is most often observed on 
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human-built structures and small shrubbery, and ranges in size from 42 – 60 mm. (Mckeown 

1996, Zug 2013).  

Phelsuma laticauda (Gold Dust Day Gecko) is a diurnal and primarily arboreal gecko. 

This species is native to Madagascar and the Comoros, as well as several small islands in the 

Indian Ocean, but is now well established on Oahu since the 1970’s, and later spread to Maui 

and the Big Island. P. laticauda can also be found in Moorea and French Polynesia. They range 

in size from 40 – 60 mm SVL, and are primarily insectivorous (Mckeown 1996, Zug 2013). All 

three species reach sexual maturity after approximately 1 year (Mckeown 1996, Wright et al. 

2013, Hoskin 2011, Savage 2002).  

 Little is known specifically about the dispersal mechanisms and standard range sizes of 

the study species. Anolis sagrei has been found to have high site fidelity, as found in Calsbeek 

(2009), where the majority of individuals were found within 3m of their original capture site 6 

months later, and the average movement of all individuals was less than 2.5m, suggesting small 

home ranges. Males have also been found to have larger ranges of 10-14m2, with a range of 3m2 

for females (Kamath & Losos 2018). Juveniles in a mark-recapture study dispersed on average 

between 16-10m for males and about 5m for females (Calsbeek et al. 2014). Additionally, 

juveniles have been observed to select habitats with lower adult male density, with increased 

adult males’ presence resulting in reduced juvenile survival in natural microcosm experiments, 

suggesting a potential role of movement away from adult males in dispersal (Delaney & Warner 

2017a, Delaney & Warner 2017b).   

No formal studies have been conducted on home range and dispersal patterns of P. 

laticauda, but anecdotal evidence from the Wright lab at the University of Hawai‘i shows home 

ranges similar to Anolis sagrei in P. laticauda. Additionally, the Koch’s giant day gecko, P. 

madagascariensis kochi, a closely related species, has been known to exhibit site fidelity, despite 

recorded home ranges of between 191 – 516 m2 in males and 42-147 m2 in females (Ikeuchi et 

al. 2005).  

Hemidactylus frenatus have limited home ranges and movement, with capture and 

recapture data showing mean movement distances of 5.4m, with 82% of those studied found 

within 6m of their initial capture site during a 2-year survey (Rose & Barbour 1968). Another 

study found a maximum distance between successive captures to be 14.3m, with an average of 

2.7m for males and 3.9m for females on a residential structure. Similar to A. sagrei, movement 
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was found to increase with size for males (Marcellini 1971). In study of juvenile dispersal within 

a closely related, commonly introduced species, Hemidactylus turcicus, Paulissen et al. (2013) 

found a mean juvenile dispersal distance of 22 meters, along with a significant negative 

association with adults, suggesting dispersal movement away from contact with adults.  

 All three of these species can be considered human commensals. They are primarily 

observed living on or near human habitats and residential areas. They all also share dietary 

habits, all reproduce sexually, and are known to display territorial tendencies (Mckeown 1996, 

Zug 2013). Additionally, P. laticauda, H. frenatus and a closely related species to A. sagrei, 

Anolis carolinensis have all been documented foraging on human structures, such as porch 

lights, together (Perry et al. 2008). Research from Taylor et al. (2022) has also demonstrated that 

repeated exposure to artificial lights at night can lead to more nocturnal behavior and activity in 

A. carolinensis, which has potential implications for A. sagrei. Altogether, the similarities of the 

three species as well as the ubiquity in urban areas makes these three species well suited for 

study questions related to urban living. 

 

Fieldwork and Data Collection 

Field collection of all three study species was performed on the island of Oahu, Hawai‘i, 

USA, from August 2021 to September 2022. We created a uniform sampling grid that covered an 

18 x 7 km section of central Honolulu, representing the majority of urban areas. To ensure 

evenly distributed sampling across the study area, the grid was split into fifty approximately 2.5 

sq km blocks. Two samples were collected within each square, which is comparable to recent 

studies in the field (Munshi-South & Richardson 2020). While the sampling extent was created 

to focus on the main study area of Honolulu, I performed additional sampling in the towns of 

Kailua, Kāneʻohe, and North Shore on Oahu (Figure 1).  

All individuals were collected in Honolulu County by hand or by using a lizard lasso. For 

each individual, we recorded Global Positioning System (GPS) coordinates with a Garmin eTrex 

10 GPS at the capture site. Upon capture, each sample was measured and designated a unique 

sample number. For Anolis sagrei, only individuals above a snout-vent length (SVL) of 34 mm 

were kept. For Phelsuma laticauda, only individuals above an SVL above 40mm were kept, and 

for Hemidactylus frenatus, only individuals above 42mm were kept. These are the minimum 

lengths at which individuals of each species are sexually reproductive. For each individual, we 
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followed the standard euthanasia protocol of Conroy et al. (2009), using a lethal dose of tricaine 

methanesulfonate injected directly into the heart, after which data on SVL, weight, sex, and 

species were recorded. After euthanasia, we tagged each individual with an individual specimen 

tag, preserved liver samples in 95% ethanol, and prepared the lizards as vouchers following the 

protocol of Simmons, 2015. In total, we collected 121 A. sagrei individuals, 125 H. frenatus 

individuals, and 124 P. laticauda individuals.  

 

ddRAD Library Preparation and Genomic Sequencing  

We extracted DNA using the Qiagen DNeasy Blood & Tissue kit and assessed DNA 

concentration of each sample using the Qubit fluorometer 2.0 and Qubit dsDNA Broad Range 

assay kit. All samples were sequenced using ddRAD-Seq using the protocol described by 

Peterson et al. (2012) as modified by Barley et al. (2019). ddRAD-Seq allows for fewer loci to be 

targeted overall which allows for more individuals to be included per sequencing lane, increasing 

efficiency of the overall protocol relative to typical RAD-seq approaches (Peterson et al. 2012, 

Barley et al. 2019). 

To prepare each sample for sequencing, we digested 0.5 ug of each DNA sample with 

restriction enzymes Sbfl and Nlall for 4 hours. Next, we ligated Illumina adapters onto fragment 

ends and incubated at 23°C for 30 min, followed by heat-inactivation at 65°C for 10 min, then 

cooled at a rate of 2°C per 90 seconds to 23°C. After ligation, we pooled samples by barcode, 

and performed an AMPure XP bead clean of ligation products before performing size selection 

using a Pippin prep to select for fragments between 400 and 550 bp. We then used the Qubit 

fluorometer to confirm DNA concentration of the size-selected samples and performed 2 

polymerase chain reactions (PCR) per each elution with standard PCR primers. We performed a 

final AMPure bead clean on the pooled PCR products and quantified final library concentration 

using a Qubit fluorometer. Samples were packaged on ice and sent to Oklahoma Medical 

Research Foundation for final library quantification and quality check before sequencing on 

Illumina 4000 NovaSeq lanes for 400m-1599m reads.   

 

Bioinformatics & STACKS Protocol 

We inspected Illumina reads using FastQC (Andrews 2010) and performed sequence 

processing and demultiplexed using STACKS version 2.62 (Catchen et al. 2011, Catchen et al. 
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2013). Within STACKS, we cleaned, and quality filtered the raw reads and truncated all reads to 

94 bp. For H. frenatus and P. laticauda, we used a de-novo approach in STACKS for the 

analysis as no reference genome was available. For A. sagrei, we used a reference-based 

approach with the genome published by Geneva et al. (2022). Using populations, we filtered the 

remaining data to retain only SNPS found in between 85-90% of individuals and to only analyze 

the first SNP per locus. All other steps in the pipeline were run under default parameters except 

those identified for populations. Loci that deviated from HWE were identified but not removed, 

as this can lead to false increased genetic structure in populations or falsely decreased genetic 

structure depending on the filtering method, as shown in Pearman et al. (2022).  

 

Population Genetics 

 We generated population genetic summary statistics for each species and each sampling 

site. We first calculated basic statistics, including allele frequencies, counts, private alleles, 

heterozygosity, and gene diversities per locus using the R package heirfstat (Goudet 2005). We 

then used R package genepop (Rousset 2008) to calculate Hardy Weinberg proportions of the 

dataset. We calculated observed heterozygosity, gene diversity, subpopulation gene diversity, 

and inbreeding metrics using R packages genepop and heirfstat. We also calculated FST and FIS, 

measures of genetic differentiation and gene diversities, between each sampling location for each 

species using genepop and pairwise genetic differences using R package ape (Paradis, Claude, 

and Strimmer 2004). Finally, we checked for isolation by distance using a mantel test in the R 

package vegan (Dixon 2003). To determine any existing population sub-groups or structure 

within samples, we performed a STRUCTURE analysis and DAPC analysis using STRUCTURE 

(Pritchard, Stephens & Donnelly 2000) and adegenet (Jombart 2008), respectively. 

 

Urban and Environmental Layers  

 After obtaining a geographic map of the sampling area, this area and relevant 

environmental factors were digitized and mapped together. Layers were gathered primarily from 

the State of Hawai‘i and Honolulu County GIS Databases. Using QGIS, we converted each layer 

to a raster file with a cell size of approximately 0.07 sq miles. This size was chosen to be larger 

than the high end of home ranges for any of the study species, small enough to capture fine scale 

landscape variation, and large enough to allow for efficient computation.  
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 We used a principal component analyses (PCAs) to reduce the collinearity and total 

number of variables included in the model. For the Honolulu analysis, we ultimately retained 6 

PC’s representing around 80% of the cumulative data variance. PC 1 – 6 were used in the 

Honolulu analysis. For the Oahu analysis, again PCAs were used to reduce the total number of 

variables in the model. Three PCs were retained representing 80% of the total variance.  

 

Landscape Genetics Analysis  

Raw sequence data was processed into a SNP dataset using the STACKS workflow. To 

assess gene flow and genetic patterns, genetic distances between individuals were calculated 

based on SNP data. We used the R package adegenet to calculate Nei’s genetic distance between 

individuals. We measured correlations between urban and environmental layers and genetic 

distance using the resulting genetic distance matrix and R package ResistanceGA (Peterman 

2018). This package uses model selection to optimize resistance surfaces based on genetic data 

and effective distances ultimately provide an optimized, composite resistance surface without a 

priori assumptions. For this analysis, we calculated pairwise cost distances for all individuals to 

produced optimized  resistance surfaces based on single surface and multiple surface 

combinations. Only the variables with the strongest correlation in the single surface analysis 

were retained for the multi-surface optimization due to computational limits.  

 We also used the R package radish (https://github.com/nspope/radish), to further assess 

the strength of relationships between variables and genetic distance. This program uses 

maximum likelihood estimation to calculate the gradient and Hessian matrix and influence 

measures for a given parameterized conductance surface.  

 

Circuitscape 

We used the optimized resistance surfaces from ResistanceGA and Circuitscape v5.12.3 

(Shah & McRae 2008) in Julia v1.8.5 (Bezanson, Karpinski & Shah 2012) to create heatmaps 

showing areas of high and low gene flow. Circuitscape is a software implemented in Python and 

Julia that models landscape connectivity using circuit theory.  

 

 

https://github.com/nspope/radish
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RESULTS 

Marker Development 

After genetic filtering and data processing, we retained 17,328 SNPS and 121 individuals 

for P. laticauda, 7,972 SNPS from 114  H. frenatus samples, and 7,338 SNPS from 114 A. sagrei 

individuals. This dataset was used for analysis of the island of Oahu. We generated smaller 

datasets representing only individuals collected in the Honolulu sampling area to be used for 

initial landscape genetics analysis. For this dataset, we retained 16,116 SNPs from 91 individuals 

for P. laticauda, 9,498 SNPS from 80 H. frenatus, and 7,986 SNPs from 90 A. sagrei 

individuals. 

 

Population Genetics  

Within Honolulu, observed heterozygosity (HO) ranged from 0.1566 to 0.2339, with P. 

laticauda having the highest HO. Observed gene diversity (HS) was also low, ranging from 

0.1448 to 0.2722, with P. laticauda having the highest value again. Inbreeding coefficients (FIS) 

ranged from 0.1409 to 0.1946, and P. laticauda having the lowest value. Overall, A. sagrei had 

similar levels of low genetic diversity and high inbreeding, while P. laticauda the highest 

diversity and lowest inbreeding. Across Oahu, HO ranged from 0.1067 to 0.2295, HS from 0.1312 

to 0.2644, and FIS from 0.1319 to 0.1862. P. laticauda again had the highest levels of genetic 

diversity and lowest levels of inbreeding, with A. sagrei and H. frenatus having low values of 

diversity. Data is summarized in Table 2.  

We measured FST, or genetic differentiation, between Honolulu, Kailua, North Shore, and 

Kāneʻohe for A. sagrei, detecting low genetic differentiation with values ranging from 0 to 

0.0371. We again detected low genetic differentiation for H. frenatus, ranging from 0.011 to 

0.148. FST was also low between sampling sites for P. laticauda, ranging from 0.0012 to 0.0162. 

Data is summarized in Table 3.  

We tested for isolation by distance for each species across Honolulu and Oahu using the 

R package vegan. We identified weak relationships between genetic distance and geographic 

distance across the three study species, with only one significant relationship for H. frenatus in 

Honolulu (p = 0.0434, r = 0.09176). Results are summarized in Table 4.  
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We also performed independent, repeated STRUCTURE runs for each species. Each 

indicated K=1 as the best supported model for all three species.  

 

Landscape Genetics  

In total, 19 variables for Honolulu, and 22 across Oahu, were tested individually for 

relationships with genetic patterns and evaluated using AIC and AICc scores (Table 1). For A. 

sagrei in Honolulu, seven variables were retained for multi-surface optimization. The multi-

surface optimization indicated that major roads, followed by airports & major roads, major roads 

& reserves had the strongest relationships with genetic patterns (Table 5). Despite this, major 

roads only explained a small portion of the genetic variation (Figure 3).  The radish analysis 

including the top multi-surface elements showed a significant negative relationship between 

conductance and major roads (p = 2.22e-16). The null model ranked last, and distance 28th. 

Across Oahu, in multi-surface optimization PC 3, PC 3 and moisture zones, PC 2 and moisture 

zones, and Honolulu County zoning were the top supported models (Table 6). PC 2 is composed 

of heat indices, and PC 3 of elevation, windspeed, and vegetation height. PC 3 was found to 

explain around 3% of the genetic variation (Figure 4),  and Honolulu County Zoning around 

10%. The null model again ranked last, and distance 99th of any tested. The radish analysis 

showed a significant positive, relationship between PC 3 and conductance (p = 2e-16).  

For H. frenatus in Honolulu, seven variables were retained for multi-surface 

optimization.  The multi-surface optimization revealed that bus routes, the null model, county 

routes, and streams alone were the top supported models (Table 7). The null model ranked 

second, and distance fifth here. In addition, bus routes explained very little of the genetic 

variation (Figure 5). The radish analysis showed a non-significant relationship between bus 

routes and conductance as well (p = 0.52).  Across Oahu, the multi-surface analysis indicated 

that county routes alone, roads alone, and county routes and roads together were the top 

supported models, while the null model ranked last and distance 108th (Table 8). County routes 

and roads both explained 1.5% of the genetic variation (Figure 6). The radish analysis supported 

county routes as having a significant negative relationship with conductance (p = <2e-16).  

For P. laticauda, seven variables were retained for multi-surface optimization. The multi-

surface optimization revealed that state land use districts 1974 (Figure 7), followed by moisture 

zones, and a combination of major roads & state land use districts 1974 were the top supported 
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models, but none of these explained a large portion of the genetic variation (Table 9). The null 

model was ranked 37th out of 121 combinations tested, and distance 14th. The radish analysis 

showed a significant relationship with state land use districts 1974 (p = 0.015). Across Oahu, the 

multi-surface optimization indicated airports and moisture zones, moisture zones, and airports 

and Honolulu County zoning were the top supported models. Airports and moisture zones 

explained about 1% of the genetic variation (Table 10, Figure 8) and the radish model showed a 

significant correlation between conductance and moisture zones alone (p = 0.0218), and no 

significant relationship to airports alone (p = 1). The null model ranked 111 out of 121, and 

distance 15th. Radish results for all species for Honolulu and Oahu are summarized in Table 11 

and 12. All radish models reported significant were supported over the null of isolation by 

distance. 

 

DISCUSSION 

 

Species Genetic Patterns 

The levels of genetic diversity and heterozygosity found in our study are comparable to, 

but slightly lower than, those observed in other species in urban environments. Combs et al. 

(2018) found brown rats in Manhattan,  had a heterozygosity of 0.212 and inbreeding coefficient 

of 0.205. A study of introduced big headed ants found heterozygosity values ranging from 0.047 

to 0.469 (Liu et al. 2022). Populations of urban salamanders had a heterozygosity of 0.265 

(Fusco et al. 2020), and urban pigeon populations across the Northeast had inbreeding values 

ranging from 0.010 to 0.041 (Carlen & Munshi-South 2020). Introduced urban-dwelling Myna 

birds in Singapore had a heterozygosity of 0.151 (Low et al. 2018), and in 2022, Mittan-Moreau 

et al. found that introduced populations of Rhinella marina exhibited only slightly lower genetic 

diversity than those in the native range. In light of these studies, our results may indicate that 

despite the ability of the three study species to colonize new places efficiently, founder effects 

are not significantly impacting overall levels of diversity after colonization. Studies on 

Hemidactylus turcicus, another invasive gecko in the same genus as H. frenatus, found that 

invasive populations of the gecko reached population genetic equilibrium quickly, providing a 

potential explanation for our findings here (Detwiler & Criscione 2014).  
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 There was no evidence for sub-populations or strong patterns of isolation by distance 

across Oahu. We did find evidence of limited isolation by distance in Honolulu. This mirrors 

other population genetic studies on widespread introduced and invasive species, such as in Liu et 

al. (2022), where they found both low genetic differentiation across the study area and no 

isolation by distance in the invasive big-headed ant. Brown rats in Manhattan exhibited spatial 

differentiation and isolation by distance, which accords with our results found in Honolulu 

(Combs et al. 2018). The lack of obvious isolation by distance patterns may be due to the time 

since invasion here, which may not be sufficient for limited dispersal to manifest as a correlation 

between genetic relatedness and geographic distance.  

In both scenarios, this likely reflects the significant role long distance jump dispersal and 

a rapid invasion played in the species dispersal, resulting in some standing genetic diversity 

within the introduced populations, but a lack of distinct structure or sub-populations. Together, 

these findings indicate that while there is no strong Oahu-wide genetic patterning, there is 

standing genetic variation, and differences in genetic patterns across the three study species.  

 

Anolis sagrei 

The analysis indicated that for A. sagrei in Honolulu, reserves were correlated with 

positive gene flow current. This relation to reserves, which are more tropical, vegetated, lower 

temperature environments could reflect the species historic predisposition for that climate, 

particularly if the populations in Hawai‘i were seeded by Floridian adapted individuals. 

Conversely, major roads were supported as barriers to gene flow. Together, these features 

support our hypothesis that the species gene flow is primarily influenced by diffusive dispersal 

through suitable landscape, with reserves and green spaces being identified as conducive to gene 

flow and roads as barriers to gene flow.  

In Honolulu, there was a non-significant negative correlation between geographic 

distance and genetic distance, low genetic differentiation, and high signatures of inbreeding. 

Further, geographic distance was strongly correlated with genetic distance in ResistanceGA, 

indicating some impact of distance at a city-wide scale. This limited evidence of isolation by 

distance supports a diffusive dispersal pattern in Honolulu, as hypothesized.   

Across Oahu, we identified low values of PC 3 as barriers to gene flow. Together, this 

identifies wetter habitats, warmer, higher elevation, and vegetated areas as conducive to gene 
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flow. Zoning areas representing urban areas were also identified as conducive to gene flow. 

These results likely reflect the broad distribution and generalist tendencies of the species, able to 

survive in both more tropical and urban environments.  

 Our study did not find significant patterns of genetic structure across sampling sites on 

Oahu, or evidence of isolation by distance, but did identify relatively high signatures of 

inbreeding. This, in combination with the climate features representing many of Oahu’s urban 

centers, provides support for our hypothesis that the species genetic patterns are driven largely 

by human mediated jump dispersal at an island wide scale. 

 

Hemidactylus frenatus 

For H. frenatus, our findings indicated that at a Honolulu scale, bus routes (a proxy for minor 

roads) were indicated as barriers to gene flow. Streams were also identified as conducive to gene 

flow, but weakly so. This somewhat supports a pattern of diffusive dispersal at a city-wide scale, 

with individuals able to disperse via suitable landscapes and roads serving as barriers. In 

Honolulu, our analysis identified a significant signal of isolation by distance, however, the 

correlation was weak. We also identified some signal of inbreeding and weak genetic 

differentiation. This supports our hypothesis of diffusive dispersal driving genetic patterning at a 

city-wide scale. Across Oahu, our analysis identified county routes as the primary barriers to 

gene flow. The species also exhibited low genetic differentiation, some signatures of inbreeding, 

and no significant pattern of isolation by distance. These findings only partially support our 

hypothesis of human mediated jump dispersal at an island-wide scale, and more likely, reflects a 

combination of human mediated and diffusive dispersal occurring 

 

Phelsuma laticauda 

Finally, looking at P. laticauda, our analysis indicated for Honolulu, urban and 

conservation state land use districts from 1974 as correlated with high gene flow. A weak 

relationship between moisture zones spanning moderately dry to moderately wet climate was 

also identified. Together, this supports that warmer, higher humidity, vegetated, paved and urban 

areas are conducive to gene flow. This reflects where individuals were often located, among high 

income neighborhoods with high levels of landscaping and vegetation lining streets. Our analysis 

also identified major roads as weak barriers to gene flow, potentially illustrating a pattern of 
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diffusive dispersal via suitable habitat at a city-wide scale. The indication that state land use 

districts from 1974 are most correlated with genetic patterns, rather than current or 2004 state 

land use districts may represent a time lag for the species. Given the species’ high genetic 

differentiation compared to the other study species, the evidence of slow dispersal, and that P. 

laticauda was initially introduced in the 1970’s, a lag in the genetic patterns may be the 

explanation for this relationship.  In Honolulu, P. laticauda populations also exhibited high 

levels of genetic differentiation, low levels of inbreeding and low isolation by distance, 

supporting a pattern of low or ineffective diffusive dispersal. This is similar to the pattern 

observed in the coqui frog, another somewhat localized, introduced species in Hawai‘i (Everman 

& Klawinski 2013).  

Across Oahu, our analysis identified very dry to moist mesic habitats as correlated with 

high gene flow. A weak relationship was also found with urban and conservation Honolulu 

zoning areas. Similar to the other two study species, we did not identify significant genetic 

structure between sampling sites, nor evidence of isolation by distance, and some evidence of 

inbreeding. These findings only partially support our hypothesis that human mediated jump 

dispersal is driving individual spread at an island-wide scale, and more likely reflects stratified 

diffusion, with inefficent diffusive dispersal at a city scale.  

 

Honolulu vs. Oahu  

We predicted that city-wide diffusive dispersal would result in patterns of isolation by 

distance, high local inbreeding, and low genetic structure, as we observed in both A. sagrei and 

H. frenatus. Across Oahu, we predicted a lack of isolation by distance and low genetic 

differentiation, which was observed in all three species. These patterns together potentially 

reflect high gene flow as a result of human-mediated transport across Oahu, as well as gene flow 

via individual dispersal (Everman & Klawinski 2013, Short & Petren 2011a, Short & Petren 

2011b). We also predicted that as a result of these dispersal mechanisms, at a city-wide scale, 

roads would represent barriers to gene flow, while urban hubs, greenspaces, and residential areas 

within urban environments would be correlated with higher gene flow. This pattern was partially 

observed in our data, with gene flow correlated with green spaces or natural elements in all three 

species and hindered by roads in two. At an island-wide scale, we predicted gene flow would be 

correlated with roads, and urban areas at large, rather than smaller habitat features. This result 
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was only partially observed in our data, with correlations to urban areas observed, but not with 

roads.    

 

Species Comparisons 

Together, these results indicate that introduced species on Oahu are impacted by some of 

the same urban features at both a city wide and island wide scale but are not entirely identical. In 

Honolulu, both A. sagrei and H. frenatus were found to have a negative correlation with 

roadways, and A. sagrei and P. laticauda a positive correlation with green spaces and very urban 

hubs. However, only in A. sagrei did we see reserves conducive to gene flow, while in P. 

laticauda, the features correlated with gene flow were reflective of a warm, urban, vegetated, and 

paved habitat. We also identified weak signatures of isolation by distance, low genetic 

differentiation, and high inbreeding values in both A. sagrei and H. frenatus in Honolulu, but not 

P. laticauda. This may reflect that diffusive dispersal is driving genetic patterns at a city-wide 

scale for these two species. Conversely, P. laticauda was marked by relatively high genetic 

differentiation, no signal of isolation by distance and low inbreeding, potentially signaling 

ineffective diffusive dispersal, or a mix of both diffusive and human-mediated jump dispersal. A 

closely related species to P. laticauda, Phelsuma grandis, was found to exhibit a similar 

dispersal pattern (Sanchez & Jean-Michel 2014). Further, a 2017 metanalysis of introduction 

pathways in alien species found that natural dispersal was the primary mechanism across urban 

landscapes (Padayachee et al. 2017).   

None of the same elements were supported as barriers to gene flow across Oahu in the 

three study species. Our analysis indicated that across Oahu, urban zoning areas and climates 

representing very dry – seasonal mesic habitat as being conducive to gene flow in both A. sagrei 

and P. laticauda. For H. frenatus, there were no major significant relationships except for a 

negative one with roads. Across all three species at an island-wide scale, we observed relatively 

low genetic differentiation, high inbreeding and did not find support for isolation by distance in 

both H. frenatus and A. sagrei. Further, all top models were supported over both the null and 

distance models. This provides some support for human-mediated jump dispersal being the 

driving mechanism at an island-wide scale, as this would create a pattern with low differentiation 

and high inbreeding, representing the ability of humans to disperse the species long distances 

very effectively. Similar studies have observed jump dispersal mechanisms in A. sagrei, and 
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close relatives of both H. frenatus and P. laticauda (Barnett et al. 2016, Locey & Stone 2005, 

Troy et al. 2009, Campbell 1996, Campbell 2003). P. laticauda however, exhibited low levels of 

inbreeding and higher genetic differentiation than the other two species. This could reflect either 

island-wide diffusive dispersal as the primary mechanism, or reduced human-mediated jump 

dispersal for the species. Many studies across introduced and invasive species observe a similar 

pattern of jump dispersal via humans at a large scale, and diffusive dispersal at smaller scales, 

termed stratified diffusion, which accord with our findings (Short & Petren 2011a, Suarez et al. 

2000,  Everman & Klawinski 2013, Hengeveld 1989, Hedeen et al. 1999). 

 

Landscape Genetics Methodology 

This study explored the limits of landscape genetics methods, testing the applicability of 

common landscape genetics methods to short temporal and small spatial scales. Our findings 

indicate that these methods can be applied with limits. The findings of this study supported our 

initial predictions in some ways and did not in others. These inconsistent patterns could have 

multiple interpretations. Schleimer et al. (2023) found individual based landscape genetics 

studies can be prone to overfitting and, depending on the variable type, can have limited 

reproducibility, highlighting the need for further investigation with potential implications for our 

study as well. A recent study found that in black bear populations, settlement patterns may have 

more influence on genetic patterns than landscape resistance (Fletcher et al. 2023). By contrast, 

Schoen et al. (2021) found that when comparing five independent studies on tiger landscape 

genetics, the resistance layers agreed across 63% of the study area, primarily in areas of high or 

low resistance, but not intermediate. Peterman & Pope’s (2020) review of landscape genetic 

analyses emphasized using a single conductance or resistance surface parameterized to relevant 

spatial features, as we performed in this study, to accurately assess the relationship between 

landscape features and genetic patterns, lending support to our methodology. In their 

simulations, this approach correctly identified the best fitting model 61% of the time. Other 

studies have found that the landscape genetics methods used here were able to identify human 

influence on genetic patterns (Ruiz-Lopez et al. 2016). Finally, recent research has indicated that 

while landscape genetics methods are accurate and reproducible at small spatial scales, the scale 

must be chosen with great consideration to the species biology to avoid spurious or incorrect 

conclusions (Wishingrad & Thomson 2023).  
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CONCLUSIONS 

 

Understanding the limits and applications of landscape genetics is critical to the progress 

of the field. Few studies have investigated its applications for introduced species, short 

timescales, or produced studies with multiple species in one landscape. This study sought to 

explore if these methods could be applied to systems with relatively short timescales in common 

introduced species, and if so, what landscape features correlate with genetic patterns across 

Oahu. Our results indicated these methods can be applied at this scale, but with caution. Some of 

the challenges upon analysis were determining which variables represent actual relationships, 

versus those that are reflective of another correlated variable that was not tested. The small 

spatial scale, small timescale and large number of variables also led to unclear patterns in our 

ResistanceGA outputs, which are to be expected but further complicate the analysis. Despite this, 

our results did identify the elements reflecting the species preferred habitats as those most highly 

correlated with gene flow and features often identified as major barriers to gene flow, with 

standardized sampling across habitats and climate zones.  

These patterns are somewhat weak, but also lend support to our hypotheses. This may 

reflect that we are at a critical time point in the species invasions, where just enough time has 

passed for genetic patterns to begin emerging across the landscape. With the introduction of two 

of the three species being relatively recent, and with rapid landscape changes occurring across 

Oahu in the last 50 years, it’s possible that a time lag is impacting the results we obtained. 

Another possible cause of inconsistent patterns is differences in sampling across the island. The 

primary study focus here was Honolulu, the main urban area on Oahu, so sampling densities 

reflect that bias.  

Additional research on the consistency of the results to sample sizes would strengthen our 

ability to be confident in landscape genetic methods at this scale. This could be further 

investigated by performing a jackknifing analysis on sampled individuals, removing subsets at 

random to determine the consistency of the variables correlated with gene flow and overall 

analysis outputs. Further, while relatively weak correlations are expected with complex 

landscapes such as these, it is difficult to untangle meaning from the model selection process 

given small differences in model ranking and AIC scores.  
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This study also indicated that within Honolulu, roads are correlated with reduced gene 

flow, while highly urban city centers and natural, vegetated areas serve as hubs of gene flow. It 

also indicated that at an island-wide scale, urban zoning areas, and dry to moist climate zones 

were correlated with gene flow, while barriers across the three species were distinct. Together, 

these findings provide some support for our hypothesis of a stratified dispersal pattern; meaning 

a combination of diffusive dispersal across Honolulu, while human-mediated jump dispersal 

drives genetic patterns across the island as a whole. However, the patterns observed are weak at 

both scales and may be swamped by a lack of time since introduction. Each species also had 

somewhat similar features identified at a Honolulu wide scale, but not across Oahu. This may 

indicate that while in urban habitats, introduced species are impacted by features in a similar 

way, but as they move outside of urban hubs, relate to them differently. This information could 

be useful to introduced and invasive species managers trying to understand genetic patterns and 

dispersal mechanisms, and those using landscape genetics in recently introduced species.  
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TABLES AND FIGURES 

 

Table 1. Layers included in Honolulu and Oahu ResistanceGA analysis, split by type and spatial 

scale. 
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Table 2. Oahu and Honolulu Population Genetics metrics. 

 

 
 

Table 3. FST  values between study sites in each of three study species on Oahu. 

 
 

 

Table 4. Mantel test statistics, illustrating a lack of evidence for isolation by distance overall in 

the genetic data.  

 
 

 

 

 

 

OahuHonolulu

FISHTHSHOFISHSHO

0.18620.13120.13120.10670.19460.14480.166A. sagrei

0.15700.16610.16610.14000.14560.18320.1566H. frenatus 

0.13190.26440.26440.22950.14090.27220.2339P. laticauda

P. laticauda H. frenatus A. sagrei 

North 
Shore

KāneʻoheKailuaHonoluluNorth 
Shore

KāneʻoheKailuaHonoluluNorth 
Shore

KāneʻoheKailuaHonolulu

0.01070.0089 0.001200.02570.01480.001500.0042 00.0074 0Honolulu

0.0132 0.0097 00.02020.011000.0091 00Kailua

0.016200.0218000Kāneʻohe
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Table 5. A. sagrei Honolulu Multi-Surface Landscape Genetics Model Results. 

 
 

 

Table 6. A. sagrei Oahu Multi-Surface Landscape Genetics Model Results. 

 

 
 

 

Table 7. H. frenatus Honolulu Multi-Surface Landscape Genetics Model Results. 

 
 

Table 8. H. frenatus Oahu Multi-Surface Landscape Genetics Model Results. 

 
 

weightdelta.AICcLLR2cR2mAICcAIC    kobj.func_AICSurface

0.95650.000014038.27810.99820.0001114-28070.277-28070.556328068.5531Major roads

0.00959.228914035.88120.99820.0000764-28061.048-28061.762528063.7622
Airports & 

Major roads

0.00909.341014035.82520.99820.0000762-28060.936-28061.65528063.6503
Major roads 
& Reserves

047.638614012.3420.99810-28022.638-28022.684128022.684121Null

weightdelta.AICcLLR2cR2mAICcAIC    kobj.func_AICRankSurface

1.00000.000020547.17330.98550.0273477-41085.98-41086.347441086.3471PC 3

0.0000194.265520459.40160.98600.0138933-40891.714-40894.8031240910.8032PC 3 & Moisture zones

0.0000202.099120455.48480.98590.0156688-40883.88-40886.971240902.9703PC 2 & Moisture zones

0380.434420353.79040.98640-40705.545-40705.581140705.581121Null

weightdelta.AICcLLR2cR2mAICcAIC    kobj.func_AICRankSurface

0.22160.00006967.47430.92700.00534
-

13928.633
-

13928.949
313922.8431Bus routes

0.18430.36846965.15790.92690.00000
-

13928.265
-

13928.316
113928.3162Null

0.11911.24186966.85340.92710.00169
-

13927.391
-

13927.707
313925.7063

County 
routes

0.10041.58306966.68280.92780.00397-13927.05
-

13927.366
313925.3664Streams

weightdelta.AICcLLR2cR2mAICcAIC    k
obj.func_

AICRankSurface

0.36920.000016119.80520.94610.0151004-32233.392-32233.613
32232.61

1
1County routes

0.36920.000016119.80520.94610.0151004-32233.392-32233.613
32232.61

1
2Roads

0.06963.336916120.30540.94620.0139704-32230.055-32230.6115
32232.61

1
3

County routes & 
Roads

0120.747416057.34020.94640-32112.645-32112.68132112.68121Null
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Table 9. P. laticauda Honolulu Multi-Surface Landscape Genetics Model Results. 

 
 

 

Table 10. P. laticauda Oahu Multi-Surface Landscape Genetics Model Results. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

weightdelta.AICcLLR2cR2mAICcAIC    kobj.func_AICRankSurface

0.57990.000013115.81310.94530.0063503-26220.92-26221.626526223.7391
State land use 
district 1974

0.06454.390813117.14270.94590.0076372-26216.529-26218.285826226.3382Moisture zone

0.05904.571513115.84910.94520.0062402-26216.349-26217.698726223.6983
Major roads & 
State land use 
districts 1974

0.000216.033413103.46590.94440-26204.887-26204.932126204.93237Null

weightdelta.AICcLLR2cR2mAICcAIC    k
obj.func_

AICRankSurface

0.56640.000023767.17160.95660.0081591-47509.921-47512.34311
47526.34

3
1

Airports & Moisture 
zones

0.20522.030723763.75610.95610.0056931-47507.891-47509.5129
47519.55

9
2Moisture zones

0.03305.685323759.61350.95580.0013043-47504.236-47505.2277
47511.22

7
3

Airports & Honolulu 
County zoning

040.198123735.87840.95550-47469.723-47469.7571
47469.75

7
111Null
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Table 11. Radish results for Honolulu, testing for association between landscape features and 

genetic distance and strength of relationships. 

 
 

Table 12. Radish results for Oahu testing for association between landscape features and genetic 

distance and strength of relationships. 

 

Pr(>|z|)    z valueStd. ErrorEstimate 

2.22e-16 ***-8.1720.8029-6.5617 A. sagrei – Major 
roads

0.520.643 0.88210.5675H. frenatus – Bus 
routes

0.015 *-2.4330.3826-0.9308 P. laticauda –
State land use 
districts 1974 

<2e-16 ***36.110.337112.1720P. laticauda -
Conservation 
land use areas

<2e-16 ***38.13 0.378814.4461P. laticauda -
Urban land use 
areas

Pr(>|z|)    z valueStd. ErrorEstimate 

<2e-16 ***25.430.1185 3.0139 A. sagrei – PC 3

<2e-16 ***-12.06 0.1171-1.4116 H. frenatus – County 
routes  

0.0218 *2.2950.40760.9354 P. laticauda –
Moisture zones

7.20e-05 ***3.9700.43541.7286P. laticauda –
Moisture zones
Very dry

0.000717 ***3.3830.44491.5052 P. laticauda –
Moisture zones
Moderately dry

0.000918 ***3.3151.1932 3.9549P. laticauda –
Moisture zones
Seasonal mesic
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Figure 1a. Sampling locations across Oahu for all three species, including sampling in Kailua, 

Kāneʻohe, and North Shore, colored by species.   

 
 

Figure 1b. Sampling locations in Honolulu, spanning all major urban areas in Honolulu, colored 

by species.  

 

 

 



 27 

 

 

 
Figure 2. Analysis design, illustrating use of both single surface and multi-surface models in  

the landscape genetics analysis.   

 

 

Figure 3. A. sagrei Circuitscape heatmap for major roads, the top model in the multi-surface 

analysis in Honolulu. Higher values indicate higher gene flow conductance. Roads were 

identified as having a strong negative correlation with gene flow, shown in white areas, while 

urban hubs were identified as promoting gene flow shown by bright red areas. 
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Figure 4. A. sagrei Circuitscape heatmap for PC 3, the top model in the multi-surface analysis 

across Oahu. Higher values indicate higher gene flow conductance. For PC 3, values 

representing wetter habitats, warmer, higher elevation, and vegetated areas were supported as  

conducive to gene flow. Zoning areas representing urban areas were also identified as conducive 

to gene flow. 
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Figure 5. H. frenatus Circuitscape map for bus routes, the top model in multi-surface analysis 

for Honolulu. Higher values indicate higher gene flow conductance. The analysis identified a 

weak negative relationship between gene flow and bus routes, a proxy for small, local roads, 

shown by lighter white areas. Bright red areas representing residential and urban areas are shown 

in bright red.  
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Figure 6. H. frenatus Circuitscape heatmap for county routes, the top model for multi-surface 

analysis on Oahu. Higher values indicate higher gene flow conductance. The analysis supported 

a strong, negative relationship between county routes and gene flow, serving as barriers to gene 

flow. This is shown in lighter white areas.  
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Figure 7. P. laticauda Circuitscape heatmap for state land use districts 1974, the top model for 

multi- surface analysis in Honolulu. Higher values indicate higher gene flow conductance. 

Specifically, land use areas representing urban zoning districts were identified as having a strong 

positive correlation to gene flow, as shown in bright red areas.  
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Figure 8. P. laticauda Circuitscape heatmap for airports & moisture zones, the top model for 

multi- surface analysis across Oahu. Higher values indicate higher gene flow conductance. The 

analysis identified very dry to moist mesic habitats as being positively correlated with high gene 

flow, as shown in bright red.  
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Appendix A 

 

 

Table S1. PC Axes and scores for Honolulu, six axes were retained representing 80% of total 

variation. 

 
 

 

 

 

 

PC6PC5PC4PC3PC2PC1 

0.96522280.999199951.029680691.31112882.348820973.65072194Standard deviation

0.031055170.033280020.035341410.057301960.183898670.44425902Proportion of Variance

0.785136240.754081080.720801060.685459650.628157690.44425902Cumulative Proportion

Variables

0.0302392-0.09038760.28265453-0.21827450.064812270.13593923AnnVegHeight

0.000605460.02336457-0.06252570.08619074-0.25631210.19853905EVI

0.062356570.06189654-0.0544572-0.0161201-0.00706710.26070651TempMaxAnn

0.063117880.06061434-0.0567665-0.01909940.005024320.26004144TempMinAnn

-0.01339430.04604465-0.1619933-0.27790930.284203950.14490168AftHeatIndex

0.068584970.04812912-0.0014238-0.05153640.007306760.26408503AirTempAnn

-0.0905944-0.10715220.111842360.390664330.207189020.12233348buildingpercent2013

-0.4144516-0.449480.18282917-0.1598443-0.0388950.16820921Census15

-0.4033366-0.47208990.15527205-0.0730574-0.06492010.17475151Census20

-0.01201790.024625520.027975960.0529234-0.32633470.09396971ElevC

-0.01335730.04442729-0.1589808-0.2782640.285043770.14481688EveHeatIndex

-0.0004309-0.0371690.002685610.14386023-0.31005460.13892926TCExistingPerceny

0.19252163-0.1347960.099349520.293221520.200068550.09942588grassp2013

0.050745290.060601210.013091580.00192138-0.05171110.24550571Householdincome

0.070797510.025858150.26491649-0.10296510.239708530.09408163Impsurfpercent

-0.0770439-0.0604555-0.02144910.361551540.211123680.12190415imperv2013percent

-0.00168990.0542119-0.1352749-0.26114950.276934070.14450261MornHeatIndex

-0.0541062-0.0098053-0.15252810.385299880.185384280.10485001pavedp2013

0.048498060.081763570.00328473-0.0406922-0.04934550.24580076PercentofTotalPop

0.054594690.113183290.085859980.078990640.171822670.17333009PercentPervious

0.1305438-0.15086440.092538860.296725970.202965880.10852577perviousp2013

-0.00110220.00197364-0.014953-0.012651-0.29268990.17490652RainfallIn

0.057344030.047112810.00205916-0.0337779-0.07673820.2632883RelHumid

0.033531280.03344462-0.05343390.00805802-0.06755680.24705619RenterCost

-0.66276710.2882733-0.45794120.114351280.085252850.03756556roadp2013

0.073562070.06313892-0.0054676-0.07652080.041403750.25858381SolarRadAnn

-0.33281710.592060590.648295330.048592820.020280160.01543385soilp2013

0.060207450.0486068-0.008517-0.07331980.044190220.26275359SurfTempAnn

0.040537750.04523871-0.04691280.05460058-0.19140940.23181058VegCover

0.048326820.14888257-0.11865750.09519987-0.20885010.11247173WindspeedMPS
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Table S2. PC Axes and scores for Oahu, three axes were retained representing 80% of the total 

variation. 

 
 

 

 

 

PC3PC2PC1

0.900355441.671535813.68944713Standard deviation

0.0405320.13970160.68060101Proportion of Variance

0.86083460.82030260.68060101Cumulative Proportion

Variables

0.236903710.498920520.12867587AftHeatIndex

0.27540115-0.03268590.19014148AnnVegHeight

-0.15189640.010690260.26405557AirTempAnn

-0.21731380.06617780.20013886X2015Census

-0.10328530.034950080.21731219X2020Census

0.40183089-0.33643770.15928809ElevC

-0.0290549-0.16230850.25028739EVI - vegetation index

0.237257620.499016340.12864354EveHeatIndex

-0.0708953-0.01032310.26210751HouseholdIncome

0.202169010.477181860.12838159MornHeatIndex

0.01960070.046935580.24196822PercentofTotalPop

0.21132041-0.24102640.20611301RainfallIn

-0.0712782-0.05922510.26628761RelativeHumidity

-0.0914086-0.04599860.25975035RenterCost

-0.13524140.005645850.26246131SolarRadAnn

-0.15014310.037793720.2634477SurfTempAnn

-0.11762510.001547530.26293362TempMaxAnn

-0.13057590.013145530.26224005TempMinAnn

-0.0726185-0.11980030.25985366VegCovAnn

0.62216908-0.21453710.13193341WindSpeed
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Appendix B  

 

 

 
 

Figure S1. STRUCTURE results for A. sagrei, indicating support for k = 1.   
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Figure S2. STRUCTURE results for H. frenatus, indicating support for k = 1.   
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Figure S3. STRUCTURE results for P. laticauda, indicating support for k = 1.   
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Figure S4. A. sagrei Honolulu multi-surface top models from top left to bottom right. Higher 

values indicate higher gene flow conductance. Panels one, two and three primarily represent the 

positive correlation between major roads and gene flow, with the exception of panel four, which 

indicates a positive relationship between reserve areas and gene flow.  
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Figure S5.  A. sagrei Oahu multi-surface top models from top left to bottom right. Higher values 

indicate higher gene flow conductance. Panels one, two and three primarily reflect the positive 

relationship between PC 3 and gene flow, identifying wetter habitats, warmer, higher elevation, 

and vegetated areas as conducive to gene flow. This is with the exception of panel four, which 

illustrates the positive relationship between urban zoning districts and gene flow.  

 

 

 

PC 3           PC 3 & Moisture Zones         PC 2 & Moisture Zones     Honolulu County Zoning 
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Figure S6. H. frenatus Oahu multi-surface top models from top left top bottom right. Higher 

values indicate higher gene flow conductance. Panels one, two and three reflect the negative 

relationship between roads and gene flow.  
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Figure S7. P. laticauda Honolulu multi-surface top models, from top left to bottom left. Higher 

values indicate higher gene flow conductance. Panels primarily reflect the positive correlation 

between urban zoning areas and condition within with gene flow.  
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Figure S8. P. laticauda Oahu multi-surface top models from top left to bottom right. Higher 

values indicate higher gene flow conductance. Panels reflect the positive correlation of moisture 

zones representing very dry – seasonal mesic habitats and conservation areas with gene flow.  
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