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ABSTRACT 

 

Habitat disturbance impedes connectivity for native populations by altering natural 

movement patterns, significantly increasing the risk of population decline. The Mojave 

Desert historically exhibited high ecological connectivity, but human presence has 

increased recently, as has habitat disturbance. Human land use primarily occurs in 

Mojave desert tortoise (Gopherus agassizii) habitat posing risks to the federally 

threatened species, which has declined as a result. As threats intensify, so does the need 

to protect tortoise habitat and connectivity. Functional corridors require appropriate 

habitat amounts and population densities, as individuals may need time to achieve 

connectivity and find mates. Developments in tortoise habitat have not been well studied, 

and understanding the relationship between barriers, corridors, population density, and 

gene flow is an important step towards species recovery.  

Genetic tools provide a framework to examine processes like movement and 

incorporating landscape enhances our understanding of genetic patterns. For tortoises a 

historically connected landscape coupled with limited dispersal produced a pattern of 

isolation-by-distance. This dissertation highlighted more recent genetic connectivity by: 

(1) assessing population genetic structure and relatedness across a recently disturbed 

landscape, (2) evaluating the impact of barriers and corridors using simulations of genetic 

processes, and (3) investigating the relationship between landscape metrics and genetic 

connectivity using simulations of disturbance scenarios. I genotyped 299 tortoises at 20 

microsatellite loci from the Ivanpah Valley region along the California/Nevada border. A 
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fine-scale sampling scheme was applied to evaluate recent gene flow and historical 

genetic structure. Because the genetic effects of disturbance are often observable after a 

substantial time lag, I used individually based spatially explicit forward-in-time genetic 

simulations to test hypotheses related to barriers, population density, and habitat 

disturbance. I used landscape resistance surfaces representing 17 locations (525 ï 625 

km2) in southern Nevada and evaluated connectivity success using genetic differentiation.  

Three genetic clusters that generally corresponded to valleys and one mountain 

pass were detected with second order relationships up to 60 km apart, suggesting a 

greater range of interactions than previously suspected. The correlation between pairwise 

genetic distances and cost distances revealed reduced genetic connectivity across a 

railway and a highway bisecting the study area. In simulations of linear barriers, genetic 

connectivity improved with corridors, but was also influenced by population density. 

Low density landscapes experienced reductions in population size and genetic diversity 

with or without barriers as the result of individuals moving without finding mates and 

genetic drift. Simulations found that anthropogenic disturbance increased demographic 

and genetic effects. Disturbed landscapes with high levels of genetic connectivity tended 

towards low levels of landscape fragmentation with high amounts of suitable habitat. 

Urban growth is predicted to exacerbate declines in tortoise populations and genetic 

connectivity unless intact habitat and populations are adequately protected and 

connected. This research provides a basis for management actions to protect desert 

tortoise habitat between existing conservation blocks and restore connectivity along 

current barriers.  
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CHAPTER 1. GENES IN SPACE: WHAT MOJA VE DESERT TORTOISE 

GENETICS CAN TELL US ABOUT LANDSCAPE CONNECTIVITY  

  

ABSTRACT 

 

Habitat loss and fragmentation in the Mojave Desert have been increasing, which can 

create barriers to movement and gene flow in populations of native species. Disturbance 

and degradation of Mojave desert tortoise habitat includes linear features (e.g. highways, 

railways, a network of dirt roads), urbanized areas, mining activities, and most recently, 

utility-scale solar facilities. To evaluate the spatial genetic structure of tortoises in an area 

experiencing rapid habitat loss, we genotyped 299 tortoises at 20 microsatellite loci from 

the Ivanpah Valley region along the California/Nevada border. We used a Bayesian 

clustering analysis to quantify population genetic structure across valley and mountain 

pass habitats. A spatial principal components analysis was used to further investigate 

patterns with isolation-by-distance. To explicitly consider landscape features (e.g. habitat 

and anthropogenic linear barriers), we used maximum likelihood population effects 

analyses. We quantified recent gene flow through relatedness using a maximum 

likelihood pedigree approach. We detected three genetic clusters that generally 

corresponded to valleys separated by mountains, with one genetically distinguishable 

population in a mountain pass. Pedigree analyses showed second order relationships up to 

60 km apart suggesting a greater range of interactions and inter-relatedness than 

previously suspected. Our results support historical gene flow with isolation-by-
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resistance and reveal reduced genetic connectivity across two parallel linear features 

bisecting our study area (a railway and a highway). Our work demonstrates the potential 

for tortoises to use a range of habitats, spanning valleys to mountain passes, but also 

indicates habitat fragmentation limits connectivity with relatively rapid genetic 

consequences.  

 

INTRODUCTION  

 

An important question in conservation ecology is how anthropogenic landscape change 

impacts movement and population connectivity. Habitat loss and fragmentation can 

significantly increase the risk of population decline and extinction for native populations 

by altering natural movement patterns and landscape use (Ewers & Didham 2006; 

Haddad et al. 2015; Hand et al. 2014). Integrating genetics with landscape ecology 

provides a framework to examine the role of heterogeneous habitats in shaping genetic 

diversity and population structure (Holderegger & Wagner 2008; Manel et al. 2003; 

Storfer et al. 2007). Fortunately, the hard-to-observe process of movement of individuals 

through a landscape can be inferred by examining genetic structure and relatedness 

(Dileo & Wagner 2016; Lowe & Allendorf 2010; Slatkin 1985). However, the genetic 

effects of recent landscape changes that result in habitat loss or linear barriers are often 

observable only after a substantial lag time that can range from 1-200 generations 

(Landguth et al. 2010); therefore, the influence of these changes on genetic diversity may 
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not be observed for several decades in species with delayed breeding and long generation 

times, such as the Mojave desert tortoise (Gopherus agassizii). 

Historically, the Mojave Desert of southern California, southern Nevada, 

northwestern Arizona, and southern Utah is thought to have exhibited relatively high 

levels of ecological connectivity (Dickson et al. 2016). For native species like the desert 

tortoise, which occurs throughout most of this region (Germano et al. 1994; Murphy et al. 

2007), highly connected habitat combined with limited individual movement and 

dispersal have produced a genetic pattern of isolation-by-distance (IBD) with additional 

differentiation from topographical features (Hagerty & Tracy 2010; Murphy et al. 2007; 

Hagerty et al. 2011; Shaffer et al. 2015). Isolation-by-distance is characterized by 

continuous populations where interbreeding is limited by dispersal distance and distant 

populations are more genetically differentiated (Wright 1943). The lack of major 

geographical barriers to movement has resulted in low to moderate levels of genetic 

differentiation range-wide (pairwise FST 0.011 ï 0.132, Hagerty & Tracy 2010), 

indicative of gene flow occurring in a stepping-stone like pattern (Murphy et al. 2007; 

Hagerty & Tracy 2010; Hagerty et al. 2011; Sanchez-Ramirez et al. 2018). This is further 

supported by radio-telemetry studies of movement and home ranges. For example, a 

review of Mojave desert tortoise home range size indicates a range from 1ï53 ha (median 

9.2 ha) with animals capable of traveling 470 ï 823 m/day, while males are known to 

move over 1 km/day (Berish & Medica 2014). However, most daily movements are 

under 200 m (OôConnor et al. 1994), suggesting that long-distance dispersal primarily 

occurs sporadically and over multiple generations for this species (USFWS 1994).  
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The historical landscape, characterized by broad interconnected valleys and 

mountain passes that influenced the population genetic structure and gene flow we 

measure in desert tortoises today, has changed. Human presence in the North American 

deserts has increased since the last century, expressed by rapid urban expansion 

(Hughson 2009), and a proliferation of vehicular routes from trails to major highways 

(Leu et al. 2008), which have caused loss and fragmentation of desert habitat. Rapid 

urban development, such as within Las Vegas Valley ï once a connective region linking 

tortoise populations across their range (Britten et al. 1997; Hagerty & Tracy 2010), has 

resulted in substantial loss of habitat connectivity and reduced movement of animals and 

gene flow relative to historical conditions. Desert valleys along the state line between Las 

Vegas, Nevada and the desert cities of southern California have recently undergone 

substantial habitat alteration. Significant disturbance was initially related to mining 

throughout the area and has continued to grow since the mid-1800s. The Southern Pacific 

Railroad was built in the mid-1880s to support mining and transport people and goods, 

and still bisects the desert today (Tuma & Sanford 2014). The urbanization of desert 

lands increased throughout the 1900s and Las Vegas is now a major metropolitan area. 

An interstate highway route (I-15) through the Nevada and California Mojave desert can 

be traced to the early 1900ôs, with the interstate we know today largely defined by the 

mid-20th century. The ever increasing highway speeds and traffic, installation of concrete 

barriers between north and south bound lanes, and desert tortoise exclosure fencing 

starting in the late 1990ôs along portions of the highway effectively creates a nearly 

complete barrier to tortoise movement (Peaden et al. 2017). However, the presence of 
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culverts under I-15 may allow for occasional passage as tortoises are known to use storm 

drain culverts under other highways (Boarman et al. 1997). The large network of dirt 

roads across the Mojave, although not an observed barrier to tortoise movement, has 

numerous negative effects on the quality of desert tortoise habitat (as summarized by 

Heaton et al. 2008). Most recently, habitat loss has further intensified throughout tortoise 

habitat with the development of utility -scale solar facilities, which have increased 

markedly since 2010 (BLM 2010; BrightSource Energy 2014). 

Disturbance in arid ecosystems has long lasting impacts (Webb & Wilshire 1980) 

that may preclude habitat restoration or recovery (USFWS 2011). This poses a serious 

risk to the long-term persistence of the desert tortoise, which was federally listed as a 

threatened species under the Endangered Species Act in 1990 largely due to reductions in 

range and population density (USFWS 1994). Population trends indicate rapid declines 

associated with human landscape disturbance; specifically, habitat loss and degradation 

due to urbanization (Averill-Murray et al. 2012; Corn 1994; Doak et al. 1994; Tracy et al. 

2004; USFWS 2011). Range-wide, populations have continued to decline since their 

1990 listing, reportedly by roughly one-third in the last decade (Allison & McLuckie 

2018). 

Habitat loss and fragmentation are expected to increase due to ongoing 

development, which could eventually threaten connectivity for the tortoise (Averill -

Murray et al. 2013). For example, of the 16,282 km2 of tortoise habitat that lies outside 

conservation areas, 700 km2 has been projected to be lost to utility-scale solar 

development (Averill-Murray et al. 2013). The timeframe for development is indefinite 
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as projects are being proposed, modified, and constructed continually with no perceivable 

endpoint. Utility -scale solar placement is also variable and subject to change. As human 

population growth, urbanization, and utility-scale solar energy construction on public 

lands continue to significantly reduce habitat for the Mojave desert tortoise (Berry & 

Aresco 2014) the likelihood that the species will become reliant on sustained 

conservation actions increases (Averill -Murray et al. 2012). Given that persistent urban 

expansion has amplified isolation for tortoises (Averill-Murray et al. 2013), and that 

development will likely continue, the need to maintain connectivity from California 

through Nevada and into Utah and Arizona is now more vital than ever. Therefore, 

understanding existing tortoise population genetic structure is key to assessing the 

impacts of continued habitat loss and fragmentation.  

The area within and surrounding the Ivanpah Valley provides a study region 

replete with historical and more recent potential anthropogenic barriers to tortoise 

movement and gene flow, as well as natural features that may either facilitate gene flow 

(large areas of open habitat), or restrict gene flow (mountain passes and expansive dry 

lakes). Because tortoises are commonly associated with desert valleys, but have been 

recorded in rugged terrain (OôConnor et al. 1994) and are known to occupy and move 

through heterogeneous habitat (Morafka & Berry 2002), we hypothesized that tortoises 

have historically used mountain passes as connective habitat between the Ivanpah Valley 

and adjacent valleys. However, habitat disturbance may alter connectivity. 

Anthropogenic barriers within the Ivanpah Valley include I-15 (50ï80 years) and the 

Southern Pacific Railroad (140 years), while more recent impacts include a golf course (> 
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20 years) and three utility-scale solar developments (< 10 years). The solar installations 

were sited in previously undeveloped Mojave desert tortoise habitat, where density was 

estimated between 1.2-10.4 tortoises/km2 (Ironwood Consulting 2012). Developments in 

valley habitat, including solar energy facilities on public lands, have not been well 

studied to evaluate impacts to the species (Lovich & Ennen 2011; USFWS 2011), and 

understanding population genetic structure and gene flow in these areas is vital if genetic 

connectivity is to be maintained into the future.  

Given the relatively long generation time of the desert tortoise (20-25 years; 

USFWS 1994) traditional measures of population differentiation (e.g. FST) may not 

reflect current landscape conditions. Additional analytical methods such as examining the 

spatial distribution of first and second order relatives can help to understand more recent 

movement and dispersal patterns (Vandergast et al. 2019). Using clustering approaches 

and explicitly testing for effects of individual landscape features may help to better 

characterize the relative impacts of natural and anthropogenic features on genetic 

structure. 

In this study, we applied a fine-scale sampling scheme and combined pedigree 

reconstruction and genetic clustering analyses with spatially explicit methods to evaluate 

recent gene flow and historical genetic structure in relation to anthropogenic and 

historical landscape features within and surrounding the Ivanpah Valley. The specific 

goals of this research were three-fold: (1) to identify the role of historical landscape 

features with suitable desert tortoise habitat in facilitating genetic connectivity among 

adjacent valleys, (2) to assess genetic structure and relatedness across a heterogeneous 
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landscape that has undergone recent and rapid habitat disturbances, and (3) to quantify 

individual and population level patterns of genetic variation to provide a reference for 

genetic connectivity for future comparisons. A reference of historical genetic 

connectivity in this system could be important in understanding the role of intact habitat 

for tortoise persistence relative to ongoing disturbance.  

 

MATERIALS AND METHODS  

 

STUDY AREA AND SAMPLING  

This study was conducted in the central portion of the Mojave desert tortoise range 

(Nussear et al. 2009), focusing on the Ivanpah Valley and surrounding Mesquite Valley 

and Piute Valley connected by mountain passes (Fig.1. 1). Field surveys were conducted 

in 2015, 2016, and 2017 at ten, 1 km2 study plots (six in Ivanpah Valley, one in Mesquite 

Valley CA, one in Eldorado Valley NV, and two in mountain passes between valleys), in 

a diverse array of suitable habitat. Genetic samples collected from an additional location 

(Piute Valley, near Searchlight NV) prior to 2015 were also included, for a total of eleven 

locations and 299 genetic samples (Fig. 1. 1). The number of individuals varied by study 

site (Table 1. 1), which may be indicative of natural tortoise densities across the Mojave 

Desert. Allison & McLuckie (2018) report adult densities of < 1 ï 22.5 tortoises per km2. 

Construction at the Ivanpah Solar Electric Generating System (ISEGS; 14 km2) on the 

west side of Ivanpah Valley, and Silver State Solar (14 km2) on the east began in 2010. 

Tortoises from within the ISEGS footprint were translocated to the north of the facility 
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and those from within Silver State Solar were translocated to the east. At our ISEGS 

North plot 21 of 53 samples were from translocated animals, and at our Silver State plot 

11 of 21 were from translocated animals. 

 

MOLECULAR METHODS 

Genetic (blood) samples were collected using subcarapacial venipuncture (Hernandez-

Divers et al. 2002). Samples collected in the field were stored by placing one drop on a 

Fast Technology for Analysis (FTA) card (Whatman GE Healthcare Life Sciences); each 

card was air dried and stored individually in a paper coin envelope. All extractions were 

performed with the DNeasy Blood and Tissue Kit (Qiagen) using the manufacturerôs 

instructions, with two minor changes: samples were incubated at 70°C for 10 minutes 

after the addition of Buffer AL, and the elution step was performed twice with an elution 

volume of 100 µl for a total final volume of 200 µl. We amplified 20 variable 

microsatellite loci previously developed for tortoises (Edwards et al. 2003; Hagerty et al. 

2008; Schwartz et al. 2003). Amplification of microsatellite loci was performed in 10 µl 

reactions with 4 µl Multiplex PCR Plus cocktail (Qiagen), 0.8 µl primer mix, 3.2 µl 

water, and 2 µl DNA diluted to Ò 4 ng/µl. Thermocycler conditions were set at 95°C for 5 

minutes, then 30 cycles were performed with 30 second denaturing at 95°C, 3 minute 

annealing at 56°C, and 45 second elongation at 72°C, finishing with a 30 minute final 

elongation at 68°C. PCR product (1 µl) was aliquoted into 10.5 µl HiDi formamide 

(Thermofisher) with 0.5 µl LIZ500 (Thermofisher) and submitted to Eton Bioscience 

(San Diego, CA) for genotyping. Each round of genotyping included negative controls to 
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check for contamination. Approximately 10% of the samples were amplified and 

genotyped twice to assess mistyping and dropout rates. We scored raw data in 

GENEMARKER v.1.90 (SoftGenetics), binned alleles using R 3.5.3 (R Core Team 2019) 

MsatAllele v.1.04 (Alberto 2009), and checked for null alleles with the R package 

PopGenReport v.3.0.0 (Adamack & Gruber 2014). Exact tests for Hardy-Weinberg 

equilibrium and linkage disequilibrium among microsatellite loci were implemented in 

GENEPOP v.4.5 (Rousset 2008) with a Bonferroni correction. Microsatellite loci with 

inconsistent amplification were not included in the dataset. 

 

GENETIC DIVERSITY  

We assessed standard measures of genetic diversity for the entire dataset and by survey 

location. We calculated the number of alleles per locus, observed (Ho) and expected 

heterozygosity (He), coefficient of inbreeding (F) using adegenet v.2.1.1 (Jombart 2008) 

in R, allelic richness (Ar, Adamack & Gruber 2014), and mean relatedness coefficients 

(rQG, Queller & Goodnight 1989) with 95% confidence intervals in GENALEX 6.5 

(Peakall & Smouse 2012). Deviations of Ho from theoretical expectations were evaluated 

using a Bartlett test for equal variance across microsatellite loci to assess 

homoscedasticity and a paired t-test to compare the observed and expected population 

means.  
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POPULATION STRUCTURE  

Genetic structure was evaluated with multiple analytical methods, as well as 

hierarchically, starting with the entire dataset, then using subsets of the samples based on 

the genetic clusters detected. We used a Bayesian clustering analysis to infer population 

structure (STRUCTURE v.2.3.4, Pritchard et al. 2000). We ran the admixture model, which 

assumes each individual draws some fraction of its genome from each of K population 

clusters, with correlated allele frequencies, because allele frequencies are expected to be 

similar for our survey locations. We estimated the probability of K = 1-10 using ten 

replicate runs of 1,000,000 Markov Chain Monte-Carlo iterations following a burn in of 

500,000. We implemented STRUCTURE for the entire dataset with sampling location as a 

prior, which can improve model output when genetic structure is weak (Hubisz et al. 

2009). We calculated the mean log probability of the data (Pr(X|K) in Pritchard et al. 

2000), and second order rate of change (ȹK in Evanno et al. 2005). STRUCTURE results 

were visualized using PopHelper v.2.2.9 in R (Francis 2017).  

We also employed a spatial principal components analysis (sPCA) to further 

investigate cryptic genetic patterns that can result from IBD (Jombart et al. 2008). This 

multivariate method differs from the previously described STRUCTURE analysis by 

maximizing the variance in individual allele frequencies while accounting for spatial 

autocorrelation and assuming no population model (Jombart et al. 2008; Prunier et al. 

2014). The genetic patterns found using sPCA were compared to 999 randomized Monte-

Carlo permutations to test whether observed structure differs from the distribution of 

random expectations. Eigenvalues are generated through Monte-Carlo simulations and 
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represent both genetic diversity (variance) and spatial structure (spatial autocorrelation as 

measured by global Moran's I). We performed sPCA analyses with the hierarchical 

approach described above. A spatially explicit connection network of relative neighbors 

with a genetic distance matrix was created. The product of the variance and the spatial 

autocorrelation was separated into positive, null, and negative scores representing the 

magnitude of global (positive) and local (negative) autocorrelation. Global patterns 

indicate spatial groups or clines, while local patterns detect stronger genetic differences 

among neighbors than expected among random pairs (Jombart et al. 2008). 

We evaluated population genetic differentiation (FST) between survey locations 

and between inferred genetic clusters. Linearized FST (FST/(1-FST), Rousset 1997) was 

calculated between survey locations using Analysis of Molecular Variance (AMOVA, 

Peakall & Smouse 2012), with an allelic distance matrix and using 999 permutations. We 

calculated p-values for pairwise comparisons of FST (Jombart 2008) between detected 

genetic clusters using Weir & Cockerhamôs óɗô (1984). We also tested for historical 

patterns of IBD using Mantel tests (Mantel 1967), with 999 Monte-Carlo permutations, 

using  genetic and geographic Euclidean distance matrices (Jombart 2008) at multiple 

levels: 1) among all individuals using each tortoise location; 2) grouping individuals by 

survey location using the mean locations for each plot; 3) among any genetic clusters 

detected using mean locations for each cluster; 4) within each distinct genetic cluster 

independently using tortoise location; and 5) within each individual survey plot using 

tortoise location. 
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MODEL COMPARISONS FOR POPULATION STRUCTURE  

To examine whether recent anthropogenic influences are associated with measurable 

effects on connectivity among our survey sites, we examined the correlation between 

pairwise genetic distances using linearized FST and cost distances reflecting the influence 

of natural and anthropogenic features on resistance to movement. Comparisons by plot 

location were analyzed using maximum likelihood population effects (MLPE) models in 

the package ResistanceGA v.4.0-14 (Peterman 2018) in R. Analyses were limited to 

individuals genotyped in the ten 1 km2 survey sites within and immediately adjacent to 

the Ivanpah Valley (using genetic data from 275 tortoises), excluding the Piute Valley 

location due to the disproportionately large distance from other study sites. Cost surfaces 

hypothesized to have influenced genetic connectivity over longer time periods (e.g. 

spanning generations) were created representing: 1) Euclidian distance, where a raster 

was populated with a single value of no resistance to represent IBD; 2) the inverse of 

modeled desert tortoise habitat (1 -  modeled habitat suitability values from Nussear et al. 

2009, as in Hagerty et al. 2011) to represent isolation-by-resistance (IBR); 3) the log 

distance from the interstate rescaled from 0-1; and 4) the log distance from the railway 

rescaled from 0-1 (Fig. 1. 2). The log distance surfaces were rescaled from 0-1, such that 

the cost associated with the linear features would not be weighted higher than areas of 

non-habitat, and the log was used to reflect the more localized effects of these linear 

features (Fig. 1. 2). While other roads exist in the study area, these are primarily unpaved 

roads that have accrued more recently. The additional roads exist at a scale that bisects 

our smaller scale study plots, and while movement may be reduced by these roads (Sadoti 
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et al. 2017), our study animals cross these road networks far more frequently than the 

larger barriers presented by the interstate highway (no documented crossings) or the 

railway (two tortoises from the Nipton plot have passed through culverts under the 

railway once since 2015), which limit the dispersal ability of tortoises (Edwards et al. 

2004, Rautsaw et al. 2018).  

The relationship of the linearized FST matrix and cost surfaces was analyzed using 

genetic algorithms to optimize MLPE analyses. We conducted analyses for all single 

surfaces individually (using the SS_optim function), as well as all combinations of two, 

and three surfaces, as well as the full model including all four resistance layers (where 

multiple surface models were analyzed using the MS_optim function, Peterman pers 

comm.). The models were combined and ranked by Akaikeôs information criterion (AIC) 

to identify the best performing model (Table 1. 4).  

 

RELATEDNESS 

To detect the spatial scale of movement over the past 1-2 generations, we used the 

maximum likelihood pedigree reconstruction implemented in COLONY (Jones & Wang 

2010) to estimate first and second order relationships among all individuals, and then 

mapped the geographic locations of first and second order relative pairs. For COLONY 

runs, we assumed inbreeding with male and female polygamy, and coded individuals as 

follows: all adult females (n = 85) as candidates for maternity, all adult males (n = 131) 

as candidates for paternity, and all individuals as potential offspring. Simulations were 

run using full -likelihood, medium precision, medium run length, no sibship scaling, and 
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no priors. To avoid excluding pairs based on a single allele, we set the false allele rate to 

0.0001. We conducted three independent COLONY analyses varying the random number 

seed for each. Additionally, the number of runs within each analysis was set to three, 

increasing the odds of finding the best configurations with maximum likelihood in each 

COLONY run. We assigned the expected probability of detecting a mother or father to 

25% based on the ratios of newly found tortoises on previously surveyed plots using 

mark-recapture techniques. Log likelihood plots for each run were examined for 

convergence. Data from all three runs were consolidated and only pairs found in common 

in all three runs were considered. Of these, only dyads with Ó 80% probability of 

relatedness in each of the three runs were kept (Warner et al. 2016). 

 

RESULTS 

 

DATA QUALITY  

We genotyped 299 samples at 20 microsatellite loci. There was indication of null alleles 

at two loci (GOA4 and GP61). As the evidence for null alleles at these loci was not 

consistent across multiple sampling locations these loci were retained. All loci conformed 

to Hardy-Weinberg equilibrium following Bonferroni correction (corrected p-value = 

0.003 for Ŭ = 0.05), with none consistently in linkage disequilibrium among locations. 

The error rate, determined by repeat genotyping, in the 20 microsatellite loci retained was 

0.77% and all errors were caused by allelic dropout. Primers and locus information can 
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be found in Appendix A (Supplemental Material), and raw data are available as a USGS 

Data Release (https://doi.org/10.5066/P90LIQRI). 

 

GENETIC DIVERSITY  

We summarized estimates of genetic diversity and characteristics for the survey locations 

and overall based on the microsatellite genotype information (Table 1. 1). The number of 

alleles per locus ranged from 4-43 (ὼӶ 15.9) across loci, and Ar ranged from 5.4-6.3 

across survey locations (ISEGS South and ISEGS North; the two plots adjacent to a 

utility-scale solar facility with previously contiguous habitat). Expected heterozygosity 

was lowest at ISEGS South (HE = 0.740) and highest at ISEGS North (HE = 0.796). There 

were significant differences in mean HE between: Mesquite Valley and three survey 

locations (ISEGS North p-value = 0.030; Stateline Pass p-value = 0.033; Piute Valley p-

value = 0.020); ISEGS South and five survey locations (Southpah p-value = 0.020; 

Nipton p-value = 0.045; Silver State p-value = 0.048; Sheep p-value = 0.048; Piute 

Valley p-value0.005); ISEGS North and McCullough Pass (p-value = 0.004). The 

inbreeding coefficient was lowest at ISEGS South (F = 0.074) and highest at 

McCullough Pass. (F = 0.128).  Relatedness rQG ranged from 0.013 at ISEGS North to 

0.073 at nearby ISEGS South. 

 

POPULATION STRUCTURE  

STRUCTURE results suggested different numbers of genetic clusters depending on the 

method used to determine the optimal K value (Pr(X|K) = 10 and ȹK = 3; map of 

https://doi.org/10.5066/P90LIQRI
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assignment to cluster by sampling location Fig. 1. 3A, barplot Fig. 1. 3B). Because 

Pr(X|K) may overestimate genetic clusters when there are patterns of IBD, we report ȹK 

(except where Pr(X|K) = 1) which may more accurately detect clusters when spatial 

autocorrelation is present in continuous populations (Evanno et al. 2005; Schwartz & 

McKelvey 2009). Individuals from McCullough Pass formed a unique cluster, while 

Eldorado Valley and Piute Valley individuals clustered together. The largest genetic 

cluster was formed by eight of the eleven plots, and included all survey locations in 

Ivanpah Valley, Stateline Pass, and Mesquite Valley. Hierarchical analysis of the three 

main clusters detected additional structure with no strong geographic clustering (Fig. 1. 

3C). 

Our sPCA results shed additional light on genetic patterns in the study area, 

finding Ivanpah Valley and Mesquite Valley differing from locations to the east 

(McCullough Pass, Eldorado Valley, Piute Valley) using the full dataset (global r = 

0.011, p-value = 0.011; Fig. 1. 4A). Hierarchical analysis identified additional structure 

within Ivanpah Valley along the east and west sides of the valley, roughly corresponding 

with linear barriers, that include a 140 year old railway, and 60+ year old highway 

corridor, which parallel one another across much of our study area (global r = 0.009, p-

value = 0.031; Fig. 1. 4B). Positive spatial autocorrelation was detected among 

individuals within the Eldorado/Piute Valley cluster (r = 0.036, p-value = 0.033) and 

within McCullough Pass (r = 0.049, p-value = 0.001). Evaluation of individuals within 

Mesquite Valley and Stateline Pass found no spatial autocorrelation (global r = 0.036, p-

value = 0.310; local r = 0.361, p-value = 0.206).  
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Linearized FST values among sampling locations ranged from 0.003-0.040 

(ISEGS North to Silver State and Mesquite Valley to Eldorado Valley; Table 1. 2A). 

Based on standard permutation across the full dataset genetic differentiation was 

significant (linearized FST = 0.022, p-value = 0.001). All comparisons with McCullough 

Pass and other survey locations were significant, including adjacent plot locations. 

Significant genetic structure was also found between Mesquite Valley and all other 

locations, with the exception of neighboring Stateline Pass. Eldorado and Piute valleys 

differed significantly from all other plots, except each other, and Piute Valley from one 

plot in the Ivanpah Valley cluster (Silver State). When locations were combined to 

correspond to the three main inferred genetic clusters, pairwise FST values ranged from 

0.018-0.028, with each comparison statistically significant (Table 1. 2B). 

We detected IBD across the study area at all levels tested: among all individuals 

using each tortoise location, grouping individuals by survey location and using the mean 

geographic location of all individuals in each survey area, among the three genetic 

clusters (Ivanpah/Mesquite Valley, McCullough Pass, and Eldorado/Piute Valley) using 

the mean of individuals associated with each cluster as the geographic location, and 

within each distinct genetic cluster. Additionally, a correlation between genetic and 

geographic distances was found within four individual survey plots (Southpah, 

McCullough Pass, Eldorado Valley, and Piute Valley; with McCullough Pass also 

constituting a genetic cluster; Table 1. 3). Of the six survey plots where no IBD was 

detected, three were recipients of translocated tortoises (ISEGS North and Silver State). 
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MODEL COMPARISONS FOR POPULATION STRUCTURE  

Model comparisons suggested that the distribution of suitable habitat, the Southern 

Pacific Railroad, and I-15 were associated with genetic differentiation. The two highest 

ranking models both included habitat (as the inverse of the habitat suitability model), 

which effectively indicates IBR, and is consistent with the findings of Hagerty et al. 

(2011). Both models also included the Southern Pacific Railroad. These two models 

differed by their inclusion of I-15, which connects Las Vegas, Nevada and Los Angeles, 

California. The interstate parallels the railway for most of our study area, and thus likely 

represents an additive barrier that would result in similar genetic patterns. The highest 

ranking model (with the lowest AIC) included habitat distance, the interstate, and the 

railway (Fig. 1. 2). This model had a weight of 53%, and an R2 value of 0.90 (Table 1. 4). 

A second model including only the habitat and the railway had similar performance, with 

a ȹAIC of only 0.2, a weight of 47%, and an R2 value of 0.90. All other models had lower 

performance. The full model included all cost surfaces and ranked 3rd, with a ȹAIC > 

14.0, and a model weight of approximately 0. Models including habitat performed better 

than Euclidean distance alone. All models considered ranked well above the null model, 

where only the intercept was calculated (Table 1. 4).  

 

RELATEDNESS 

Evaluating relationship category through pedigree analysis indicated evidence of first 

order relationships within eight (Stateline Pass, ISEGS North, ISEGS South, Southpah, 

Nipton, McCullough Pass, Eldorado Valley, and Piute Valley) of the eleven survey 
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locations. The total number of first order relationships discovered within survey locations 

was 63.  All but one pair of relatives were found within the same 1 km2 plots. There was 

one first order relationship between a translocated tortoise from ISEGS North and a 

resident tortoise from ISEGS South. Because they may have been geographically closer 

prior to facility construction in 2010, this relationship may not necessarily be due to a 

natural dispersal event. There were 110 unique second order relationships in the survey 

area, with 59 of these occurring within the same plot and 51 between plots (Table 1. 5), 

suggesting tortoise movement on multi-generational time scales has occurred throughout 

the study area.  The Euclidean distances between second order relatives found at different 

survey locations ranged from 5 to 60 km (ὼӶ  22 km). 

 

DISCUSSION 

 

MOUNTAIN PASSES PROVIDE CONNECTIVITY  AMONG VALLEYS  

The benefits of connectivity include increased exchange of individuals between habitats, 

with positive impacts on community interactions (Tewksbury et al. 2002) and improved 

population size and persistence (Henein & Merriam 1990). The Mojave desert tortoise 

has long been associated with valley bottoms and bajadas, or coalescing alluvial fans 

(Germano et al. 1994), and while tortoises are indeed prevalent in these habitats, we also 

found strong support that mountain passes are occupied by tortoises and provide 

connectivity between valleys. Connectivity relies on individual or genetic exchange 

between substantive habitat areas that serve as avenues for dispersal, travel, reproduction, 
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recolonization, and genetic interchange (Beier & Loe 1992). Mountain passes fit this 

description by allowing gene flow and serving as bridges between neighboring valleys (in 

comparison with more rugged mountainous areas), and by providing variable levels of 

connectivity. McCullough Pass shows evidence of admixture with Ivanpah Valley, 

Eldorado Valley, and Piute Valley, and all plots share alleles and/or second order 

relatives, indicating recent gene flow; albeit at lower levels than Stateline Pass. This is 

possibly due to differences in terrain, available habitat, local population sizes, variation in 

movement patterns, and/or behavioral differences. Long-term radio-telemetry studies 

currently being conducted in these areas indicate tortoises are resident in mountain 

passes, making it likely that these passes also serve as stepping-stone habitats. Mountain 

pass populations likely contribute to sustained connectivity over generations rather than 

only intermittent contributions from long distance movements of individuals through 

passes. Although anthropogenic disturbance is present in the mountain pass locations, it is 

largely comprised of unpaved roads, which have not presented an absolute barrier to our 

study animals. However, recent developments on valley floors have the potential to 

fragment populations. The results of this research provide valuable insights into the 

significance of mountain passes for supporting landscape connectivity and highlight their 

importance for conservation planning.  

 

WEAK BUT DETECTABLE POPULATION STRUCTURE WITH GENE FLOW  

Bayesian cluster analyses identified three main historical genetic populations: (1) 

Ivanpah/Mesquite Valley through Stateline Pass, (2) McCullough Pass, and (3) 
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Eldorado/Piute Valley. Genetic patterns, revealed by sPCA, differed east to west within 

the Ivanpah Valley. Genetic structure and relatedness within and between valleys indicate 

that tortoises occupying this central portion of the Mojave Desert do not represent a 

single panmictic population. Low levels of genetic differentiation within study plots point 

to recent exchanges of individuals, which is further supported by the presence of second 

order relationships among study plots, implying that tortoises may require multi-

generational dispersal events to maintain connectivity. Our findings reveal weak but 

detectable genetic structure consistent with the hypothesis that historical habitat was 

largely continuous and characterized by interconnected valleys, with relatively few 

restrictive points (e.g., narrow passes between adjacent valleys).  

With large areas of connected habitat and fairly contiguous populations, evidence 

supports historically high levels of gene flow and low levels of genetic differentiation 

throughout the range of the species (Murphy et al. 2007; Hagerty & Tracy 2010). Our 

results demonstrate that tortoises in and around the Ivanpah Valley were likely not 

genetically or geographically isolated in the recent past, and that this could be a 

regionally important zone for connectivity. This is supported by the work of Hagerty et 

al. (2011) where a high probability of genetic connectivity was predicted in and around 

Ivanpah Valley. These findings make historically connected valleys, like Ivanpah, 

especially significant for Mojave desert tortoise connectivity given that much of the 

habitat in the central portion of the range has been lost to the city of Las Vegas, a large 

urban area where little connective habitat for tortoises remains. 
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GENETIC CONNECTIVITY I N L IGHT OF HABITAT LOSS 

Although it appears that the greater Las Vegas Valley once served as connective habitat 

in the central portion of the species range (Britten et al. 1997; Hagerty & Tracy 2010; 

Nussear et al. 2009), it has been replaced by a large metropolitan area with incumbent 

infrastructure that represents a barrier to movement and gene flow for desert tortoises. 

The urbanization of Las Vegas Valley elevates the need to preserve desert tortoise 

population connectivity in adjacent valleys, including Ivanpah, which are now more vital 

than ever as connections for tortoises from California through Nevada and Utah. 

However, development pressures extend well beyond the city of Las Vegas to a myriad 

of human land use practices that result in permanent habitat loss and fragmentation 

whereby small actions and influences aggregate into larger actions and effects on the 

landscape that are not explicitly acknowledged; the ñtragedy of fragmentationò (Goble 

2009). 

 Although our results support historical as well as relatively recent gene flow for 

the Mojave desert tortoise, MLPE analysis revealed a reduction in genetic connectivity 

within the Ivanpah Valley to the east and west of two linear barriers: the Southern Pacific 

Railroad and I-15. The signal caused by the railway is likely stronger than that of I-15 

because this feature has been on the landscape longer, for approximately 140 years, or 

around seven tortoise generations. Interstate-15 runs nearly parallel to the railway and has 

presented a potential barrier to tortoises for 50-80 years, or around four tortoise 

generations. This could foreshadow increased impacts to Mojave desert tortoises from 

more recently established barriers and large scale developments in the next several 
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tortoise generations, as the lag time to detect genetic changes is measured in generations. 

For example, most utility-scale solar developments have been on the landscape for less 

than one tortoise generation, but their potential for isolating tortoises can be seen in the 

amount of habitat that has been lost in areas that once supported contiguous populations.  

 While the broader long-term impacts of development will likely reduce connectivity for 

desert tortoises, translocation of animals from development areas may result in subtle 

genetic effects that appear to increase genetic diversity and admixture initially. However, 

this signature is expected to be transient. In this research, the ISEGS North and ISEGS 

South plots were located on either end of a utility-scale solar facility (ISEGS), and 40% 

of our samples from ISEGS North were from individuals that were translocated from 

within the footprint of that facility. This likely contributed to substantial differences 

between these two plots including: sample size (ISEGS South n = 10; ISEGS North n = 

53), the range of genetic diversity (ISEGS South Ar = 5.4; ISEGS North Ar = 6.3), 

relatedness (ISEGS South rQG = 0.073; ISEGS North rQG = 0.013), and the fact that these 

plots contained the only first order relationship found among plots. 

 

MANAGEMENT IMPLICATIONS  

Mojave desert tortoise recovery actions include protecting existing populations and 

habitat by conserving intact landscapes and connecting functional habitat (USFWS 

2011). However, tortoise habitat continues to be lost with connections between 

populations at risk from development. Within the Ivanpah Valley recent habitat loss has 

been caused by a highly traveled interstate, a railway, a network of dirt roads and off 
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highway vehicle tracks, towns, a golf course, mining operations, and several large solar 

facilities. Unfortunately, we do not have a baseline for the effects of these features on 

desert tortoise connectivity and gene flow, because genetic studies were not conducted 

prior to construction (USFWS 2011). Taken together these recent developments have the 

potential to continue fragmenting habitat and reduce connectivity within current 

populations. Additionally, our top two MLPE models indicated a significant influence of 

the Southern Pacific Railroad and/or I-15 on genetic distances, indicating genetic 

connectivity across these barriers could continue to decrease through time. If connections 

are sufficiently restricted, we may see increased isolation of the populations residing in 

Ivanpah Valley extending to Eldorado Valley, Mesquite Valley, Pahrump, and beyond. 

Though not the focus of this study, other valleys in the Mojave Desert, including 

Eldorado and Moapa valleys, are experiencing similar habitat loss and fragmentation to 

that noted in Ivanpah due to roads and solar developments in tortoise habitat, potentially 

further exacerbating threats to connectivity. 

This work provides a basis for determining management actions that could 

conserve connected tracts of functional habitat between existing blocks of protected land 

and can be used as a foundation for continued research efforts moving forward. 

Prioritizing connectivity corridors for the Mojave desert tortoise across southern 

California and southern Nevada through northwestern Arizona, and southeastern Utah for 

protection could prevent further isolation of populations that are currently connected via 

suitable undisturbed areas (Dickson et al. 2016). Alternatively, if habitat quality 

continues to decline and suitable connectivity is lost, population persistence and recovery 



26 

 

may necessitate the creation of corridors through barriers (i.e. such as culverts found 

under some portions of major highways and railways, but see Rautsaw et al. 2018). For 

tortoises to persist on the landscape a functional ecosystem is required, which has added 

benefits for other species in the region (Brooks 2000; Averill -Murray et al. 2012). More 

generally, populations in large and well connected networks are less threatened by 

extinction (Hanski 1998), therefore, future conservation management plans could benefit 

by exploring development scenarios that minimize loss of desert tortoise habitat. 
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TABLES AND FIGURES 

 

Table 1. 1. Genetic diversity statistics for Gopherus agassizii by survey location: sample 

size (N), allelic richness (Ar), mean observed heterozygosity (HO), mean expected 

heterozygosity (HE), inbreeding coefficient (F), and relatedness coefficient (rQG) with 

95% confidence interval. 

Location N Ar HO HE F rQG 

Mesquite Valley 12 5.6 0.796 0.757 0.120 0.061 (0.031 ï 0.091) 

Stateline Pass 25 6.0 0.816 0.790 0.105 0.019 (0.003 ï 0.035) 

ISEGS North 53 6.3 0.805 0.796 0.115 0.013 (0.007 ï 0.020) 

ISEGS South 10 5.4 0.838 0.740 0.074 0.073 (0.030 ï 0.121) 

Southpah 39 6.2 0.790 0.787 0.118 0.031 (0.022 ï 0.040) 

Nipton 32 6.1 0.811 0.783 0.105 0.033 (0.023 ï 0.043) 

Silver State 21 6.1 0.786 0.779 0.118 0.021 (0.005 ï 0.034) 

Sheep 21 6.0 0.788 0.780 0.118 0.037 (0.022 ï 0.052) 

McCullough Pass 47 5.8 0.772 0.771 0.128 0.060 (0.052 ï 0.069) 

Eldorado Valley 15 5.7 0.797 0.770 0.126 0.051 (0.027 ï 0.076) 

Piute Valley 24 6.2 0.781 0.788 0.124 0.036 (0.022 ï 0.049) 

Overall 299 5.9 0.795 0.811 0.115 -0.003 
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Table 1. 2. Pairwise FST values (lower) with corresponding p-values (upper). A) 

Comparisons between survey locations: Mesquite Valley (MV), Stateline Pass (SL), 

ISEGS North (IN), ISEGS South (IS), Southpah (SP), Nipton (NI), Silver State (SS), 

Sheep (SH), McCullough Pass (MC), Eldorado Valley (EV), and Piute Valley (PV). B) 

Comparisons between the three main genetic clusters: Ivanpah/Mesquite Valley (IVMV), 

McCullough Pass (MC), and Eldorado/Piute Valley (EVPV). Significant p-values after 

Bonferroni correction are denoted in bold.  

A MV SL IN IS SP NI SS SH MC EV PV 

MV - 0.092 0.001 0.002 0.001 0.001 0.001 0.005 0.002 0.001 0.001 

SL 0.013 - 0.400 0.003 0.006 0.063 0.397 0.014 0.013 0.003 0.012 

IN 0.028 0.011 - 0.087 0.569 0.581 0.051 0.029 0.001 0.010 0.017 

IS 0.032 0.028 0.018 - 0.020 0.307 0.193 0.005 0.009 0.001 0.001 

SP 0.035 0.021 0.007 0.024 - 0.495 0.237 0.002 0.003 0.001 0.001 

NI 0.036 0.016 0.012 0.017 0.013 - 0.227 0.009 0.009 0.001 0.015 

SS 0.028 0.012 0.003 0.018 0.014 0.015 - 0.123 0.026 0.035 0.101 

SH 0.025 0.022 0.019 0.028 0.029 0.025 0.017 - 0.004 0.001 0.004 

MC 0.033 0.024 0.025 0.027 0.027 0.025 0.023 0.028 - 0.003 0.001 

EV 0.040 0.030 0.027 0.041 0.033 0.034 0.022 0.035 0.033 - 0.517 

PV 0.037 0.025 0.027 0.039 0.033 0.027 0.021 0.033 0.035 0.019 - 
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B IVMV  MC EVPV 

IVMV  - 0.001 0.001 

MC 0.018 - 0.001 

EVPV 0.018 0.028 - 
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Table 1. 3. Isolation-by-distance correlation coefficient values (Pearsonôs r) using 

individual geographic locations; by survey location using mean tortoise locations of each 

survey area; by inferred genetic cluster using mean tortoise locations of each cluster; 

within each of the three genetic clusters individually: Ivanpah/Mesquite Valley (IVMV), 

McCullough Pass (MC), and Eldorado/Piute Valley (EVPV); and within each discrete 

survey location: Mesquite Valley (MV), Stateline Pass (SL), ISEGS North (IN), ISEGS 

South (IS), Southpah (SP), Nipton (NI), Silver State (SS), Sheep (SH), Eldorado Valley 

(EV), and Piute Valley (PV). 

 r DF p-value 

By Individual 0.158 298 0.001 

By Survey Location 0.450 10 0.027 

By Genetic Cluster 0.791 3 0.039 

Within IV 0.116 212 0.001 

Within MC 0.230 46 0.001 

Within EVPV 0.124 38 0.002 

Within MV 0.281 11 0.127 

Within SL 0.084 24 0.187 

Within IN -0.002 52 0.512 

Within IS -0.028 9 0.572 

Within SP 0.190 38 0.010 

Within NI 0.007 31 0.469 

Within SS 0.036 20 0.381 

Within SH 0.072 20 0.286 
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Within EV 0.204 14 0.040 

Within PV 0.134 23 0.040 
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Table 1. 4. Maximum Likelihood Population Effects (MLPE) model summaries for each 

model considered (Model); Log likelihood (LogLik); the number of parameters (k); 

resulting Akaikeôs information criterion score (AIC); change in AIC from the highest 

ranking model (ȹAIC); model weights (W) as calculated per Anderson & Burnham 

(2004); and R2.  

Model LogLik. k AIC ȹAIC W R2 

Railway + Interstate + Habitat 159.79 10 -311.58 0.00 0.53 0.90 

Railway + Habitat 159.68 7 -311.37 0.21 0.47 0.90 

Railway + Interstate + Euclidian 152.60 10 -297.21 14.37 0.00 0.87 

Railway + Euclidian 152.30 7 -296.59 14.99 0.00 0.86 

Railway 152.16 4 -296.33 15.25 0.00 0.86 

Interstate + Euclidian 148.95 7 -289.89 21.69 0.00 0.84 

Interstate + Habitat 148.13 7 -288.26 23.32 0.00 0.80 

Interstate 146.57 4 -285.13 26.45 0.00 0.77 

Euclidian 146.48 2 -284.96 26.62 0.00 0.76 

Habitat 146.48 4 -284.96 26.62 0.00 0.76 

Null 114.68 1 -223.35 88.23 0.00 0.00 
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Table 1. 5. Total number of second order relationships detected using the program 

COLONY among Gopherus agassizii in the Ivanpah Valley area: Mesquite Valley (MV), 

Stateline Pass (SL), ISEGS North (IN), ISEGS South (IS), Southpah (SP), Nipton (NI), 

Silver State (SS), Sheep (SH), McCullough Pass (MC), Eldorado Valley (EV), and Piute 

Valley (PV). 

 MV  SL IN IS SP NI  SS SH MC EV PV 

MV  1           

SL 2 4          

IN 0 1 12         

IS 0 0 3 0        

SP 1 0 4 0 9       

NI  0 3 5 1 1 10      

SS 1 1 0 0 1 1 0     

SH 1 0 0 0 1 0 4 3    

MC 0 0 0 0 3 1 1 2 10   

EV 0 0 0 0 0 0 0 0 3 5  

PV 1 0 2 0 0 4 1 0 0 2 5 
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Fig. 1. 1. Map of survey locations centering on the Ivanpah Valley, along the 

California/Nevada border. The 1 km2 plots are indicated by purple squares; the additional 

sample location is indicated by a purple circle that represents the area from which 

samples were collected. Developments on the landscape include urban/solar (areas where 

habitat has been lost and/or fenced to exclude tortoises), major roads/railway (linear 

barriers to connectivity), minor/dirt roads and mines (representing habitat degradation). 
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Fig. 1. 2. Cost surfaces used in Maximum Likelihood Population Effects (MLPE) models. 

Top Left: Single value of 0.001 to represent a cost free (Euclidean distance) surface 

governed only by isolation-by-distance. Top Right: Log of distance to I-15 highway 

scaled from 0-1. Bottom Left: Log of distance to the Southern Pacific Railroad scaled 

from 0-1. Bottom Right: Habitat resistance taken as the inverse of modeled desert tortoise 

habitat from Nussear et al. 2009 (1 -  modeled habitat suitability values).  
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Fig. 1. 3. STRUCTURE results with sample location used as a prior. Number of clusters 

reported using the Evanno method (ȹK), except where the Pritchard method found one 

cluster (Pr(X|K)). A) Pie charts representing the proportion of each siteôs genetic 

background coming from three main genetic clusters identified prior to hierarchical 

analysis (ȹK = 3) for the entire study area with sample size ranges from 10 for the 

smallest pie to 53 for the largest, colors correspond to those found in B. B) STRUCTURE 

barplot with each vertical bar representing an individual, color scheme matching that 

found in A and representing the proportion of each individualôs genetic background 

coming from the three main clusters, with barplots  organized generally from the farthest 

northwest location (Mesquite Valley) through a mountain pass (Stateline Pass) into 

Ivanpah Valley plots, through a mountain pass (McCullough Pass) to farthest southeast 

location (Piute Valley). C) Results of hierarchical analysis revealing additional structure 

(Ivanpah/Mesquite Valley ȹ K = 2, McCullough Pass ȹK = 3, Eldorado/Piute Valley ȹK 

= 2, Pr(X|K) = 1).  
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Fig. 1. 4. sPCA results of the summary of genetic variability and spatial structure, where 

white and black squares represent the product of the variance and spatial autocorrelation 

as scores that are positioned by spatial coordinates. Square size indicates the magnitude 

of the variance. Negative scores represent local patterns of spatial autocorrelation and 

positive scores represent global patterns. A) Map of the entire study area showing a 

pattern of genetic variability between Ivanpah Valley and Mesquite Valley and locations 

to the east, with potential integration at the Sheep and Nipton plots; and B) Map of 

Ivanpah Valley revealing an east-west genetic pattern.   
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CHAPTER 2. GENES BY PLACE: WHY ASSESSING MOJAVE DESERT 

TORTOISE GENE FLOW  WITH LANDSCAPE MODELS IS USEFUL  

 

ABSTRACT 

 

Anthropogenic linear features (road and railways) can fragment Mojave desert tortoise 

(Gopherus agassizii) populations. Attention to genetic connectivity in light of disturbance 

is critical in working towards species recovery. Culverts, often constructed for drainage, 

may restore genetic connectivity by allowing for safe passage across anthropogenic 

barriers. However, population density is an additional consideration in connectivity 

planning that has been given little attention in desert tortoises. I used individually based 

spatially explicit genetic simulations of gene flow in landscape scenarios constructed as 

resistance surfaces of (1) neutral landscapes - without barriers and allowing for isolation-

by-distance, (2) with a semi-permeability (representing culverts) along linear barriers, 

and (3) an absolute barrier to dispersal. Simulations were run for 200 non-overlapping 

generations using 20 variable microsatellite loci derived from an empirical dataset. To 

evaluate average outcomes, I performed 30 replicate runs. I examined the total number of 

individuals, genetic diversity (A, Ho), and population genetic structure (pairwise FST, 

STRUCTURE, and sPCA) for simulations of population density (low, moderate, high), 

population growth rate (low), increased number of loci (80), and a heterogeneous 

landscape. I found that relative to the absolute barrier connectivity improved when 

corridors allowed for movement across linear barriers and with higher tortoise densities. 
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Population genetic structure increased as barriers reduced connectivity regardless of the 

modeling scenario. However, low population density simulations lost over 75% of their 

population size regardless of the landscape scenario. Genetic diversity in the no 

disturbance landscape simulations was initially high in low population density models (A 

= 23.3 ± 0.18, Ho = 0.790 ± 0.004), but fell through time (A =12.8 ± 0.50, Ho = 0.31 ± 

0.021), with no significant differences between the three landscapes. My results predict 

that the addition of connectivity culverts to major roads and railways will improve 

genetic connectivity for the desert tortoise; however, the consequences of low density 

may result in greater risk of genetic drift and harmful stochastic demographic processes. 

Therefore, care should be taken to ensure Mojave desert tortoise populations remain 

connected without losing population density. 

 

INTRODUCTION  

 

The degree to which a landscape facilitates movement among species habitat areas is a 

key metric influencing biodiversity, viable population sizes, the potential for 

demographic rescue, movements in response to environmental change, gene flow, and 

genetic resilience across a broad range of taxa (Christie & Knowles 2015; Haddad et al. 

2003; Taylor et al. 1993; Tewksbury et al. 2002). Anthropogenic linear features, like 

roadways, have been found to negatively impact population genetic diversity and genetic 

structure across taxa by restricting movement (Balkenhol & Waits 2009; Holderegger & 

Di Giulio 2010). Increased mortality and modified animal behavior has been documented 
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in multiple species (Trombulak & Frissell 2000). The Mojave desert tortoise (Gopherus 

agassizii) is effected by direct mortality when roadways are unfenced, or an inability to 

cross when fenced (Boarman et al. 1997). Roadways have been found to reduce 

movements of desert tortoises, both in terms of crossing and home-range size (Peaden et 

al. 2017). Relative abundance is also reduced Ó 0.2 ï 4 km from roadways (Boarman & 

Sazaki 2006; vonSekendorff Hoff & Marlow 2002; Nafus et al. 2013).  

When a native landscape becomes fragmented, corridors may maintain or even 

restore connectivity (Noss 1987). Functional corridors allow species to move through 

habitat embedded in a suboptimal matrix and enhance population viability (Henein & 

Merriam 1990; Beier & Noss 1998; Beier et al. 2008). Rautsaw et al. (2018) found that 

railways restrict movement patterns in gopher tortoises (Gopherus polyphemus), but 

trenches dug underneath the rails allow for crossing. The strategic placement of 

underground culverts may optimize safe passage and improve connectivity for Mojave 

desert tortoises (Boarman et al. 1997; Peaden et al. 2017). Therefore, evaluation of the 

effectiveness of these corridors is of critical importance (Gregory & Beier 2014).  

Fragmented populations are at greater risk of population decline and genetic drift 

(Dixo et al. 2009; Holderegger & Di Giulio 2010). The addition of connectivity routes 

onto the landscape may be insufficient to maintain genetic connectivity if individuals 

have to travel long distances without finding mates (Bruford et al. 2010). Population 

decline has been given little attention in Mojave desert tortoise connectivity research. The 

species was federally listed as threatened due to range-wide declines in habitat and 

population density (USFWS 1994), and since listing has continued to decline (Doak et al. 
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1994; Corn 1994; Tracy et al. 2004, USFWS 2011), with recent numbers as low as 37% 

range-wide in the decade from 2004-2014 (Allison & McLuckie 2018).  

The cost of movement, reduction in survival, or willingness of an individual to 

move through its environment can be represented using a landscape resistance model 

(Zeller et al 2012), and movement depicted as a function of features on a map using 

resistance values (i.e. high resistance values may be assigned to urban areas or major 

roads) for each pixel cell in a gridded raster (Cushman et al. 2013). The sampling grain 

(size of the sampling unit; i.e. raster pixel size) should ideally be smaller than an average 

home-range size or dispersal distance (Anderson et al. 2010). The mean home-range for 

desert tortoises is highly variable (1.3-53 ha, Berish & Medica 2014) and maximum 

movements have been recorded between 0.5 - 1.6 km (Nussear et al. 2012).  

In species with limited dispersal, such as the desert tortoise, genetic tools can 

provide a framework to examine hard to observe processes (Brooks 2003; Cushman et al. 

2013; Lowe & Allendorf 2010; Dileo & Wagner 2016; Slatkin 1985). Incorporating 

landscape structure into analyses of movement enhances our understanding of the role 

landscape features play in shaping genetic diversity and population structure 

(Holderegger & Wagner 2008; Manel et al. 2003; Sork & Waits 2010; Storfer et al. 

2007).  

Evaluations of corridor effectiveness can be challenging because of the lag time 

associated with detection of genetic patterns following corridor installation (Gregory & 

Beier 2014). In these types of analyses, time is best measured using the generation time 

for the species of interest, rather than number of years. In spatially explicit, individually-
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based simulations time to detect genetic signals as the result of a landscape barrier ranged 

from 1 to 200 generations, depending on dispersal ability and genetic response metric 

(Landguth et al. 2010). Because desert tortoises have long generation times (20-25 years, 

USFWS 1994) it would likely require decades to empirically determine the genetic 

effects of fragmentation from linear barriers and potential connectivity value of 

underground culverts. However, forward-in-time simulations may aid in evaluating how 

changing landscape features are predicted to influence future population genetic patterns 

(Epperson et al. 2010; Rebaudo et al. 2013; Rebaudo et al. 2014). 

Understanding the relationship between gene flow, population density, 

connectivity corridors, and physical barriers is important for desert tortoise recovery 

(USFWS 2011). Little work has been done to determine how linear barriers may impede 

connectivity in otherwise connected habitat or evaluate the influence of connectivity 

culverts on genetic architecture in desert tortoises. This study uses forward-in-time 

simulation modeling to predict tortoise genetic connectivity in simulated landscapes 

without a linear barrier, with a semi-permeable barrier, and with an absolute barrier to 

dispersal to test specific hypothesis. I hypothesized that adding permeability onto a linear 

barrier will improve genetic connectivity, but that connectivity may decrease with 

reductions in population density.  

 

MATERIALS AND METHOD S 
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FORWARD-IN-TIME SIMULATION MODEL  

I preformed individually-based spatially explicit genetic simulations of gene flow across 

200 generations in the landscape scenarios using the program SIMADAPT v.1.8.0 

(Rebaudo 2014). SIMADAPT uses the NETLOGO environment (Wilensky 1999) to model 

mating and dispersal in non-overlapping generations using a georeferenced area with 

closed boundaries and three landscape characterization files: habitat type (here used as a 

proxy for geographic populations by assigning individuals to groups relative to a 

geographic barrier), carrying capacity of each grid cell, and landscape resistance. The 

model simulates landscape genetic processes with user defined simulation parameters, 

including initial genetic structure, and records the alleles of all individuals from forward-

in-time generations (Rebaudo et al. 2013).  

 

STUDY LANDSCAPE AND DIGITAL REPRESENTATION  

Landscapes were constructed and mapped in R 3.5.3 (R Core Team 2019) using packages 

ggmap v.3.0.0.901, raster v.2.9-5, and rgeos v.0.4-3 (Kahle & Wickman 2013; Hijmans 

2019; Bivand & Rundel 2019). The landscapes were hypothetical areas Ó 25 x 25 km of 1 

km2 grid cells, constructed as (1) neutral landscapes - without barriers and allowing for 

isolation-by-distance (IBD), (2) with a semi-permeable linear barrier, and (3) an absolute 

barrier to dispersal. I used resistance values of 0 (no resistance), 0-0.6 (variable 

resistance), 1 (absolute barrier), and 0.7 (permeable areas embedded within a barrier; Fig. 

2. 1). Values for variable resistance and permeability were derived from the habitat 
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suitability model and expert opinion as being within the range of values appropriate for 

tortoise occupancy and movement (Nussear et al. 2009).  Models with no resistance, 

barriers, and permeability along barriers allowed for evaluation of differences in genetic 

diversity and structure in simplified scenarios. Randomly generated variable resistance 

values were applied to heterogeneous landscape models to incorporate more realistic 

landscapes. 

 

SIMULATION PARAMETERS  

Simulations were run to generate genotype files and investigate six model scenarios: 

model behavior, computational limitations, population density, population growth, 

increased number of loci, and heterogeneous landscape (Table 2. 1). Model behavior used 

simplified landscape scenarios (neutral landscape with no resistance and absolute 

barriers) to verify models conformed as predicted prior to modeling scenarios with 

unknown outcomes. Computational limitations tested for unreliability in run completion 

as a direct result of simulated landscape size and number of individuals to ensure models 

would be unencumbered by computing limits. Further details on model behavior and 

computational limitations can be found in Appendix B (Supplemental Material).  

In all simulations, individuals were allowed to move up to ten grid cells per 

generation (Ò14 km). As there are no empirical data on an individualôs dispersal 

likelihood, I used telemetry data from Ivanpah Valley to calculate the percent of animals 

that left 1 km2 study plots without returning to approximate probability of dispersal at 

50% (Hromada pers comm.). To account for uncertainty in population growth rates I ran 
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models using a low of 0.5% annual growth (Turner 1986) and moderate estimate of 1% 

(USFWS 1994). Both were multiplied by 48 breeding years, based on average lifespan 

(USFWS 1994; Medica et al. 2012) minus average age of reproductive maturity (17 

years, McCoy et al. 2014; USFWS 2011). Annual density estimates for desert tortoises 

are highly variable (0.2-28/km2, Allison & McLuckie 2018). Based on tortoise densities 

in 1 km2 plots in a current study in Ivanpah Valley, along the Nevada/California border, I 

calculated 24/km2, and used this value for high density in these models. Medium and low 

densities were estimated at 14/km2 and 3/km2. Simulations in heterogeneous landscapes 

were initiated with Mojave desert tortoise genotypes at landscape carrying capacity 

(maximum density supported by the habitat) based on the relationship between habitat 

suitability and population density (Table 2. 2; Nussear et al. in prep).  

I simulated gene flow for 200 non-overlapping generations, sampling individuals 

every five generations. I used a mutation rate of 0.0005 per locus per generation (Dileo et 

al. 2013; Estoup & Angers 1998; Landguth et al. 2010). This value falls within the range 

of mutation rates for microsatellite loci estimated by Edwards et al. (2015) for desert 

tortoise microsatellites. Because increasing the number of loci can decrease sampling 

error and increase sensitivity (Meirmans 2015) I ran simulations with 20 and 80 loci to 

determine if changes in genetic diversity or population genetic structure could be detected 

earlier in time or more clearly with more loci. Simulation parameters by model type are 

summarized in Table 2. 1. 
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GENETIC DATA  

Neutral genetic markers are not influenced by selective forces, making them ideal for 

investigations of gene flow (Holderegger et al. 2006). I started with frequencies observed 

in an empirical dataset of 20 variable microsatellite loci (Edwards et al. 2003; Hagerty et 

al. 2008; Schwartz et al. 2003) sampled from a continuous population in the Ivanpah 

Valley (Fig. 2. 2; Dutcher et al. 2020). Statistics from these data were used to 

parameterize genotypes for simulations models with increased number of loci (n = 80). I 

randomized the samples to remove any potential signal of IBD in order to create seed 

genotypes. These genotypes were simulated forward-in-time with no landscape 

resistance, using a burn-in of 100 generations to create a large genotype file from which 

to subsample as input for models of population density, population growth, and 

heterogeneous landscapes. I tested for departures in Hardy-Weinberg equilibrium, 

applying a Bonferroni correction, and examined genetic diversity and population genetic 

structure in the original data from Ivanpah Valley and the simulated data. Simulations 

were seeded with genotypes equal to the number of individuals at carrying capacity in 

neutral landscapes. 

 

POPULATION DYNAMICS AND GENETIC DIVERSITY  

To account for stochasticity in simulations and ensure understanding of average 

outcomes I performed 30 repetitions of modeled scenarios sampling genotypes every five 

generations. I compared population dynamics in neutral landscape models with barrier 

models, by evaluating the total number of individuals through time. In simulated datasets 
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with > 750 individuals I randomly sampled without replacement to create subsamples for 

analyses. Evolutionary potential was calculated using genetic diversity statistics as the 

number of alleles/locus (A) and observed heterozygosity (Ho) using the R package 

adegenet v.2.1.1 (Jombart 2008). Simulated data were examined through time, using 

outcomes averaged across replicate simulations.  

 

POPULATION GENETIC STRUCTURE  

I investigated population genetic structure in the original genotypes, following 

randomization, and simulation output using pairwise genetic differentiation (FST, Nei 

1973) in the R package hierfstat v.0.04-22 (Goudet 2005), spatial principal components 

analysis (sPCA) using the R package adegenet v.2.1.1 (Jombart et al. 2008), and a 

Bayesian clustering analysis (STRUCTURE v.2.3.4, Pritchard et al. 2000). In simulated data 

I evaluated FST in time-series, using outcomes averaged across replicate runs. I also 

examined population genetic structure with genotype files best representing the mean FST 

at generation 200 to ensure capture of the effects of landscape. STRUCTURE analyses were 

performed using the admixture model, with correlated allele frequencies, and location as 

a prior, which improves inference when genetic structure is weak. I estimated the 

probability of K population clusters = 1-10 using ten replicate runs of 1,000,000 Markov 

Chain Monte-Carlo iterations following a burn-in of 500,000. I calculated the mean log 

probability of the data (Pr(X|K) in Pritchard et al. 2000). Because Pr(X|K) may 

overestimate genetic clusters when there are patterns of IBD I also calculated the second 

order rate of change (ȹK in Evanno et al. 2005). Results were visualized using 
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PopHelper v.2.2.9 in R (Francis 2017).  Because STRUCTURE may misrepresent genetic 

clustering when spatial autocorrelation is present (Pritchard et al 2010; Schwartz & 

McKelvey 2008) I used sPCA to evaluate cryptic genetic patterns in the presence of IBD. 

This multivariate method differs from STRUCTURE by maximizing genetic diversity 

(variance) in individual allele frequencies while accounting for spatial structure (spatial 

autocorrelation measured by Moran's I). The genetic patterns were compared to 999 

randomized Monte-Carlo permutations to test for differences between observed structure 

and the distribution of random expectations.  

 

RESULTS 

 

INITIAL GENETIC DATA  

The simulated dataset produced a large number of individuals (N = 14572); therefore, I 

used a subsample (n = 750) for comparison with the original genetic data (n = 170). All 

loci in the original dataset and the subsample conformed to Hardy-Weinberg equilibrium 

following Bonferroni correction (p < 0.003). The number of alleles ranged from 4 ï 39 in 

the original genetic dataset to 8 ï 54 in the subsample. In the original dataset Ho did not 

deviate from theoretical expectations (p = 0.429, df = 19). Comparisons of the original 

dataset and the subsample of simulated data found no significant differences in observed 

and expected heterozygosity (p = 0.369 and 0.038; respectively, df = 19; Table 2. 3).  

In the original data no spatial autocorrelation was found using sPCA. However, 

STRUCTURE did detect genetic clusters (Pr(X|K) = 5, ȹK = 2) with admixture. In the 
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simulated data, sPCA identified IBD, which is expected in desert tortoises as the result of 

simulating genotypes across a large landscape surface (625 km2). STRUCTURE found 

evidence for a continuous population with strong admixture that aligned well with sPCA 

results (Pr(X|K) = 1, ȹK = 3; Fig. 2. 3). 

 

SIMULATED LANDSCAPE MODELS  

I examined the total number of individuals, genetic diversity (A, Ho), and genetic 

differentiation for models of population density (low, moderate, high), population growth 

rate (low), increased number of loci (80), and heterogeneous landscape. I compared 

neutral landscapes with barrier models (absolute and semi-permeable) for each. I found 

that the number of individuals was highest in neutral landscapes and lowest with an 

absolute barrier in all models. Genetic diversity followed the same pattern. Genetic 

differentiation was always lowest in neutral landscapes. Absolute barriers created isolated 

populations while semi-permeable barriers allowed for some admixture. I was able to 

detect population genetic structure earlier in time in models with low population density 

and increased number of loci. 

Population density was assigned as 3/km2 (low), 14/ km2 (moderate), and 20/km2 

(high). The low density models were seeded with N = 1875 and lost over 75% of the 

population by generation 200 regardless of landscape (neutral N = 460 ± 12.34, semi-

permeable barrier N = 438 ± 8.09, absolute barrier N = 434 ± 9.73). Moderate density 

models were seeded with 8750 individuals, and remained stable through time. 

Populations in semi-permeable barrier landscapes (N = 8034 ± 15.58 at generation 200) 
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and absolute barrier landscapes (N = 8024 ± 14.05) decreased initially, but stabilized 

within 5 ï 10 generations. The population decreased in the barrier model 8.3% by 

generation 200. Populations in high density models started with 12500 individuals and 

remained stable in neutral landscapes. Populations initially decreased in semi-permeable 

barrier landscapes (11540 ± 22.70 at generation 200) and absolute barrier landscapes 

(11531 ± 19.65), but stabilized within 5 ï 10 generations. The absolute barrier model 

exhibited a loss in population of 7.5%. 

For population density models, in neutral landscapes, the mean number of 

alleles/locus was initially comparable with low (A = 23.3 ± 0.18), moderate (A = 23.3 ± 

0.20), and high density (A = 23.3 ± 0.25). By generation 200 it decreased at low densities 

(A =12.8 ± 0.50, p = 1 * 10-5), and there were no significant differences in the three low 

density scenarios (p > 0.05, df = 19). Low density models also lost heterozygosity in the 

neutral landscape between generation 0 (Ho = 0.790 ± 0.004) and generation 200 (Ho = 

0.31 ± 0.021; p = 3 * 10-15, df = 19). Greater losses were predicted at low density, with 

semi-permeable (Ho = 0.305 ± 0.016) and absolute barrier models (Ho = 0.287 ± 0.0168), 

but were not significantly different from the neutral model (p > 0.05, df = 19). By 

generation 200 the mean number of alleles/locus was relatively comparable to generation 

0 in the moderate density model in the three landscape scenarios (p > 0.05, df = 19). 

Heterozygosity in moderate density models was not significantly different through time 

or by landscape scenario (p > 0.05, df = 19). The high density model increased in number 

of alleles/locus in the neutral models between generations 0 and 200 (A = 24.6 ± 0.42, p > 

0.008, df = 19); however, there were no significant differences by landscape scenario (p > 
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0.05, df = 200).  Heterozygosity in the high density models was not significantly different 

through time or by landscape scenario (p > 0.05, df = 19). 

Genetic differentiation in population density models was < 0.002 at generation 0 

in all simulations, with neutral landscapes displaying stability. Genetic differentiation 

increased through time in absolute barrier models, regardless of population density. 

Absolute barrier landscapes showed the highest genetic differentiation at generation 200 

at low density (FST = 0.073 ± 0.008) followed by moderate (FST = 0.012 ± 0.002) then 

high density (FST = 0.002 ± < 0.001). Genetic differentiation values for semi-permeable 

barrier landscapes fell between neutral and absolute barrier landscapes at all modeled 

densities, as expected. Population genetic structure at generation five was absent in all 

modeled landscapes at all population densities. By generation 200 the neutral landscape 

revealed spatial autocorrelation at all densities as the result of individual movement 

abilities relative to landscape size, with no apparent geographic population structure (low 

density Pr(X|K) =10, ȹK = 3; moderate Pr(X|K) = 1, ȹK = 6; high Pr(X|K) = 1, ȹK = 2). 

Absolute barriers resulted in isolation, regardless of density (low and moderate density 

Pr(X|K) = 10, ȹK = 2; high Pr(X|K) = 6, ȹK = 2). Semi-permeable landscapes exhibited 

population genetic structure on either side of the linear barrier; however, with evidence of 

admixture (low density Pr(X|K) = 10, ȹK = 2; moderate and high Pr(X|K) and ȹK = 2; 

Fig. 2. 4).  

Moderate population density (N = 8750) was used to initiate all models at a low 

population growth rate (r = 0.24). The number of individuals was comparable to those 

found in moderate population density models (r = 0.48). The population decreased by 7.3 
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ï 7.4% by generation 200 in the semi-permeable and absolute barrier landscapes. In all 

landscapes modeled, and through time, the mean number of alleles/locus ranged from 

23.0 ± 0.4 ï 23.5 ± 0.4 (p > 0.05, df = 19). Heterozygosity remained consistent in all 

landscapes and by generation, with the high at generation 200 in the neutral landscape 

(Ho = 0.792 ± 0.007) and the low at generation 200 in the absolute barrier landscape (Ho 

= 0.782 ± 0.006; p > 0.05, df = 19). 

 In population growth models genetic differentiation was similar to moderate 

population density models, with a robust pattern of increasing differentiation through 

time in absolute barrier landscapes (FST = 0.011 ± 0.001), and semi-permeable barrier 

landscapes (FST = 0.003 ± < 0.001) falling between absolute barrier and neutral 

landscapes (FST = 0.002 ± < 0.001). At generation five there was little to no population 

genetic structure in all modeled landscapes, with no ostensible population structure in the 

neutral landscape by generation 200 (Pr(X|K) = 1, ȹK = 5). Semi-permeable (Pr(X|K) = 

6, ȹK = 2) and absolute barrier landscapes (Pr(X|K) and ȹK = 2) showed strong spatial 

autocorrelation with genetic structure corresponding with the linear barrier by generation 

200 (Fig. 2. 5). 

Models with an increased number of loci (n = 80) were initiated with moderate 

population density (N = 8750). In the semi-permeable and absolute barrier landscapes the 

population decreased 8.2 ï 8.3% by generation 200, similar to moderate population 

density models with 20 loci. The range of the mean number of alleles/locus differed from 

moderate population density models (A = 9.3 ± 0.1 ï 11.0 ± 0.1) due to the simulation 

parameters used. They did conform with the simulated data in the behavior models (A = 



65 

 

9.5 ï 11.0), which used the same population density and did not show significant 

differences by landscape scenario (p > 0.05, df = 79). There were significantly more 

alleles/locus at generation 200 than generation 0 in the neutral landscape (p = 2 * 10-16, df 

=79). Heterozygosity remained consistent in all landscapes scenarios, with the high at 

generation 200 in the neutral landscape (Ho = 0.764 ± 0.006) and the low at generation 

200 in the absolute barrier landscape (Ho = 0.756 ± 0.005; p > 0.05, df = 79). The neutral 

landscape had significantly higher heterozygosity by generation 200 when compared with 

generation 0 (p = 2 * 10-16, df = 79). 

Models with increased number of loci  showed similar patterns in genetic 

differentiation with other models, particularly moderate population density models. In 

absolute barrier landscapes genetic differentiation increased markedly through time (FST 

= 0.011 ± 0.001). Semi-permeable barrier landscapes (FST = 0.003 ± <0.001) fell between 

absolute barrier and neutral landscapes (FST = 0.002 ± < 0.001). At generation five there 

was weak indication of population genetic structure in all modeled landscapes, with 

evidence of a cline in the neutral landscape (Pr(X|K) and ȹK = 2). The semi-permeable 

landscape showed strong spatial autocorrelation with a clear geographic population on 

either side of the linear barrier (Pr(X|K) = 4, ȹK= 2), as did the absolute barrier landscape 

(Pr(X|K) and ȹK= 2; Fig. 2. 6). 

Heterogeneous landscape models were initiated at moderate population density (N 

= 9366). The population density decreased over 55% in all models, with the largest 

decline in the absolute barrier landscape (N = 4118 ± 24.3). The mean number of 

alleles/locus at generation 200 ranged from 19.2 ± 0.52 ï 19.3 ± 0.52, and did not differ 
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significantly by landscape scenario (p > 0.05, df = 19). The number of alleles/locus 

decreased significantly through time (p = 1 * 10-5, df = 19). Heterozygosity decreased in 

all landscapes (p = 8 * 10-5, df = 19), but conformed to previous model patterns. There 

were no significant differences between modeled landscapes (p > 0.05, df = 19). The 

highest amount of heterozygosity was detected at generation 200 in the neutral landscape 

(Ho = 0.739 ± 0.001) and the low in the absolute barrier landscape (Ho = 0.723 ± 0.010). 

 Genetic differentiation patterns corresponded with other models. In the absolute 

barrier landscape genetic differentiation at generation 200 (FST = 0.026 ± 0.003) was 

greater than predicted by the moderate population density model, but lower than at low 

density. Similarly, the semi-permeable barrier landscape (FST = 0.016 ± 0.002) fell 

between the absolute barrier and the neutral landscapes (FST = 0.006 ± 0.001). There was 

strong support for spatial autocorrelation by generation 200, with an inferred cline and 

resultant population genetic structure in the neutral landscape (Pr(X|K) = 10, ȹK = 2). 

Spatial genetic structure was evident as the result of isolation in both the linear barrier 

landscapes (Pr(X|K) = 10, ȹK = 2), with the absolute barrier allowing for no genetic 

connectivity (Fig. 2. 7). 

 

DISCUSSION 

 

CORRIDORS IMPROVE CONNECTIVITY  

Understanding how barriers contribute to declines in desert tortoise connectivity is 

crucial to conservation efforts (Averill -Murray et al. 2012). Barriers result in isolation of 
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populations that would otherwise not occur, ultimately increasing genetic differentiation 

and reducing overall genetic diversity as a result of fragmentation. Forward-in-time 

simulations using a broad range of population sizes and dispersal abilities found that the 

addition of corridors onto a fragmented landscape is predicted to improve genetic 

diversity for a broad range of taxa (Christie & Knowles 2015). My results indicate a 

decrease in the number of individuals on the landscape and some reduction in gene flow 

even with the addition of connectivity culverts as a result of habitat lost due to the barrier 

as well as increased isolation. Adding limited permeability along barriers improved gene 

flow but did not entirely negate the genetic effects of linear disturbances. Low levels of 

gene flow (i.e. one-migrant-per-generation) may suffice in preventing deleterious effects 

of inbreeding, but, will not adequately maintain comparable allele frequencies, or genetic 

connectivity, between populations (Lowe & Allendorf 2010). Additionally, negative 

genetic effects appear to be non-linear, with the greatest changes occurring initially 

following disturbance. However, my results indicate that the addition of connectivity 

culverts to anthropogenic barriers (road and railways) is likely to improve genetic 

connectivity, relative to an absolute barrier, for the desert tortoise.  

The impacts of landscape change on genetic architecture is associated with a 

considerable lag time in detection (Anderson et al. 2010; Landguth et al. 2010). Genetic 

differentiation between groups on either side of an absolute barrier are likely to continue 

to increase with time, as these are pairwise comparisons between isolated populations. 

The simulation results indicate that with any barrier (absolute or semi-permeable) 

structure will be evident within 200 generations of disturbance. However, genetic effects 
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may be evident in as few as five generations. Given appropriate conditions (low 

population density, increased number of loci) the effects of a barrier may be noticeable in 

fewer than five generations.  

 

LOW POPULATION DENSITIES LOSE GENETIC CONNECTIVITY  

Connectivity on the landscape was found to be heavily influenced by population density, 

and landscapes with lower density populations experienced greater reductions in 

population size and genetic diversity (heterozygosity and alleles/locus) with or without 

barriers, likely as the result of individuals moving across the simulated landscape without 

finding mates and genetic drift. Absolute barriers fragmented populations, increasing 

population genetic structure. When density was moderate to high, genetic diversity was 

largely unaffected and population size only decreased when a barrier was present. With 

increased density (moderate to high) barriers resulted in greater genetic differentiation 

and population genetic structure, but to a lesser degree than in low population density 

simulations. Adding permeability to barriers is predicted to improve connectivity at any 

population density; however, the consequences of low density may result in greater risk 

of genetic drift and harmful stochastic demographic processes (Dileo et al. 2013; Mateo-

Sanchez et al. 2014; Moqanaki & Cushman 2016). 

 

MANAGEMENT RECOMMENDATIONS   

Evaluating the total number of individuals and population genetic structure was useful in 

detecting changes in modeled scenarios, and genetic diversity was most informative at 
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low population densities. Given that tortoises were listed as threatened in 1990 due to 

range-wide population declines (USFWS 1994) and have continued to decline since 

listing (Allison & McLuckie 2018) I recommend that small changes to genetic diversity 

be monitored closely, as they may indicate more severe effects associated with 

population decline (Barr et al. 2015; Segelbacher et al. 2003; Vandergast et al. 2015; 

Wood et al. 2016). Additionally, care should be taken to ensure Mojave desert tortoise 

populations remain connected by large intact tracts of habitat and without losing 

population density. In simulation studies Fahrig (2001) found a precipitous drop in the 

survival-habitat relationship, indicating that as a population approaches the threshold 

additional small losses of habitat have a large impact on the probability survival. 

Therefore, the main priority for conservation is habitat protection and restoration of 

connectivity. 

Altering the population growth rate from 0.5% to 1% annual growth did not 

influence genetic connectivity in this study, but future investigations could benefit from 

additional research on this parameter, as well as dispersal probability/migration rate 

estimates. A better understanding of this parameters could serve to improve future 

modeling efforts. While using more loci did not change model outcomes, it had the 

tendency for clearer detection of spatial autocorrelation and loss of heterozygosity in 

fewer generations (often by generation five following disturbance). Additional studies 

could use methods allowing for more loci or next generation sequencing techniques to 

improve sensitivity.  
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TABLES AND FIGURES 

 

Table 2. 1. Simulation parameters. Surface: (S) simple resistance surface with no 

resistance outside barriers; (H) heterogeneous resistance surface (0-0.6) outside barriers. 

Cells: number of grid cells per simulation. Density: carrying capacity in each 1 km2 grid 

cell; (Variable) varies with resistance surface (range 1 ï 24). N: number of tortoises used 

to seed simulations. r: population growth rate. Data: (IG) initial genotypes from a 

panmictic population; (GP) genetic parameters from initial genotypes; (SG) simulated 

genotypes. Loci: number of loci. Reps: number of repetitions per simulation. No: number 

of models run. 

Model Surface 

 

Cells Density N r Data Loci Reps No 

Genotypes S 625 24 170 0.48 IG 20 1 1 

Behavior S 625 14 8750 0.48 GP 20 1 3 

Limitations S 1050 14 14700 0.48 GP 20 1 1 

Density Low 

             Mod 

             High 

S 

S 

S 

625 

625 

625 

3 

14 

24 

1875 

8750 

15000 

0.48 

0.48 

0.48 

SG 

SG 

SG 

20 

20 

20 

30 

30 

30 

3 

3 

3 

Growth S 625 14 8750 0.24 SG 20 30 3 

Loci S 625 14 8750 0.48 GP 80 30 3 

Landscape H 625 Variable 9366 0.48 SG 20 30 3 
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Table 2. 2. Carrying capacities determined by habitat suitability values (HSV) from a 

desert tortoise habitat suitability model (Nussear et al. 2009). Resistance values 

calculated as inverse of the HSV by each grid cell. 

HSV Resistance Carrying Capacity 

0 1.00 1 

0.01 ï 0.10 0.90 ï 0.99 1 

0.11 ï 0.20 0.80 ï 0.89 1 

0.21 ï 0.30 0.70 ï 0.79 3 

0.31 ï 0.40 0.60 ï 0.69 6 

0.41 ï 0.50 0.50 ï 0.59 9 

0.51 ï 0.60 0.40 ï 0.49 12 

0.61 ï 0.70 0.30 ï 0.39 15 

0.71 ï 0.80 0.20 ï 0.29 18 

0.81 ï 0.90 0.10 ï 0.19 21 

0.91 ï 1.00 0 ï 0.09 24 
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Table 2. 3. Genetic statistics for genotypes used in simulations: (n) sample size; (A) 

alleles/locus; (Ho) mean observed heterozygosity; (He) mean expected heterozygosity; 

(FST) genetic differentiation. 

Genotypes n A Ho ± SD He ± SD FST 

Original  170 14.4 0.80 ± 0.13 0.81 ± 0.12 0.003 

Simulated (subsample) 750 23.2 0.79 ± 0.11 0.82 ± 0.11 0.001 

Simulated (all) 14572 27.7 0.79 ± 0.11 0.82 ± 0.11 < 0.001 
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Fig. 2. 1. Simulation model landscapes. A) Left to right: neutral landscape with no 

resistance (0), semi-permeable barrier (0.7 and 1), absolute vertical barrier (1), absolute 

horizontal barrier (1). Neutral, absolute vertical barrier, and absolute horizontal barrier 

landscapes used in behavior models; neutral, semi-permeable, and absolute vertical 

barrier used in population density, population growth, and increased number of loci 

models. B) Left to right: neutral landscape with heterogeneous resistance values (0-0.6), 

semi-permeable barrier (0.7 and 1), absolute barrier (1). Landscapes used in 

heterogeneous landscape models.  
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Fig. 2. 2. Map of tortoise locations from a continuous population in Ivanpah Valley, 

along the California/Nevada border, used as the initial genetic data in forward-in-time 

simulations (n = 170).  
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Fig. 2. 3. Population genetic structure for genotypes used to seed simulation models. Left 

to right: A) sPCA results from the original genetic data (n = 170) randomized with no 

identifiable genetic pattern; a subsample of simulated genotypes (n = 750) showing a 

genetic cline; all simulated genotypes (N = 14572) showing a genetic cline. B) 

STRUCTURE results from the original genetic data (n = 170) randomized (Pr(X|K) = 2, ȹK 

= 5); a subsample of simulated genotypes (n = 750; Pr(X|K) = 1, ȹK = 3).   
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Fig. 2. 4. Population density model results using (upper) low density of 3 animals/km2 

animals/km2, (mid) moderate at 14 animals/km2, (lower) high at 20, each 625 km2. 

Results reported for three modeled landscapes: neutral with no resistance, semi-

permeable barrier, absolute barrier. Left to right: times-series of A) number of individuals 

(N), observed heterozygosity (Ho), genetic differentiation (FST); B) population genetic 

pattern results from sPCA. C) STRUCTURE results. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1.  
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Fig. 2. 5. Population growth model results using moderate density (14 animals/km2) and r 

= 0.24 (compare with results of moderate density (14 animals/km2) and r = 0.48 in Fig. 2. 

4). Results reported for three modeled landscapes: neutral with no resistance, semi-

permeable barrier, absolute barrier. Left to right: times-series of A) number of individuals 

(N), observed heterozygosity (Ho), genetic differentiation (FST); B) population genetic 

pattern results from sPCA; C) STRUCTURE results. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 2. 6. Increased number of loci model results using moderate density (14 

animals/km2) and 80 loci (compare with results of moderate density (14 animals/km2) 

using 20 loci in Fig. 2. 4). Results reported for three modeled landscapes: neutral with no 

resistance, semi-permeable barrier, absolute barrier. Left to right: times-series of A) 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

population genetic pattern results from sPCA; C) STRUCTURE results. Because Pr(X|K) 

may overestimate clusters with IBD ȹK is reported, except where Pr(X|K) = 1.  
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Fig. 2. 7. Heterogeneous landscape model results reported for three modeled landscapes: 

neutral with no resistance, semi-permeable barrier, absolute barrier. Landscapes were 

modeled at 625 km2 with number of animals/km2 dependent on cell resistance. Left to 

right: times-series of A) number of individuals (N), observed heterozygosity (Ho), genetic 

differentiation (FST); B) population genetic pattern results from sPCA; C) STRUCTURE 

results. Because Pr(X|K) may overestimate clusters with IBD ȹK is reported, except 

where Pr(X|K) = 1.  
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CHAPTER 3. GENES THROUGH TIME: HOW PREDICTIONS OF MOJAVE 

DESERT TORTOISE GENETICS CAN INFORM CONNECTIVITY TODAY  

 

ABSTRACT 

 

Fragmentation and habitat loss reduce population sizes, impede connectivity, and are 

primary threats to biodiversity. Urbanization and large-scale solar development in 

Southern Nevada mainly occur in Mojave desert tortoise (Gopherus agassizii) habitat, a 

species that has shown rapid population declines associated with habitat loss and 

degradation. Little work has been done to examine how habitat loss and fragmentation 

impede tortoise connectivity. This study used individually-based spatially explicit 

forward-in-time simulations to predict genetic connectivity in no disturbance and 

disturbance scenarios. I modeled 17 areas in Clark County, Nevada that were 525 ï 625 

km2 in area, at a 1 km2 resolution. These models used resistance surfaces that included 

potential disturbance factors that could impede the connectivity of desert tortoise 

populations. I examined population size, genetic diversity (alleles/locus, heterozygosity), 

and genetic structure (FST, sPCA, STRUCTURE) through time in each landscape scenario. I 

used a connectivity success index, based on genetic differentiation, to forecast the success 

or failure of gene flow over time, and translated this metric into structural landscape 

patterns. As anthropogenic disturbance increased, so did demographic and genetic 

effects. Habitat degradation resulted in predicted population declines, with the most 

pronounced losses concomitant with increased disturbance. Genetic diversity was 
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increasingly lost as disturbance intensified. Because connectivity success was found to be 

landscape dependent, outcomes for maintaining genetic connectivity were variable, but 

predicted gene flow was always reduced with disturbance. Disturbance landscapes with 

high levels of genetic connectivity tended towards low levels of fragmentation and 

landscape complexity, while the amount and dominance (based on largest patch size) of 

suitable habitat remained high. My results indicate that adequately protecting existing 

intact tracks of tortoise habitat and ensuring sufficient connectivity will benefit species 

recovery. 

 

INTRODUCTION  

 

 Nevada ranks first in the United States in human population growth rate, with increases 

of 12.4% since 2010 (USCB 2018). The bulk of this growth is within Clark County, 

which has experienced increases of greater than 40% since 2000 (Pendleton et al. 2013), 

and Las Vegas and Henderson are among the top 15 fastest growing cities in the nation 

(USCB 2018). Using aerial imagery from 2017 to detect the total land amount with 

evidence of disturbance in Clark County, it was estimated that 1,100 km2 within the 

county has been developed (Clark County 2017). Additionally, large-scale solar facilities 

have been developed, or approved for development, on 60 km2 within the county, chiefly 

on federal lands (BLM 2018a; 2018b; 2018c). Urbanization does not occur without 

significant environmental impact, and in southern Nevada, land use related to human 



94 

 

population growth, and energy development primarily occurs in lower elevation 

ecosystems like Mojave Desert scrub (Clark County 2017; Pendleton et al. 2013).  

Habitat disturbance has been shown to reduce population sizes, and is a primary 

threat to biodiversity (Fahrig 2003; Haddad et al. 2015). Disturbance poses risks to the 

long-term persistence of species like the Mojave desert tortoise (Gopherus agassizii) 

which has shown rapid population declines associated with habitat loss and degradation 

due to urbanization (Allison & McLuckie 2018; Doak et al. 1994; Corn 1994; Tracy et al. 

2004; USFWS 2011), resulting in federal listing as a threatened species in 1990 (USFWS 

1994). Threats to tortoise populations continue to intensify as land is converted for 

human uses, elevating the need to protect conservation areas and corridors between them 

that facilitate connectivity (Averill -Murray et al. 2012). Established tortoise conservation 

areas are limited by current land ownership and land use designations. Habitat loss and 

fragmentation can impede connectivity, disrupting species interactions, altering landscape 

use, and reducing rescue effects (Ewers & Didham 2006; Haddad et al. 2017; Hansen et 

al. 2007; Hand et al. 2014). Range-wide 16,282 km2 of habitat lie outside conservation 

areas and are subject to growing development pressures (Carter et al. in review), making 

the need to maintain connective habitat for tortoise populations through the Mojave 

Desert critical (Averill -Murray et al. 2013).  

The conservation value of a habitat corridor lies in its ability to provide functional 

connectivity (Beier & Noss 1998). Appropriate corridors are determined by habitat 

selection and movement (Chetkiewicz et al. 2006), with features of primary importance 

determined by multiple factors (e.g. length, width, topography, vegetation, adjacency to 



95 

 

human activities, and the habitat needs of the species of interest), and not necessarily 

based on a simple measurement of area (Beier & Loe 1992; Noss 1987). For taxa with 

limited dispersal, such as tortoises, corridors are likely not used for swift movement 

events or migrations; rather individuals may need days to generations to achieve 

connectivity (Beier & Loe 1992). Beier et al. (2008) suggest that corridor dwelling 

species may require corridor widths considerably larger than home-range width to 

provide most, if not all, ecological needs.  

The Mojave desert tortoise is commonly associated with desert scrub, but is 

known to occupy and move through heterogeneous habitat (Morafka & Berry 2002), and 

has been recorded in rugged terrain (OôConnor et al. 1994; Dutcher et al. 2020). For 

desert tortoises a historically well connected landscape with few barriers to movement 

has resulted in a range-wide pattern of isolation-by-distance (IBD) with gene flow and 

little genetic differentiation (Britten et al. 1997; Murphy et al. 2007; Hagerty & Tracy 

2010; Hagerty et al. 2011; Sanchez-Ramirez et al. 2018; Shaffer et al. 2015). Landscape 

genetics are sensitive to temporal scale, often revealing gene flow on a historic landscape 

even if it no longer occurs (Waples & Gaggiotti 2006). While the effects of fragmentation 

can be strong and persistent, their timescale is uncertain (Haddad et al. 2017). Landscape 

genetics studies find the timescale to detect the effects of habitat disturbance and the 

creation of barriers on the landscape can be decades to millennia (Gauffre et al. 2015; 

Gonzales et al. 2010; Leblois et al. 2004; McRae et al. 2005; Murphy et al. 2008; Row et 

al. 2011; Segelbacher et al. 2003). Because desert tortoises are estimated to reach 

reproductive age at 17 years, on average (USFWS 2011), directly evaluating the 
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consequences of recent or planned habitat loss and fragmentation on genetic connectivity 

requires investigations of potential future patterns of population genetics. 

Spatially explicit forward-in-time simulations can merge projections of changing 

conditions with landscape genetics to predict population persistence and functional 

connectivity in the future (Epperson et al. 2010; Creech et al. 2017; Rebaudo et al. 2014; 

Thatte et al. 2018). However, spatially correlated natural and anthropogenic features 

complicate inference, making interpretation difficult without comparative study design 

(Beier & Noss 1998). For example, anthropogenic barriers, like roads, can reduce gene 

flow, but the effects may be confounded by long-standing natural features (Dileo et al. 

2013; Vandergast et al. 2007). Evaluation of connectivity with and without habitat 

disturbance can disentangle these effects (Beier & Noss 1998), and forward-in-time 

simulations can be used to model multiple landscape scenarios.  

This study used forward-in-time simulation modeling to predict tortoise genetic 

connectivity in Clark County, Nevada using three landscape scenarios: (1) no habitat 

disturbance, (2) current levels of habitat disturbance, and (3) future projections of habitat 

disturbance given by development scenarios currently under consideration. In quantifying 

the genetic effects of current and planned habitat disturbance on populations through 

time, I sought to uncover what constitutes connectivity success by investigating the 

shared characteristics of landscapes projected to maintain genetic connectivity for 

Mojave desert tortoises into the future. 

 

MATERIALS AND METHODS  
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STUDY LANDSCAPE RESISTANCE SURFACES 

The study landscape focused on Clark County, Nevada using resistance surfaces. The 

neutral representation without anthropogenic disturbance was calculated as the inverse of 

an existing desert tortoise habitat suitability model (illustrating range-wide habitat 

potential and key areas for connectivity in the absence of anthropogenic disturbance, 

Nussear et al. 2009). Resistance surface landscapes incorporating current levels of habitat 

disturbance future projections of disturbance based on a 50 year forecast (Fig. 3. 1; 

forecast data provided by Clark County) were also created. Landscapes were mapped 

using R 3.5.3 (R Core Team 2019) packages ggmap v.3.0.0.901, raster v.2.9-5, and rgeos 

v.0.4-3 (Kahle & Wickman 2013; Hijmans 2019; Bivand & Rundel 2019). Within the 

study landscape I modeled areas 525 ï 625 km2 with a 1 km2 resolution at 17 locations, 

using the three landscape resistance scenarios above, plus a hypothetical neutral 

landscape with an absolute barrier to dispersal based on existing landscape 

features/projected disturbance (see Fig. 3. 2 for each landscape). Any location bisected by 

a political boundary was allowed to include areas outside Clark County. 

To account for habitat disturbance, I used conversion factors as values of possible 

degradation to adjust habitat suitability values prior to taking the inverse for resistance. 

Scale factors were adapted for desert tortoises based on those used by Inman et al. (2013) 

as:  

ὬὥὦὭὸὥὸ ίόὭὸὥὦὭὰὭὸώὬὥὦὭὸὥὸ ίόὭὸὥὦὭὰὭὸώὧzέὲὺὩὶίὭέὲ Ὢὥὧὸέὶ 
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Because habitat disturbance associated with urbanization, human access, and off highway 

vehicles are considered range-wide threats to desert tortoises (Darst et al. 2013) I 

categorized habitat disturbance as urban/cleared land, solar, railway, major roads, minor 

roads (e.g. unpaved), and utility corridor right-of ways (ROWs). Conversion factors were 

applied to each category to simulate reduced habitat suitability in disturbed areas (Table 

3. 1). I assumed that urban/cleared land and fenced solar facilities represent a complete 

loss of habitat, as tortoises have been extirpated from large areas of their range in and 

near cities and towns (USFWS 1994) and large-scale solar development typically 

includes complete removal of vegetation, grading, and fencing (Lovich & Ennen 2011). 

Formidable linear features (major roads and railways) fragment habitat and tortoise 

populations are depressed several hundreds of meters from roadways, likely due to 

extended periods of elevated mortality (Boarman & Sazaki 2006; vonSekendorff Hoff & 

Marlow 2002); therefore, I expected major roads and railroads to represent substantial, 

but not complete, loss of habitat (Rautsaw et al. 2018). I applied a relatively low 

maximum conversion factor to minor roads based on length, so cells with higher road 

density were associated with higher penalties. I assumed a fairly low conversion factor 

for ROWs. Both minor roads and ROWs are generally unfenced with greater abundance 

of tortoise sign than well-traveled paved roads, but still with detectable impacts (Nafus et 

al. 2013).  
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MODELI NG FRAMEWORK AND PARAMETERS  

Landscape genetic processes were simulated forward-in-time using SIMADAPT v.1.8.0 

(Rebaudo 2014), an individually-based model of mating and dispersal. SIMADAPT is 

spatially explicit, using resistance surfaces, where each cell in the raster is assigned a 

carrying capacity. I simulated gene flow for 200 non-overlapping generations, sampling 

individuals every five generations. I performed 30 replicate runs with each landscape 

resistance surface, to evaluate average outcomes.  

I used a previously collected genetic dataset from tortoises within the Ivanpah 

Valley (Dutcher et al. 2020), amplified at 20 variable microsatellite loci previously 

developed for tortoises (Edwards et al. 2003; Hagerty et al. 2008; Schwartz et al. 2003). 

The samples were randomized to create a group devoid of population genetic structure. 

The genotypes were then simulated forward-in-time using SIMADAPT on a landscape 

surface without resistance with a burn-in period of 100 generations. The resultant dataset 

was subsampled and used as input for landscape simulation models. 

Landscape simulations were initiated with a mutation rate of 0.0005 per locus per 

generation (Dileo et al. 2013; Estoup & Angers 1998; Landguth et al. 2010). Population 

growth rate was set at r = 0.48 (derived from 1% annual population growth; USFWS 

1994). Individuals could move as much as 14 km in one generation (up to 10 grid cells). 

Probability of dispersal from each 1 km2 raster cell was estimated at 50% (Hromada pers 

comm.). The carrying capacity for each cell in the landscape was determined by the 

relationship between habitat suitability and population density (Nussear et al. in prep) and 

ranged from 0 tortoises in cells with a resistance value of 1, to 24 animals in cells with no 
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resistance. Simulations were run to generate genotype files and model 17 Clark County, 

Nevada locations using four landscape scenarios, resulting in 68 simulation models.  

 

POPULATION SIZE , GENETIC DIVERSITY , AND GENETIC STRUCTURE  

To subset the simulated dataset for analyses I randomly sampled without replacement (n 

= 750). Simulated data were examined using average outcomes. I evaluated population 

size through time in neutral landscape models with disturbance models, both current 

disturbance and future projections of disturbance. Genetic diversity was calculated using 

the number of alleles/locus (A) and observed heterozygosity (Ho) in the R package 

adegenet v.2.1.1 (Jombart 2008).  

Population genetic structure was determined by pairwise genetic differentiation 

(FST, Nei 1973) in the R package hierfstat v.0.04-22 (Goudet 2005), spatial principal 

components analysis (sPCA, Jombart et al. 2008), and a Bayesian clustering analysis 

(STRUCTURE v.2.3.4, Pritchard et al. 2000). Genotype files best representing the mean FST 

were used for STRUCTURE analyses. I used the admixture model, with correlated allele 

frequencies, and location as a prior. I estimated the probability of K population clusters = 

1-10 using ten replicate runs of 1,000,000 Markov Chain Monte-Carlo iterations (burn-in 

= 500,000). Because the mean log probability of the data (Pr(X|K) in Pritchard et al. 

2000) may overestimate genetic clusters with IBD I also calculated the second order rate 

of change (ȹK in Evanno et al. 2005). Results were visualized using PopHelper v.2.2.9 in 

R (Francis 2017).  Finally, I used sPCA to evaluate genetic patterns that may be difficult 

to detect in the presence of IBD using randomized Monte-Carlo permutations (999).  
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QUANTIFYING CONNECTIV ITY SUCCESS  

I used a connectivity success index to forecast how well disturbed landscapes maintain 

gene flow over time. The connectivity success index was based on average pairwise FST 

outcomes from forward-in-time simulations. Pairwise genetic differentiation values from 

disturbed landscape locations was compared with pairwise differentiation in the neutral 

(connected) landscape and in the hypothetical absolute barrier (isolated) landscape.  The 

connectivity success index for current and disturbed landscapes was adapted from 

Gregory & Beier (2014) and calculated using FST for: 

ὨὭίὸόὶὦὥὲὧὩὭίέὰὥὸὩὨ Ⱦ ὧέὲὲὩὧὸὩὨὭίέὰὥὸὩὨ 

Values near 1 indicate gene flow comparable to the neutral landscape, while values below 

0 indicate failure to maintain genetic connectivity.  Because disturbed landscapes may 

show increased habitat loss, degradation, and fragmentation relative to the isolated 

(hypothetical barrier) landscape, values below 0 may also be possible. Because of the lag 

time for genetic divergence, it is possible to falsely assume gene flow is retained if 

measured too soon. Therefore, I report values at generation 200 to ensure capture of 

possible genetic differentiation. 

 Disturbed landscapes were ranked by ability to maintain genetic connectivity 

based on their connectivity success index value into one of three categories, that were 

determined ad-hoc by dividing index values roughly into thirds: high = 1-0.70, 

intermediate = 0.69-0.35, low/no genetic connectivity = 0.34-negative index values. To 

assess the influence of landscape spatial patterns on genetic connectivity I quantified 
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landscape metrics in neutral landscapes, with current disturbance, and projections of 

future disturbance. Habitat suitability values (Nussear et al. 2009) were used to designate 

binary landscape classes: suitable habitat = 1-0.3; unsuitable habitat = 0.2-0. All metrics 

assumed queens case for cell connectivity (8 directions) and landscape boundaries were 

not included in edge counts. I characterized categorical landscape patterns using 

landscapemetrics v.1.2.1 in R (Hesselbarth et al. 2019). Translation of functional 

connectivity to structural metrics often misses crucial aspects of landscape pattern 

(Kupfer 2012). To increase ecological relevance, I used a combination of metrics that are 

considered strong descriptors of landscape pattern and consistent in interpretation 

(Cushman et al. 2008). I evaluated if/how landscape fragmentation (number of patches by 

class), configuration (edge density), composition (percentage area and percentage core 

area by class), and dominance (largest patch index) differed by connectivity success 

index rank.  

I compared metrics of landscape disturbance (number of suitable habitat patches, 

largest suitable habitat patch index, percentage suitable habitat area) with population size 

and genetic statistics. I used Akaikeôs information criterion (AIC) to rank the strength of 

relationships. Differences between disturbance and neutral landscape values were used to 

determine losses in individuals, alleles/locus, and heterozygosity, and increases in genetic 

differentiation. 

 

RESULTS 
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I modeled 17 landscape locations in Clark County, Nevada using a neutral landscape 

scenario, current disturbance levels, and future projections of disturbance. I examined 

each landscape scenario for total number of individuals, genetic diversity, and genetic 

differentiation in time-series. The number of individuals was highest in neutral 

landscapes, and decreased as habitat was lost to disturbance. Genetic diversity statistics 

(A, Ho) exhibited a similar pattern. Genetic differentiation and population genetic 

structure was lowest in neutral landscapes, with a tendency to increase with disturbance. 

Significant differences (p-values) are based on two-sided t-tests between disturbance 

scenarios and the neutral landscape, and reported with 19 degrees of freedom. I also 

examined population genetic structure with genotype files best representing the mean FST 

value at generation 200 for STRUCTURE and sPCA (Table 3. 2; see specific sections below 

for each landscape result).  

 

BOULDER CITY CONSERVATION EASEMENT NORTH  

 Current disturbance simulations predicted a 22.7% loss in the number of individuals, 

decreasing by 40.9% with future disturbance. Based on the 17 locations modeled. this 

location ranked 8TH (current disturbance) and 5TH (future disturbance) in loss of 

population size. Compared with the neutral landscape this location lost an average of 

4.9% (p = 0.002) and 9.0% (p = 1*10-12) alleles/locus in current and future disturbance 

scenarios. This location was predicted to lose 2.8% (p = 0.023) and 7.8% (p = 6*10-7) Ho 

in current and future disturbance scenarios. Genetic differentiation in the neutral 

landscape was stable, and the current disturbance scenario showed indications of reaching 
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stability. Genetic structure analyses supported one cluster in the neutral landscape with 

evidence of a cline. Spatial autocorrelation was predicted to increase with disturbance, 

with gene flow largely absent in future projections (Fig. 3. 2. 1).  

 

COYOTE SPRINGS 

Current disturbance simulations predicted a 13.6% loss in population size at Coyote 

Springs, decreasing 17.1% with future disturbance. Based on the 17 locations modeled, 

this location ranked 12TH in loss of population size in both current and future disturbance 

scenarios. Compared with the neutral landscape this location lost 2.8% (p >0.05) and 

3.5% (p >0.05) alleles/locus in current and future disturbance scenarios. This location lost 

2.0% (p = 0.025) and 2.5% (p = 0.025) Ho in current and future disturbance scenarios, 

relative to the neutral landscape. Spatial autocorrelation was present in the neutral 

landscape, with evidence for two clusters with admixture. Spatial autocorrelation 

increased in the current disturbance scenario and was further amplified with future 

projections. In both disturbance scenarios there was a reduction in gene flow compared 

with the neutral landscape (Fig. 3. 2. 2).  

 

DRY LAKE  

A loss of 24.2% in population size was predicted in the current disturbance simulation, 

and 30.2% with future disturbance. Dry Lake ranked 5TH (current disturbance) and 8TH 

(future disturbance) in terms of loss in population size, relative to the 17 locations 

modeled. The mean number of alleles/locus decreased 4.8% (current disturbance, p 
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>0.05) and 6.0% (future disturbance, p = 0.008) compared with the neutral landscape. 

Dry Lake lost 3.1% (p = 0.002) and 4.1% (p = 1*10-4) Ho in current and future 

disturbance scenarios, relative to the neutral landscape. Only the neutral landscape 

showed relatively stable values for genetic differentiation. STRUCTURE and sPCA 

analyses supported a single cluster with IBD. Strong spatial autocorrelation was apparent 

in current and future disturbance scenarios with support for population genetic structure 

related to landscape barriers. Current disturbance is predicted to result in two clusters 

with admixture. The future disturbance scenario lost connectivity (Fig. 3. 2. 3). 

 

ELDORADO VALLEY  

Population size losses of 7.8% were predicted with current disturbance, and 11.7% with 

future disturbance simulations. This location ranked 15TH (current disturbance) and 16TH 

(future disturbance) in terms of loss of number of individuals, relative to the 17 locations 

modeled. Alleles/locus were predicted to be lost by 1.4% (current disturbance, p >0.05) 

and 3.4% (future disturbance, p >0.05) compared with the neutral landscape. In current 

and future disturbance scenarios this location lost 0.7% (p >0.05) and 2.2% (p = 8*10-6) 

Ho through time, relative to the neutral landscape. Genetic differentiation in the neutral 

landscape was stable through time, and the current and future disturbance scenarios 

reached relatively steady levels. Spatial autocorrelation was present in the neutral 

landscape, which displayed weak population genetic structure with admixture as the 

result of landscape features. Spatial autocorrelation remained in current and future 
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disturbance scenarios, with increased population genetic structure and reduced admixture 

(Fig. 3. 2. 4).   

 

INDIAN SPRINGS 

Population size losses of 22.2% were predicted with current disturbance, and 23.7% with 

future disturbance. In terms of population size loss through time this location ranked 9TH 

(current disturbance) and 10TH (future disturbance), relative to the 17 locations modeled. 

Compared with the neutral landscape this location lost 4.4% (p >0.05) and 5.8% (p 

>0.05) alleles/locus in current and future disturbance scenarios. Relative to the neutral 

landscape this location lost 4.0% (p = 0.011) and 4.3% (p = 4*10-4) Ho in current and 

future disturbance scenarios. Genetic differentiation in the neutral landscape was stable. 

Spatial autocorrelation was present in all landscape scenarios. Population genetic 

structure was weakly present in the neutral landscape, and amplified by anthropogenic 

disturbance in both current and future scenarios. All landscapes provided support for 

admixture; however, it was reduced by disturbance (Fig. 3. 2. 5).  

 

IVANPAH VALLEY  

A population size loss of 23.7% was predicted in current disturbance simulations. Future 

disturbance predicted a loss of 29.6%. Based on the 17 locations modeled, this location 

ranked 6TH (current disturbance) and 9TH (future disturbance) in terms of loss in number 

of individuals. This location lost 6.0% (current disturbance, p >0.05) and 6.6% (future 

disturbance, p >0.05) alleles/locus compared with the neutral landscape. Relative to the 
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neutral landscape, this location lost 4.0% (p >0.05) and 4.6% (p = 0.017) in current and 

future disturbance scenarios. Only the neutral landscape showed indications of steady 

genetic differentiation through time. The neutral landscape exhibited spatial 

autocorrelation, with genetic structure supporting two clusters.  The disturbance scenarios 

are expected to result in an almost complete loss of connectivity, with the current 

disturbance landscape suggesting an increase in clustering and the future disturbance 

landscape resulting in two isolated clusters (Fig. 3. 2. 6).  

 

JEAN/ROACH  

Population size losses of 21.2% and 39.0% were predicted with current and future 

disturbance simulations, ranking this location 10TH (current disturbance) and 6TH (future 

disturbance), based on the 17 locations modeled in terms of population size loss through 

time. Compared with the neutral landscape the Jean/Roach location lost 4.5% (p >0.05) 

and 8.6% (p >0.05) alleles/locus in current and future disturbance scenarios. This location 

lost 3.5% (p >0.05) and 10.3% (p = 2*10-5) Ho in current and future disturbance 

scenarios, relative to the neutral landscape. Only the neutral landscape exhibited stable 

genetic differentiation through time, with support for a cline. Spatial autocorrelation was 

present in the disturbance scenarios, with support for increased genetic clustering with 

little to no admixture (Fig. 3. 2. 7).  
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LAS VEGAS EAST 

A population size loss of 28.9% was predicted in the current disturbance simulation, and 

37.3% with future disturbance. In terms of loss of number of individuals, this location 

ranked 3RD (current disturbance) and 7TH (future disturbance), relative to the 17 locations 

modeled. Compared with the neutral landscape 8.1% (p >0.05) and 8.7% (p = 0.010) 

alleles/locus were lost in current and future disturbance scenarios. This location lost 5.6% 

(p = 0.003) and 7.2% (p = 2*10-5) Ho, relative to the neutral landscape in current and 

future disturbance scenarios. Genetic differentiation in the neutral landscape was 

predicted to rise through time as the result of rugged terrain; however, genetic 

differentiation increased to a lesser degree than in current or future disturbance scenarios. 

Spatial autocorrelation remained in current and future disturbance scenarios with 

amplified population genetic structure caused by increased landscape barriers, resulting 

in populations with almost no admixture (Fig. 3. 2. 8). 

 

LAS VEGAS NORTH  

Current disturbance simulations predicted a 23.3% loss in population size, with future 

disturbance predicted at a 43.3% loss. Based on the 17 locations modeled, this location 

ranked 7TH (current disturbance) and 4TH (future disturbance) in terms of loss in 

population size. This location lost 5.7% (current disturbance, p = 0.002) and 10.8% 

(future disturbance, p = 0.001) alleles/locus compared with the neutral landscape. 

Heterozygosity was predicted to be lost by 2.6% (p = 0.010) and 8.2% (p = 1*10-5) in 

current and future disturbance scenarios, relative to the neutral landscape. In the neutral 
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landscape genetic differentiation increased and resulted in population genetic structure as 

the result of constricted habitat. As suitable habitat decreased with anthropogenic 

disturbance, spatial autocorrelation increased. Population genetic structure was predicted 

to be stronger with current disturbance, and strongest with future disturbance, which also 

exhibited increased genetic clustering (Fig. 3. 2. 9).   

  

LAS VEGAS WEST 

This location experienced expected population size losses of 40.9% with current 

disturbance, and 55.6% in future disturbance simulations. This location ranked 2ND in 

both current and future disturbance scenarios in terms of relative loss of number of 

individuals through time, relative to the 17 locations modeled. Compared with the neutral 

landscape this location lost 3.7% (p >0.05) and 0.8% (p >0.05) alleles/locus in current 

and future disturbance scenarios. The Las Vegas West location lost 10.8% (p = 3*10-7) 

and 30.0% (p = 4*10-13) Ho, relative to the neutral landscape in current and future 

disturbance scenarios. Only the neutral landscape showed indications of reaching steady 

genetic differentiation values. A natural corridor between rugged terrain created genetic 

structure and spatial autocorrelation was present in all landscape scenarios. Loss of 

suitable habitat within and surrounding the natural corridor in disturbance scenarios 

intensified population isolation, with notable reductions to gene flow (Fig. 3. 2. 10).  
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LAUGHLIN  

A loss of 4.3% in number of individuals was predicted in the current disturbance 

simulation. A loss of 9.0% was predicted with future disturbance projections. This 

location ranked 16TH (current disturbance) and 17TH (future disturbance) in terms of loss 

in the population size, relative to the 17 locations modeled. The Laughlin location lost 

1.1% (current disturbance, p >0.05) and 1.3% (future disturbance, p >0.05) alleles/locus 

compared with the neutral landscape. Heterozygosity was predicted to be lost by 0.4% (p 

>0.05) and 0.9% (p = 0.002), relative to the neutral landscape, in current and future 

disturbance scenarios. The neutral landscape, current, and future disturbance scenarios all 

showed signs of achieving steady levels of genetic differentiation. Spatial autocorrelation 

was present in all landscape scenarios. Population genetic structure was weakly present in 

the neutral landscape as the result of natural landscape features in the northeast. 

Anthropogenic disturbance strengthened this structure in both current and future 

scenarios. All landscapes are predicted to support admixture (Fig. 3. 2. 11).  

 

MESQUITE 

Population size losses of 11.9% and 15.7% were predicted with current and future 

disturbance simulations. In terms of population size loss through time, this location 

ranked 13TH in both current and future disturbance scenarios, based on the 17 locations 

modeled. Compared with the neutral landscape this location lost 1.9% (p >0.05) and 

2.5% (p >0.05) alleles/locus in current and future disturbance scenarios. This location lost 

1.0% (p >0.05) and 1.1% (p >0.05) Ho in current and future disturbance scenarios, 
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relative to the neutral landscape. The neutral landscape showed indications of reaching 

stable levels of genetic differentiation and exhibited spatial autocorrelation, with genetic 

structure analyses supporting two clusters, one on either side of the Virgin River.  Both 

current and future disturbance scenarios increased population genetic structure. 

Admixture was present in all scenarios, but decreased with disturbance (Fig. 3. 2. 12). 

 

MOAPA VALLEY  

A population size loss of 27.3% was predicted in the current disturbance simulation, with 

43.9% in the future disturbance scenario. Based on the 17 locations modeled, the Moapa 

Valley location ranked 4TH (current disturbance) and 3RD (future disturbance) in terms of 

loss in population size. Compared with the neutral landscape this location lost 5.3% (p 

>0.05) and 9.6% (p >0.05) alleles/locus in current and future disturbance scenarios. In 

current and future disturbance scenarios Ho was predicted to be lost by 3.0% (p >0.05) 

and 7.0% (p = 1*10-6), relative to the neutral landscape. Genetic differentiation in the 

neutral landscape appeared stable and the current disturbance scenario reached steady 

levels over time. Spatial autocorrelation was present in all landscape scenarios. 

Anthropogenic disturbance resulted in genetic structuring in both current and future 

scenarios (Fig. 3. 2. 13).  

 

RED ROCK  

This location experienced predicted population size losses of 63.6% with current 

disturbance, and 66.2% with future disturbance simulations. Red Rock ranked 1ST in 
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terms of population size loss in both current and future disturbance scenarios, relative to 

the 17 locations modeled. This location lost 13.5% (current disturbance, p = 7*10-4) and 

5.1% (future disturbance, p = 2*10-4) alleles/locus compared with the neutral landscape. 

Heterozygosity was predicted to be lost by 16.6% (p = 2*10-10) and 23.6% (p = 2*10-13) 

in current and future disturbance scenarios, relative to the neutral landscape. Only the 

neutral landscape exhibited steady genetic differentiation through time. Spatial 

autocorrelation was present in the neutral landscape with and weak genetic structure. As 

habitat amount was dramatically reduced by disturbance, isolation increased and gene 

flow was restricted (Fig. 3. 2. 14).  

 

SANDY VALLEY  

Population size losses of 4.2% and 13.3% were predicted in the current and future 

disturbance simulation. This location ranked 17TH (current disturbance) and 15TH (future 

disturbance) in terms of losses to the population size through time, relative to the 17 

landscape locations modeled. Compared with the neutral landscape the Sandy Valley 

location lost 0.9% (p >0.05) and 3.0% (p >0.05) alleles/locus in current and future 

disturbance scenarios. This location lost 0.7% (p >0.05) and 3.2% (p >0.05) Ho, relative 

to the neutral landscape in current and future disturbance scenarios. Both of the 

disturbance landscapes showed indications of reaching steady genetic differentiation 

values through time. Spatial autocorrelation was present in all landscape scenarios, but 

increased with disturbance. In the neutral landscape, IBD was apparent with weak 
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population genetic structure. Anthropogenic disturbance amplified population genetic 

structure with admixture present; albeit reduced by disturbance (Fig. 3. 2. 15). 

 

SEARCHLIGHT  

A population size loss of 9.9% was predicted in the current disturbance simulation, and 

13.5% with future disturbance. In terms of relative loss of the number of individuals 

through time, the Searchlight location ranked 14TH in both current and future disturbance 

scenarios, relative to the 17 locations modeled. This location lost 3.0% (current 

disturbance, p >0.05) and 3.2% (future disturbance, p >0.05) alleles/locus compared with 

the neutral landscape. This location lost 1.7% (p >0.05) and 2.2% (p = 2*10-4) Ho, 

relative to the neutral landscape in current and future disturbance scenarios. All three 

landscape scenarios appeared to reach stable levels of genetic differentiation. Spatial 

autocorrelation was present in the neutral landscape, along with weak population genetic 

structure. Spatial autocorrelation remained in current and future disturbance scenarios 

and population genetic structure increased. Admixture was predicted in all modeled 

landscapes; however, it was weakened by anthropogenic disturbance (Fig. 3. 2. 16). 

 

TROUT CANYON  

Current disturbance simulations predicted a 16.2% loss in number of individuals, 

decreasing by 18.1% with future disturbance. Based on the 17 locations modeled, this 

location ranked 11TH in terms of loss in population size in both current and future 

disturbance scenarios. Compared with the neutral landscape this location lost 3.8% (p 
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>0.05) and 4.7% (p = 0.036) alleles/locus in current and future disturbance scenarios. 

This location lost 1.8% (p >0.05) and 2.4% (p = 3*10-4) Ho, relative to the neutral 

landscape in current and future disturbance scenarios. Genetic differentiation in the 

neutral landscape was stable and both disturbance scenarios (current and future) showed 

indications of reaching stability. Spatial autocorrelation was not present in the neutral 

landscape, and genetic structure analyses revealed panmixia. Spatial autocorrelation 

formed in disturbance scenarios, with structure predicted to increase in the future 

disturbance scenario. All scenarios maintained gene flow, with decreases in disturbance 

landscapes (Fig. 3. 2. 17). 

 

PREDICTED CONNECTIVITY SUCCESS 

Current disturbance landscapes had 9 of 17 locations that maintained high levels of 

genetic connectivity (connectivity success index values Ó 0.7) through time versus future 

disturbance scenarios, which had 5 of 17 (Table 3. 3). The Laughlin location ranked 

highest in genetic connectivity in both scenarios. Of the four landscapes that changed 

ranks from high levels of genetic connectivity between current and future scenarios two 

became intermediate (Coyote Springs, Sandy Valley) and two lost genetic connectivity 

(Moapa Valley, Las Vegas North). Current and future disturbance landscapes had a 

comparable number of locations (3 and 4; respectively) with intermediate genetic 

connectivity (connectivity success index values 0.35 ï 0.69). More locations (8 of 17) in 

future disturbance scenarios did not maintain genetic connectivity (connectivity success 

index values Ó 0.34) through time compared with current disturbance landscapes (5 of 
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17). The Jean/Roach location ranked the lowest in both scenarios. Of the landscapes that 

failed to maintain genetic connectivity, 77% had negative connectivity success index 

values, meaning they fared worse than scenarios with a hypothetical absolute barrier, 

likely due to the compounding effects of habitat degradation and loss of individuals. No 

landscape increased in rank from current to future disturbance scenarios. 

Landscape metrics by modeled location supported increased fragmentation and 

loss of suitable habitat with disturbance (Table 3. 4). The number of patches had a 

tendency to increase from the neutral landscape to the disturbed landscape (59% current 

and 76% future disturbance). Only the Red Rock location predicted more suitable habitat 

patches with the current landscape than the future scenario, likely because this location 

had more small suitable habitat patches with current disturbance. In the future 

disturbance scenario, the number of suitable habitat patches was reduced as they were 

converted to larger patches of unsuitable habitat. No landscapes experienced an increase 

in the largest suitable habitat patch size with disturbance. Conversely, there was a trend 

for unsuitable habitat to increase from the neutral landscape to current disturbance to 

future scenarios. The three exceptions were: Coyote Springs, where the largest unsuitable 

habitat patch remained constant; Jean/Roach, where there was no change between the 

neutral landscape and current disturbance; and Sandy Valley, where the largest unsuitable 

habitat patch did not change between current and future disturbance landscapes. These 

three landscapes shifted ranks in disturbance scenarios (lost genetic connectivity between 

scenarios) likely because habitat was degraded, but not completely lost. At all modeled 

locations suitable habitat decreased in transitioning from the neutral landscape to current 
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disturbance, as would be expected with the inclusion of disturbance. All modeled 

locations experienced further decreases in suitable habitat from current to future 

scenarios. 

I found substantial overlap in landscape metric values when evaluated by 

connectivity success index rank (high, intermediate, and low/no genetic connectivity; 

Table 3. 5). The predicted number of suitable habitat patches tended to increase as 

landscapes decreased in suitable habitat area, indicating an increased number of smaller 

patches in a more fragmented landscape. Neutral landscapes had no more than two 

patches of suitable habitat, while those with low/no genetic connectivity ranged from 2 ï 

13. Edge density was lowest in neutral landscapes (0 ï 2.13 m/ha), indicating simplified 

landscape configurations. Landscapes that did not maintain genetic connectivity showed 

increasing complexity in configurations (2.38 ï 3.98 m/ha). Edge density decreased at 

three locations (Ivanpah Valley, Moapa Valley, Red Rock) as the number of unsuitable 

habitat patches decreased and unsuitable habitat area increased in future disturbance 

scenarios; one (Red Rock) became dominated by unsuitable habitat. Largest patch index 

values indicated consistent, albeit variable, loss of area to the largest suitable habitat 

patch as genetic connectivity was lost. The largest patch of suitable habitat in neutral 

landscapes did not constitute less than 72% of the habitat, while the largest patch of 

unsuitable habitat was 0% ï 23%. In landscapes that did not maintain genetic 

connectivity the largest suitable habitat patches ranged from 11% ï 79%, while the 

largest unsuitable patches were up to 72%. Generally, percent area followed a similar 

pattern, with neutral landscapes having the most suitable habitat (72% - 100%). 
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Landscapes that failed to maintain genetic connectivity showed an increased amount of 

less suitable habitat (28% - 79%). The total percent core habitat by class also followed 

suite, with the largest area of suitable core habitat in neutral landscapes (53% - 85%). The 

smallest area of suitable habitat remained in landscapes with low/no genetic connectivity 

(10% - 52%).  

The highest ranking AIC models were those with number of suitable habitat 

patches and alleles/locus, percentage area of suitable habitat plus largest patch index and 

Ho, and largest suitable habitat patch index and FST and N (Table 3. 6). Individual 

landscapes exhibited a general loss of genetic diversity, but these metrics tended to be 

less reliable indicators when evaluated across landscapes. Reductions in landscapes that 

maintained high levels of genetic diversity did not exceed 6%. Landscapes that allowed 

for intermediate gene flow were also not reduced by more than 6%. Low/no connectivity 

values tended to be higher; however, loss of genetic diversity could be as low as <1% in 

these landscapes. Because these estimates are heavily influenced by population size, care 

should be taken when interpreting results. Overall trends pointed to increased isolation 

with more complex landscape configuration as connectivity was lost and landscape 

composition was generally altered, decreasing dominance of the largest patch and amount 

of suitable habitat (Fig. 3. 3).  

 

DISCUSSION 
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DISTURBANCE REDUCES GENE FLOW AND POPULATION SIZE  

Habitat loss generally occurs continually; however, the relationship between habitat loss 

and population persistence is not linear and small additional losses near the threshold 

dramatically increase risk of local extinction (Fahrig 2001). In this study, I found that as 

anthropogenic disturbance increased, so did demographic and genetic effects. Habitat 

degradation resulted in population declines, with the most pronounced losses concomitant 

with increased habitat disturbance (given in the future prediction scenarios). For desert 

tortoises, genetic diversity was predicted to be highest in undisturbed (neutral) 

landscapes, and generally decreased as disturbance progressed. Additionally, the greater 

the disturbance the stronger the population genetic structure (see Fig. 3. 2 for results).  

However, outcomes for maintaining genetic connectivity in disturbed landscapes 

are variable. While neutral landscapes always fared better than disturbance scenarios, the 

connectivity success index (based on genetic differentiation), predicted landscapes that 

maintain high levels of genetic connectivity experienced no more than a 27% loss in 

population. Losses as low as 12% were seen in landscapes with intermediate genetic 

connectivity. These landscapes generally did not lose more than 30% of their population. 

Losses in low/no genetic connectivity landscapes were often higher, but could start at a 

21% reduction. If these numbers hold true, this has significant implications given that 

Mojave desert tortoises are estimated to have lost roughly 37% of their population range-

wide from 2004 ï 2014 (Allison & McLuckie 2018). 
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When genetic connectivity was high, population genetic structure showed 

substantial admixture when compared with neutral landscapes, while intermediate and 

low/no genetic connectivity landscapes lost gene flow. Genetic effects (i.e. loss of genetic 

diversity and increase in population genetic structure) indicate a landscape that lost 

connectivity within roughly five to 40 tortoise generations (85 ï 680 years). Therefore, 

careful consideration of population declines and habitat development are needed to 

prevent deleterious effects to connectivity before they are apparent (Gregory & Beier 

2014). In landscapes where increases in genetic structure and/or slight deviations in 

genetic diversity have been documented, efforts focused on reducing development 

pressures in tortoise habitat, restoring habitat, and adding permeability to landscape 

barriers will have the greatest benefit for connectivity. 

 

CONNECTIVITY SUCCESS IS LANDSCAPE DEPENDENT 

Given the challenges of capturing ecological processes with landscape patterns and the 

overlap I found when sorting landscapes by connectivity success index values, it is most 

appropriate to evaluate landscape locations as individual management units, rather than 

seek a single metric as a threshold. A single minimum for habitat amount is not practical, 

as the threshold will vary by landscape (Fahrig 2001). Disturbance landscapes with high 

levels of genetic connectivity tended towards low levels of landscape fragmentation and 

complexity. Suitable habitat amount and dominance of the largest patch remained high. It 

is important to note that even though high levels of gene flow were maintained in these 

disturbance landscapes, they all lost genetic connectivity, with 90% being the highest 
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level retained (Laughlin) and -124% being the lowest (Jean/Roach). Clearly, habitat loss 

and degradation are accelerated by development pressures. It is therefore not surprising 

that future disturbance scenarios had fewer landscapes that retained high levels of genetic 

connectivity (29%) and many (47%) failed to maintain genetic connectivity.  

 

MANAGEMENT RECOMMENDATIONS  

Balance between land use promoting economic and population growth and the long-term 

conservation and recovery of natural habitats and native species is the key purpose of the 

Clark County, Nevada Multiple Species Habitat Conservation Plan (MSHCP 2000). My 

results indicate that current and planned activities related to economic and urban growth 

will result in desert tortoise population declines and loss of genetic connectivity, 

disrupting this balance. For the future development scenarios, data were not available 

regarding disturbance beyond the urban footprint (e.g. increased dirt roads). A literature 

review found anthropogenic disturbance to have a greater potential for habitat 

degradation than the development footprint alone (Lovich & Ennen 2011; Hunter et al. 

2003). At each modeled location the total number of individuals was always highest with 

neutral landscape simulations and lowest with future projections of anthropogenic 

disturbance, with genetic diversity following the same pattern. Genetic differentiation and 

population genetic structure were always lowest in neutral landscapes and highest with 

future projections of disturbance. Therefore, I recommend more critical evaluation of 

proposed developments and reduction of anthropogenic disturbance in Mojave desert 

tortoise habitat.  
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Landscapes with higher levels of genetic connectivity should be prioritized for 

conservation to ensure additional habitat is not lost. Landscapes with intermediate genetic 

connectivity are excellent candidates for strategically restoring habitat and connectivity 

linkages. Models evaluating landscape change scenarios have shown that reductions in 

protected habitat results in large declines in connectivity, while corridors between 

protected areas may serve to increase connectivity (Cushman et al. 2016; Huxel & 

Hastings 1999; Nowakowski et al. 2015). Protection of tortoise populations in landscape 

scenarios that fail to maintain genetic connectivity could benefit from major reductions in 

planned development and improvements to habitat in already disturbed areas. Ensuring 

Mojave desert tortoise habitat is protected could move us towards reversing the trend of 

continually degrading habitat and reducing connectivity, and improve the opportunity for 

species recovery (Allison & McLuckie 2018; Averill-Murray et al. 2013; Boarman 2002) 

while preserving our unique natural heritage. 
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TABLES AND FIGURES 

 

Table 3. 1. Conversion factors (CF) used to adjust habitat suitability values (HSV) for 

models with anthropogenic disturbance. The inverse of habitat suitability was used to 

calculate landscape resistance.  

Disturbance Type CF 

Example 

HSV 

HSV Scaled  

by CF 

Resistance 

Value 

None 0 0.500 0.500 0.500 

Urban/Cleared Land 1.00 0.500 0 1.000 

Solar Energy 1.00 0.500 0 1.000 

Railways 0.75 0.500 0.125 0.875 

Major Roads 0.75 0.500 0.125 0.875 

Minor Roads (max length) 0.25 0.500 0.375 0.625 

Right-of-Ways 0.25 0.500 0.375 0.625 
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Table 3. 2. Results for each landscape scenario: neutral; current disturbance; future 

disturbance based on a 50 year forecast. Reported values use average outcomes ± 

standard deviation. Results for: (N) number of individuals; (A) mean number of 

alleles/locus; (Ho) observed heterozygosity; (FST) pairwise genetic differentiation; (K) 

number of genetic clusters. Because Pr(X|K) may overestimate clusters with IBD ȹK is 

reported, except where Pr(X|K) = 1. 

  N A Ho FST K 

Boulder City                        

                                         Neutral    

Current                                    

Future 

9889.8 ± 34.7 

7644.6 ± 26.5 

5847.0 ± 16.2 

23.7 ± 0.5 

22.5 ± 0.5 

21.5 ± 0.5 

0.797 ± 0.007 

0.774 ± 0.008 

0.734 ± 0.009 

0.001 ± < 0.001 

0.004 ± < 0.001 

0.008 ± 0.001 

1 

2 

2 

Coyote Springs               

 

     

                                         Neutral 

Current                                      

Future 

7973.8 ± 23.7 

6892.6 ± 29.9 

6612.1 ± 20.3 

22.8 ± 0.4 

22.2 ± 0.4 

22.1 ± 0.4 

0.781 ± 0.006 

0.765 ± 0.010 

0.761 ± 0.009 

0.003 ± <0.001 

0.006 ± 0.001 

0.008 ± 0.001 

2 

2 

2 

Dry Lake                              

 Neutral 

Current 

Future 

11348.1 ± 20.5 

8604.9 ± 19.6 

7923.7 ± 27.8 

24.3 ± 0.4 

23.1 ± 0.4 

22.8 ± 0.5 

0.804 ± 0.006 

0.778 ± 0.009 

0.771 ± 0.006 

0.001 ± < 0.001 

0.005 ± 0.001 

0.006 ± 0.001 

1 

2 

3 
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Eldorado Valley                   

 Neutral 

Current 

Future 

7919.5 ± 23.3 

7298.1 ± 25.7 

6992.5 ± 26.4 

22.7 ± 0.5 

22.3 ± 0.4 

21.9 ± 0.5 

0.788 ± 0.006 

0.782 ± 0.007 

0.771 ± 0.010 

0.002 ± < 0.001 

0.003 ± < 0.001 

0.004 ± < 0.001 

2 

2 

2 

Indian Springs 

 

     

 Neutral 

Current 

Future 

6370.7 ± 18.7 

4955.9 ± 25.3 

4860.5 ± 29.7 

21.9 ± 0.4 

21.0 ± 0.4 

20.7 ± 0.5 

0.774 ± 0.007 

0.743 ± 0.010 

0.740 ± 0.009 

0.002 ± < 0.001 

0.005 ± 0.001 

0.005 ± 0.001 

2 

2 

2 

Ivanpah Valley 

 

     

 Neutral 

Current 

Future 

7847.4 ± 25.5 

5984.4 ± 22.2 

5523.5 ± 20.9 

22.8 ± 0.5 

21.4 ± 0.5 

21.3 ± 0.5 

0.778 ± 0.007 

0.746 ± 0.010 

0.741 ± 0.008 

0.003 ± < 0.001 

0.010 ± 0.001 

0.016 ± 0.002 

2 

5 

2 

Jean/Roach 

 

     

 Neutral 

Current 

Future 

8723.0 ± 25.4 

6869.8 ± 24.8 

5320.7 ± 19.4 

23.2 ± 0.5 

22.2 ± 0.5 

21.2 ± 0.6 

0.791 ± 0.006 

0.764 ± 0.007 

0.710 ± 0.011 

0.002 ± < 0.001 

0.010 ± 0.001 

0.023 ± 0.003 

2 

2 

3 

Las Vegas East                   

 Neutral 

Current 

Future 

6924.5 ± 29.5 

4924.0 ± 25.0 

4338.3 ± 26.7 

22.1 ± 0.5 

20.3 ± 0.5 

20.2 ± 0.4 

0.759 ± 0.010 

0.717 ± 0.010 

0.704 ± 0.008 

0.010 ± 0.001 

0.024 ± 0.003 

0.027 ± 0.003 

2 

2 

2 
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Las Vegas North 

 

     

 Neutral 

Current 

Future 

7029.6 ± 20.2 

5390.3 ± 25.7 

3987.8 ± 16.5 

22.3 ± 0.4 

21.0 ± 0.4 

19.9 ± 0.5 

0.783 ± 0.006 

0.762 ± 0.008 

0.718 ± 0.010 

0.006 ± 0.001 

0.007 ± 0.001 

0.012 ± 0.001 

2 

2 

8 

Las Vegas West 

 

     

 Neutral 

Current 

Future 

6653.6 ± 22.2 

3929.4 ± 18.9 

2951.7 ± 14.3 

22.1 ± 0.5 

21.3 ± 0.5 

21.9 ± 0.4 

0.759 ± 0.009 

0.677 ± 0.008 

0.531 ± 0.012 

0.009 ± 0.001 

0.020 ± 0.002 

0.037 ± 0.006 

2 

2 

2 

Laughlin 

 

     

 Neutral 

Current 

Future 

8992.1 ± 30.0 

8603.4 ± 25.6 

8180.8 ± 20.5 

23.2 ± 0.2 

22.9 ± 0.4 

22.9 ± 0.5 

0.788 ± 0.006 

0.785 ± 0.006 

0.781 ± 0.007 

0.002 ± < 0.001 

0.003 ± < 0.001 

0.003 ± < 0.001 

2 

3 

3 

Mesquite 

 

     

 Neutral 

Current 

Future 

9928.4 ± 20.8 

8746.8 ± 22.5 

8365.3 ± 22.6 

23.6 ± 0.6 

23.1 ± 0.5 

23.0 ± 0.5 

0.790 ± 0.007 

0.782 ± 0.007 

0.782 ± 0.005 

0.005 ± 0.001 

0.008 ± 0.001 

0.008 ± 0.001 

2 

2 

2 

Moapa Valley 

 

     

 Neutral 

Current 

Future 

10951.7 ± 20.8 

7959.9 ± 23.5 

6139.5 ± 23.9 

24.1 ± 0.4 

22.8 ± 0.5 

21.8 ± 0.5 

0.801 ± 0.005 

0.777 ± 0.008 

0.746 ± 0.008 

0.002 ± < 0.001 

0.004 ± 0.001 

0.009 ± 0.001 

1 

2 

2 
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Red Rock      

 Neutral 

Current 

Future 

7295.1 ± 23.2 

2653.0 ± 15.1 

2468.0 ± 17.4 

22.4 ± 0.3 

19.3 ± 0.5 

21.2 ± 0.4 

0.777 ± 0.008 

0.648 ± 0.014 

0.594 ± 0.011 

0.002 ± < 0.001 

0.026 ± 0.004 

0.028 ± 0.003 

2 

2 

2 

Sandy Valley 

 

     

 Neutral 

Current 

Future 

6574.8 ± 26.8 

6298.1 ± 29.4 

5703.0 ± 21.8 

21.9 ± 0.6 

21.7 ± 0.4 

21.2 ± 0.5 

0.771 ± 0.010 

0.766 ± 0.008 

0.746 ± 0.010 

0.004 ± < 0.001 

0.006 ± 0.001 

0.011 ± 0.002 

2 

2 

2 

Searchlight      

 Neutral 

Current 

Future 

10144.9 ± 17.2 

9137.6 ± 22.3 

8775.4 ± 23.0 

23.8 ± 0.4 

23.1 ± 0.5 

23.0 ± 0.5 

0.797 ± 0.008 

0.783 ± 0.008 

0.779 ± 0.007 

0.002 ± < 0.001 

0.004 ± 0.001 

0.004 ± 0.001 

1 

3 

3 

Trout Canyon 

 

     

 Neutral 

Current 

Future 

10158.2 ± 20.3 

8516.9 ± 23.4 

8314.7 ± 20.7 

23.7 ± 0.6 

22.8 ± 0.5 

22.6 ± 0.5 

0.795 ± 0.006 

0.781 ± 0.007 

0.777 ± 0.007 

0.001 ± < 0.001 

0.003 ± < 0.001 

0.004 ± 0.001 

1 

3 

3 
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Table 3. 3. Connectivity success index (CSI) values for current disturbance (CD) and 

future disturbance (FD) based on a 50 year forecast. Predicted FST values were used in the 

CSI. Those near 1 indicate gene flow comparable to neutral landscapes; those near or 

below 0 indicate failure to maintain connectivity. High and low values in bold.  

Location CSI  (CD) CSI  (FD) 

Boulder City 0.61 -0.05 

Coyote Springs 0.74 0.55 

Dry Lake 0.55 0.44 

Eldorado Valley 0.89 0.84 

Indian Springs 0.82 0.80 

Ivanpah Valley 0.32 -0.25 

Jean/Roach -50.84 -124.30 

Las Vegas East -0.90 -1.30 

Las Vegas North 0.80 0.28 

Las Vegas West -0.18 -2.12 

Laughlin  0.90 0.89 

Mesquite 0.55 0.41 

Moapa Valley 0.72 0.19 

Red Rock -0.98 -1.11 

Searchlight 0.85 0.80 

Sandy Valley 0.85 0.44 

Trout Canyon 0.88 0.81 
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Table 3. 4. Landscape metrics for suitable and unsuitable habitat by modeled locations in 

neutral landscapes, (CD) current disturbance, and (FD) future disturbance projections. 

Ranks were established using connectivity success index (CSI) values: (1) high genetic 

connectivity; (2) intermediate genetic connectivity; (3) low/no genetic connectivity. 

Landscape metrics: (NP) number of patches; (LPI) largest patch index percentage; (A2) 

percentage area of landscape.  

                                Ranks 

                               CD  FD 

Neutral 

NP    LPI    A2 

CD 

NP    LPI    A2 

FD 

NP    LPI    A2 

Boulder City           2      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       97.8   97.8 

2       1.2     2.2 

 

2       82.2   86.0 

11     7.2     14.0 

 

4       59.3   67.5 

6       28.3   32.5 

Coyote Springs       1      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       86.1   86.1 

4       10.6   13.9 

 

1       82.2   82.2 

7       10.6   17.8 

 

2       72.6   77.9 

7       10.6   22.1 

Dry Lake                 2      2 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       99.0   99.0 

1       1.0     1.0 

 

2       66.4    87.7 

9       8.6     12.3 

 

3       61.0   82.2 

5       14.4   17.8 

Eldorado Valley     1      1 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       83.2   83.2 

4       15.2   16.8 

 

1       81.8    81.8 

6       15.4    18.2 

 

1       81.1   81.1 

9       15.4   18.9 
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Indian Springs        1      1 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       72.3   72.3 

5       23.0   27.7 

 

3       65.2    65.8 

10     25.2    34.2 

 

3       63.5   64.2 

9       26.3   35.8 

Ivanpah Valley       3      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

2       83.5   83.7 

8       7.0     16.3 

 

3       72.5   72.8 

14     8.5     27.2 

 

3       36.5   65.6 

9       20.3   34.4 

Jean/Roach              3      3 

     Suitable Habitat 

     Unsuitable Habitat 

  

 

1       87.5   87.5 

2       9.9     12.5 

 

2       79.2   79.4 

7       9.9     60.6 

 

3       49.1   63.0 

5       22.2   37.0 

Las Vegas East        3      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       97.5   97.5 

5       1.3     2.5 

 

4       42.5   75.4 

6       20.0     

24.6 

 

5       35.2   66.5 

5       21.9   33.5 

Las Vegas North     1      3      

     Suitable Habitat 

     Unsuitable Habitat 

 

1       85.9   85.9 

4       11.0   14.1 

 

1       73.3   73.3 

10     11.0   26.7 

 

5       53.0   54.9 

4       16.2   45.1 

Las Vegas West      3      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       81.3   81.3 

8       13.2   18.7 

 

4       44.8   46.0 

8       36.3   54.0 

 

5      11.3   32.2 

4       67.3   67.8 

Laughlin                 1      1 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       97.3   97.3 

3       1.3     2.7 

 

1       92.5   92.5 

7      2.6      7.5 

 

1       89.4   89.4 

8       3.2     10.6 
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Mesquite                2      2 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       95.0   95.0 

7       1.8     2.7 

 

2       91.2   91.4 

7       4.6     8.6 

 

3       85.6   86.4 

4       8.2     13.6 

Moapa Valley         1      3 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       100   100 

0       0       0 

 

1       85.0   85.0 

10     10.9   15.0 

 

3       44.5   64.2 

5       33.9   35.8 

Red Rock               3      3   

     Suitable Habitat 

     Unsuitable Habitat 

 

1       92.0   92.0 

13     2.2     8.0 

 

13     13.7   36.0 

4       63.3   64.0 

 

6       12.8   27.5 

2       72.2   72.5 

Sandy Valley         1      2 

     Suitable Habitat 

     Unsuitable Habitat 

 

2       80.2   80.5 

6       14.3   19.5 

 

2       76.5   76.7 

9       15.8   23.3 

 

2       69.7   69.8 

8       15.8   30.2 

Searchlight             1      1 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       99.0   99.0 

3       0.6     1.0 

 

2       90.9   93.6 

6       3.8   6.4 

 

2       88.2   90.7 

10     5.9     9.3 

Trout Canyon          1      1 

     Suitable Habitat 

     Unsuitable Habitat 

 

1       89.4   89.4 

1       10.6  10.6 

 

1       87.0   87.0 

4       10.6   13.0 

 

1       85.0   85.0 

6       10.6   15.0 
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Table 3. 5. Landscape metrics of suitable and unsuitable habitat by ability to maintain 

genetic connectivity. Assignments were based on ranking connectivity success index 

(CSI) values for disturbed landscapes: high Ó 0.70, intermediate = 0.35-0.69, low/no 

genetic connectivity Ò0.34. Landscape metrics: (NP) number of patches; (LPI) largest 

patch index percentage; (A2) percentage area of landscape; (Core) percentage of core area 

landscape; (Edge) edge density in m/ha. Edge values are equivalent by category. 

 NP LPI A2 Core Edge 

Neutral 

     Suitable Habitat 

     Unsuitable Habitat 

 

1-2 

0-13 

 

72.3-100 

0-23 

 

72.3-100 

0-27.7 

 

53.3-84.6 

0-14.5 

 

0-2.1 

0-2.1 

High 

     Suitable Habitat 

     Unsuitable Habitat 

 

1-3 

4-10 

 

63.5-92.5 

2.6-26.3 

 

64.2-93.6 

6.4-35.8 

 

35.7-71.0 

0.2-15.0 

 

1.0-3.2 

1.0-3.2 

Intermediate 

     Suitable Habitat 

     Unsuitable Habitat 

 

2-3 

4-11 

 

61.0-91.2 

4.6-15.8 

 

69.8-91.4 

8.6-30.2 

 

41.0-68.0 

1.3-10.0 

 

1.6-3.1 

1.6-3.1 

Low/No 

     Suitable Habitat 

     Unsuitable Habitat 

 

2-13 

2-14 

 

11.3-79.2 

8.5-72.2 

 

27.5-79.4 

20.6-72.5 

 

9.8-52.0 

4.2-48.8 

 

2.4-4.0 

2.4-4.0 
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Table 3. 6. Akaikeôs information criterion (AIC) ranks of the strength of relationships. 

Terms are metrics of landscape disturbance with population or genetic statistics. 

Population and genetic statistics: (N) number of individuals; (A) alleles/locus; (Ho) 

observed heterozygosity; (FST) genetic differentiation. Landscape metrics: (NP) number 

of suitable habitat patches; (LPI) largest suitable habitat patch index percentage; (A2) 

percentage area of suitable habitat. Highest ranking models are bolded statistic. 

Model AIC for N AIC for FST AIC for Ho AIC for A 

LPI  557.5 

 

-289.2 

 

-149.3 

 

64.4 

 LPI + A 2 559.4 

 

-287.4 

 

-158.0 

 

64.6 

 NP 567.5 -259.9 -124.1 58.6 

 LPI + NP 558.7 

 

-287.8 

 

-147.3 

 

60.5 

 LPI + NP + A2 560.5 

 

-285.9 

 

-156.2 

 

58.9 

 NP + A2 564.4 

 

-274.5 

 

-155.5 

 

60.0 

 A2 565.8 

 

-272.7 

 

-157.5 

 

69.7 
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Fig. 3. 1. Resistance surfaces of study landscape (Clark County, Nevada) with a 20 km 

buffer. Left to right: neutral landscape without disturbance; current disturbance; future 

projections of disturbance based on a 50 year forecast.  
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Fig. 3. 2. 1. Boulder City Conservation Easement North (600 km2). Upper (left to right): 

location within Clark County, Nevada; neutral representation without disturbance; current 

disturbance; future disturbance based on a 50 year forecast; hypothetical absolute barrier. 

Lower (left to right): simulation results for neutral, current, and future disturbance. A) 

Time-series: number of individuals (N), observed heterozygosity (Ho), genetic 

differentiation (FST); B) sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) 

may overestimate clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 



148 

 

 

 

Fig. 3. 2. 2. Coyote Springs (625 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 3. Dry Lake (625 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 4. Eldorado Valley (625 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 5. Indian Springs (600 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 6. Ivanpah Valley (625 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 7. Jean/Roach (625 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 8. Las Vegas East (525 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 9. Las Vegas North (525 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 10. Las Vegas West (600 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 11. Laughlin (625 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 12. Mesquite (625 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 13. Moapa Valley (625 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 14. Red Rock (600 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 15. Sandy Valley (600 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 16. Searchlight (625 km2). Upper (left to right): location within Clark County, 

Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 2. 17. Trout Canyon. (625 km2). Upper (left to right): location within Clark 

County, Nevada; neutral representation without disturbance; current disturbance; future 

disturbance based on a 50 year forecast; hypothetical absolute barrier. Lower (left to 

right): simulation results for neutral, current, and future disturbance. A) Time-series: 

number of individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) 

sPCA genetic patterns; C) STRUCTURE barplots. Because Pr(X|K) may overestimate 

clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 
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Fig. 3. 3. Landscape metrics of disturbance relative to population and genetic statistics. 

Each figure compares a landscape metric on the x-axis to the increase in number of 

individuals (N), alleles/locus (A), observed heterozygosity (Ho), and genetic 

differentiation (FST) on the y-axis. Top to bottom: A) number of suitable habitat patches 

(along the x-axis) where N, A, and Ho are reduced and FST is increased with greater 

patchiness on the landscape; B) largest suitable habitat patch index percentage (along the 

x-axis) where N, A, and Ho are reduced and FST is increased as suitable habitat patches 

decrease in size; C) percentage suitable habitat area (along the x-axis) where N, A, and Ho 

are reduced and FST is increased as suitable habitat area decreases.  



166 

 

APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 1  

 

Table A 1. Summary of primer and locus information to genotype Gopherus agassizii. 

LOCUS 

# OF 

ALLELES 

SIZE 

RANGE 

REPEAT MOTIF 

GENBANK 

# 

REFERENCE 

GOA1 5 128 - 143 (CATC)7 EU285463 Hagerty et al. 2008 

GOA2 4 204 - 213 

(GCT)6(GAGCAC

TAGGACCTC) 

(GCT)5(CTTCGT)

(GCT)2 

EU285462 Hagerty et al. 2008 

GOA3 9 285 - 309 (CAT)7 AY317141 Edwards et al. 2003 

GOA4 13 264 - 303 (CAT)11 UE285460 Hagerty et al. 2008 

GOA6 17 213 - 277 (CTAT)10 EU285464 Hagerty et al. 2008 

GOA8 17 146 - 211 (TAGA)16 EU285470 Hagerty et al. 2008 

GOA9 21 206 - 290 

(CATC)19(CCAT) 

(CTAT)8 

EU285468 Hagerty et al. 2008 

GOA11 22 268 - 341 (CAT)8 EU285458 Hagerty et al. 2008 
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GOA12 17 105 - 170 (CAT)37 EU285461 Hagerty et al. 2008 

GOA13 16 208 - 296 (CTAT)11 EU285465 Hagerty et al. 2008 

GOA14 43 202 - 310 (TAGA)12 EU285471 Hagerty et al. 2008 

GOA17 26 214 - 319 (CTAT)16 EU285466 Hagerty et al. 2008 

GOA22 18 152 - 221 (CTAT)18 EU285467 Hagerty et al. 2008 

GOA23 18 175 - 262 (TAGA)18 EU285469 Hagerty et al. 2008 

GOAG4 19 140 - 199 (CAA)24 AY317142 Edwards et al. 2003 

GOAG7 5 266 - 280 (AC)3(GC)5(AC)11 AY317145 Edwards et al. 2003 

GP30 9 203 - 240 (GT)13 AF546889 Schwartz et al. 2003 

GP55 9 272 - 307 (GT)9 AF546893 Schwartz et al. 2003 
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GP61 23 203 - 258 (GT)12 AF546896 Schwartz et al. 2003 

GP81 7 377 - 397 (GT)11(GA)10 AF546894 Schwartz et al. 2003 
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APPENDIX B: SUPPLEMENTAL MATERIAL FOR CHAPTER 2  

 

Statistics derived from a genetic dataset, with samples from a continuous population in 

the Ivanpah Valley, was used to parameterize genotypes for model behavior and 

computational limitations simulations.  

 

MODEL BEHAVIOR  

The number of individuals in the neutral landscape ranged from 8750 ï 8412 at 

generations 0 and 200, decreasing 3.9%.  Landscapes with an absolute barrier (horizontal 

or vertical) decreased to N = 8026 (8.3%) by generation 200. The mean number of 

alleles/locus at generations 0 and 200 ranged from 11.0 - 9.5 in the neutral landscape and 

was similar in barrier models. Heterozygosity decreased initially in all models from 0.818 

to 0.813 but was relatively stable through time.  By generation 200 observed 

heterozygosity (Ho) ranged from 0.762 in the neutral landscape to 0.750 and 0.758 in 

barrier models.  

Genetic differentiation was lowest in the neutral landscape (FST = 0.0006 ï 

0.0020) with barrier models increasing through time (FST = 0.0120 and 0.0090 by 

generation 200). Population genetic structure at generation five indicated no spatial 

autocorrelation in any model; however, by generation 200 there was strong spatial 

autocorrelation in barrier models with clusters structured on either side of the linear 

feature. This was further evidenced by STRUCTURE, which calculated Pr(X|K) = 1 and ȹK 
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= 2 in neutral models, and K = 2 (Pr(X|K) and ȹK) in barrier models, but with clear 

geographic populations (Fig. B1).  

 

COMPUTATIONAL L IMITATIONS   

A neutral landscape was initiated with 14700 individuals and by generation 200 was 

14131. Increasing the number of individuals on a 1050 km2 landscape resulted in 

intermittent failure due to limitations with computing genotypes, with 20 microsatellite 

loci. The mean number of alleles/locus at generations 0 and 200 was 11.0 ï 9.8. 

Heterozygosity remained consistent with neutral model expectations (Ho = 0.769 ï 

0.815). Genetic differentiation ranged from 0.0007 ï 0.0017 at generations 0 and 200. 

Population genetic structure at generation 200 inferred a genetic cline (Pr(X|K) = 1, ȹK = 

3; Fig. B2).   
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FIGURES 

 

 

Fig. B 1. Model behavior results reported for three modeled landscapes: neutral with no 

resistance, absolute vertical barrier, absolute horizontal barrier. Landscapes were 

modeled at 625 km2 with 14 animals/km2. Left to right: times-series of A) number of 

individuals (N), observed heterozygosity (Ho), genetic differentiation (FST); B) population 

genetic pattern results from sPCA; C) STRUCTURE results. Because Pr(X|K) may 

overestimate clusters with IBD ȹK is reported, except where Pr(X|K) = 1. 

  




