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ABSTRACT

Habitatdisturbancempedes connectivityfor native populations by alteringatural
movement patternsignificantly increasingherisk of population declinelThe Mojave
Deserthistorically exhibitechigh ecological connectivitybut uman presence has
increased recentlyas has habitatisturbanceHuman &nd usegrimarily occuran
Mojave desert tortoisg5opherus agassizihabitatposingr i s k sfederally t h e
threatenedpeciesw h i ¢ hd elt d as a reqlltAs threatsintensify, so doeghe need
to protecttortoisehabitatandcomectivity. F u n c t 0 D n erdfjuire @&propriate
habitatamounts and population densitias individuals mayeed timeo achieve
connectivity and find mate®evelopments inortoisehabitathave not been well studied,
and understandiniipe relationsip between barriersorridors, population density, and
gene flowis animportantstep towardspecies recovery.

Genetic toolgprovide a famework to examinprocesseike movemenand
incorporating landscapnhancsour understandopof geneticpatternsFor t or t oi s es
hi st ocomrme dtyee ¢ @ wifhlsnated dispersapr o d upreaetdt ear n o f
i s ol-laydi s h Bhis dissertation highlighted more recent genetic connectivity by:

(1) assessg populationgenetic structure and relatezss acrosa recently disturbed
landscape(2) evaluating the impact of barriers and corridors usingulations ogenetic
processesand (3) investigatintherelationship between landscapetricsandgenetic
connectivityusingsimulations of disturbare scenariod.genotyped 299 tortoises at 20

microsatellite loci from the Ivanpah Valley region along the California/Nevada bdrder.



fine-scale sampling schemeas appliedo evaluate recent gene flow and historical
genetic structureBecausehe genetieffectsof disturbance roef t en obtSwvewvabl e
s u b s ttaintagi laséd individually bsed spatially explicforward-in-time genetic
simulatiors to test hypotheseslated tdbarriers, population density, and habitat
disturbance. usedlandscape e s i s t a nrepeesenting 7loeatoasts251 625
km?) in southerrNevadaandevaluatecconnectivitysuccessisinggenetic differentiation
Three genetic clustersthgqte ner al |y corraems¢p oodend at o v al
pawemdet ewitsebdnd order relationships up to 60 km apsrggesting a
greater range of interactiottsan previously suspectetihe correlation betweerapwise
genetic distancesnd cost distancese veedlad duced genetica connect.i
rai |l way arbd se thsetgugivwdnysamulatiansof linear barriersgenetic
connectivityimproved with corridors butwasalsoinfluenced by population deity.
Low densitylandscapesxperiencedeductions in population size and genetiedsity
with or without barrierss the result of individuals movinwgthout finding mates and
genetic drift.Simulationsfound thatanthropogenic disturbanaecreaseadlemographic
and genetic effect®isturbedlandscapes with high levels of genetic cectivity tended
towards low levels ofandscapdéragmentationwith high amounts o$uitablehabitat
Urban growthis predicted teexacerbateleclines inortoisepopulatiors and genetic
connectivity unlesgtact habitand populations ar@degiatelyprotected and
connectedThisresearclprovides a basis for management actimnsrotectdesert
tortoisehabitat between existingpnservatiorblocksandrestore connectivity along

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

GENETICS CAN TELL US ABOUT LANDSCAPE CONNECTIVITY

ABSTRACT

Habitat | oss and fragmentation in the Moja
create barriers ta pmgpwdnmneamnmtbn@edifPsatuf bawc
and degradation of Mojave deserfehwaywijge
rail asayst work of dirt roadsp)andrimasi zedcan:t
ut i-daddlye solTar efvaad iulaittei ah.e spatial genetic
experiencing r genotybed 2 boitoised 2Omicrosatslliteoavfeom

thelvanpah Valleyregionalong the California/Nevada bord®ve useca Bayesian

clusteringanalysis taquantifypopulation genetic structuseross valley and mountain

pass habitat A spatial principal components analysiasusedto further investigate

patternswith isolationby-distanceTo explicitly considedandscape features (e.g. habitat

and anthropogenic linear barrieng)e usedmaximum likelihood population effects
analysesWequantifiedrecent gene flow througtelatedness usingraaximum

likelihood pedigree approacWe detectedhreegenetic clusterthatg e ner al | y
correspwildegs s epar aswidt thgyeomestuing daliilmg ud shabl e
popul atmoamtian edgrpesanabes shdvedsecondorder relationshipap to

60 kmapartsuggesting greater range of interactioasd intefrelatednesghan

previously suspecte@ur resul ts suppor tisohiasytioorni cal ge.



resi anaecreaad eceendet i ¢ acnrm@dct par Bfyelactlurleisne ar
bi secting ©arr aitluwyy a@ueworkdembnistiatesiiee potential

for tortoises to use a range of habitats, spanning valleys to mountain passes, but also
indicateshabitat fragmentation limits connectiyivith relatively rapid genetic

consequences

INTRODUCTION

An important question in conservatienologyis how anthropogenic landscape change

impacts movement and population connectivity. Habitat loss and fragmentation can
significantly increase thesk of population decline and extinction for native populations

by alteringnatural movement patterns and landscapdksers & Didham 2006;

Haddad et al. 2015; Hand et al. 2014jegratinggenetics with landscapzology

provides a frameworto examinghe role of heterogeneous habitats in shaping genetic

diversity and population structu(edo | der egger & Wagner 2008; M
Storfer )&or & bun ahar@td-gbserve groeess of movemeaiftindividuals

through a landscapzn benferredby examining genetic structure arelatedness

Di | eo & Walgorweer & QAlG@;endor f.HAw@VEDthe g&hktiat ki n 1€
effectsofe c ent | cahnadesgaeagesttuhlatb i t at | oss oif tleinnear
obserovnabbfl eelssut ant i alchmagfapg®& 0t ganher ati ons

(Landgut h;tehteraelher2eOnlfOl)uence of these change



not be observed for several decades i
ti mesuciMoag sdweisheer t (Gloprhteo iuse agassi zi i
Historically, he MojaveDesertof southern @lifornia, southern Nevada,
northwestern Arizonaand southern Utals thought to havexhibitedrelatively high
levels of ecological connectivity (Dickson et al. BQIFor native species likéhedesert
tortoise whichoccursthroughout most otis region (Germano et al. 1994urphy et al.
2007) highly connected habitabmbined with limited individual movement and
dispersal havproduced @eneticpattern ofisolationby-distance(IBD) with additional
differentiation from topographical featurddggerty & Tracy 2010Murphy et al. 2007,
Hagerty et al. 2011Shaffer et al. 2015)solationby-distances characterized by
continuous populations where interbreeglis limited by dispersal distance asidtant
populations are more genetically differentiated (Wright 19%8& lack of major
geographical barriers to movemdrats resulted in lowo moderatdevels of genetic
differentiation rangavide (pairwiseFst0.0117 0.132,Hagerty & Tracy 201Q)
indicative of gene flovoccurringin a steppinestone like patter§Murphy et al. 2007;
Hagerty & Tracy 2010; Hagerty et al. 20BanchezRamirez et al. 2018)his is further
supported byadiotelemetry studies of moweent and home rangdor examplea
review ofMojave desert tortoiseomerangesizeindicates aange from 153 ha(median
9.2 ha)with animalscapable otraveing 4707 823 m/daywhile malesareknownto
move overl km/day (Berish& Medica 2014)However, nost daily movementare
under2000 m ( O6 Co n n psuggesting tlkdbng-distafce dispersarimarily

occurssporadically anadver multiple generatiorfer this specie$USFWS 1994)

n

spe



Thehistoricallandscapgcharacterized by broad intennected valleys and
mountain passebat influenced the population genetic structure and gene flow we
measuren desert tortoises todalgas changeddumanpresence in thslorth American
desers hadncreasedincethelastcentury expressed byapid urban expansion
(Hughson 2009)and a proliferation of vehicular routes from trails tajan highways
(Leu et al. 2008 which havecause loss and fragmentation of desert habiRdpid
urban development, suchaghin Las Vegas Valley once a conective region linking
tortoise populations across their range (Britten et397; Hagerty& Tracy 2010) has
resulted irsubstantial loss of habitat connectivéigydreduced movemeraf animalsand
gene flow relative to historat conditions.Desertvaleys along the state linketween Las
Vegas, Nevada arttie desertities of ®uthern Californidnaverecentlyundergone
substantial haitat alterationSignificantdisturbancevas initially relatedto mining
throughout the areand hasontinued to groveince the midl800s.The Southern Pacific
Railroadwasbuilt in the mid1880s to support mining amchnsport people and goods,
and sill bisects the desert today (Tuma & Sanford 20T4E urbanization oflesert
landsincreased throughout the 130fndLas Vegas is now a major metropolitan area
An interstate highwayoute(1-15) through the Nevada and California Mojave desert can
be traced to the early 19006s, with the in
mid-20" century. The ever increasimgghway speeds artcaffic, installationof concrete
barriers between north and south bound |amed desert tortoisexclosurefencing
starting in the | ate 19dfétvalycedtemnegrlypor ti ons

complete barrieto tortoisemovement (Peaden et al. 2017). Howettezpresence of



culverts under-IL5 may allow for occasional passageatoises are known to use storm
drain culvertaunderotherhighways(Boarman et al. 1997). The large network of dirt
roads across the Mojavathough not a observedarrier to tortoise movement, has
numerous negative effects on the quality of desert tortoise habitat (as summarized by
Heaton et al. 2008Most recently, abitat losshas furtheintensifiedthroughout tortoise
habitatwith the cevelopment of tility -scale solafacilities, which haveincreased
markedlysince2010(BLM 2010; BrightSource Energy 20}4

Disturbance irarid ecosystemisas long lastig impacts (Vébb & Wilshire 1980)
that may preclude habitat restoration or recovelKWS 2011). Thiposes a serious
risk to the longterm persistence of the desert tortoise, which was federally listed as
threatenedpecies under the Endangered SpeciesnAt®90largely due taeductions in
range and population density (USFWS 19®9pulation trendsdicate rapid declines
associated with human landscape disturbasyegifically,habitat loss and degradation
due to urbanization (AveriMurray et al. 2012Corn 1994; Doak et al. 199%racy et al.
2004;USFWS 2011)Rangewide, popuations have continued to declismcetheir
1990listing, reportedly by roughly onthird in the last decade (Allison & McLuckie
2018)

Habitat loss and fragmentatianeexpected toncreasedue toongoing
developmentwhichcould eventually threaten connectivitr the tortoisgAverill -
Murray et al. 2018 For example, of the 16,282 kmf tortoise habitat that lies outside
conservation area300 knt has been projected to st toutility-scale solar

developmentAverill-Murray et al. 2013)The timeframe for development is indefinite



as projects are being proposed, modified, and constructed continually vpiénasovable
endpoint.Utility -scale solaplacements also variable and subject to change.human
populationgrowth, urbanization, anatility-scalesolar energygonstructioron public
landscontinueto significantly reduce habitat for the Mojave desert tortoise (Berry &
Aresco 2014) the likelihood that the species will become reliant on sustained
conservation actiongcreasegAverill-Murray et al. 2012)Given thatpersistentirban
expansion haanplified isolation for tortoises (AverdiMurray et al. 2013)and that
development will likely continughe need to maintain connectivity from California
through Nevada andto Utahand Arizonas now more vital than ever. Therefore,
understanding existg tortoisepopulationgenetic structure is keto assesag the
impacts ofcontinuedhabitatloss and fragmentation

The area within and surrounding the Ivanpatiley provides a study region
replete with historical and more recent poterdighropogeru barriers to tortoise
movement and gene flow, as well as natural features thaemmayfacilitate gene flow
(large areas of open habitat), or restrict gene flow (mountain passes and expansive dry
lakes)Because tortoises areseommoeml Yyegssobiuat
recorded in &Cogged eéermvbhinlPO4) and are kn
through heterogeneous hwelhypotleesized tidirtoises ka & B
have historically usethountain passes as connective habitat between the Ivsigtiak
and adjacent valleyslowever, habitatlisturbancenay alter connectivity.
Anthropogenic barriers within the Ivanpah Valleglude F15 (50 80 years) anthe

Southern Pacific Railroad (14@&rs), whie morerecent impacts include a golf course (



20 year} and three utilityscale solar developments (< 10 years). 3dlarinstallations

were sited in previously undeveloped Mojave desert tortoise habitat, where density was
estimated between2:10.4 tortoises/ki(lronwood Consulting 2012Pevelopments 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 populatiogenetic structure and gene flow in these areas is vital if genetic
connectivityis to be maintaineohto the future.

Given the relatively long generation time of the desert tort@38&% years;
USFWS1999) traditionalmeasures of population differentiatigg.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 dpersal patterns (Vandergast et26119) 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 appliedafine-scale sampling scheme and combipedigree
reconstruction angenetic clustering analyses wigpatially explicit methods to evaluate
recent genélow andhistoricalgenetic structuren relationto anthropogeniand
historicallandscape featuresgithin and surrounding the lvanpah Vall&he specific
gods of thisresearctwerethreefold: (1) to identify the roleof historical landscape
features with suitable desert tortoise habitdacilitating genetic connectivity among

adjacentwalleys, @) to assess genetic structmedrelatednesacrossa heterogeneous



landscapé¢hat has undergone recent and rapid habisatirbancesand @) to quantify
individual and population level patterns of gengaciation toprovide a reference for
genetic connectivityor future comparisos A reference ohistorical genetic
connectivityin this systentould be important in understanding the roléntdict habitat

for tortoise persistenaelative toongoingdisturbance

MATERIALS AND METHODS

STUDY AREA AND SAMPLING

This study was conducted the central portion adhe Mojave desert tortoigange
(Nussear et al. 2009focusing on the Ivanpah Valley and surrounditesquiteValley

and Rute Valley connected by mountain passes (Fid@)1Field surveys were conducted
in 2015, 2016, and 2017 at teinkn? study plots (six in lvanpah Valley, onelMesquite
Valley CA, one in Eldorado ValledV, and two in mountain passiestweervalleys), in

a diverse array of suitable habit@enetic samples collected from an additional location
(Piute Valley near SearchlightiV) prior to 2015 were also incled, for a total of eleven
locationsand299 genetic samples (Fid. 1). The number oindividuals varied by study
site (Tablel. 1), which may be indicative of natural tortoise densities across the Mojave
Desert. Allison & McLuckie (2018) report adult densities df K22.5 tortoises per ki
Constructionat the lvanpah Solar Electric Gaating System (ISEGS; 14 Kyron the

west side of lvanpah VallegndSilver State Solagl4 knt) onthe easbegan in2010.

Tortoises from within the ISEGS footprint were translocated to the north of the facility



and those from within Silver State Soleere translocated to the eat our ISEGS
North plot 21 of 53 samples were from translocas@emals, and atur Silver Stateplot

11 of 21 were from translocated animals.

MOLECULAR METHODS

Genetic (lbod) samples were collectagingsubcarapaclavenipuncture(Hernandez
Divers et al. 200R Samples collected in the field were stored by placing one drop on a
Fast Tehnology for AnalysigFTA) card(Whatman GE Healthcare Life Sciengesjch
card wasair driedand storedndividually in apapercoin envelope. All extractions were
performed with the DNeasy Blood and Tissue Kit (Qiagen) usiaghanufactured s
instructions, with twaminor changes: samples were incubated at 70°C for 10tesn

after the addition oBuffer AL, and the elution stepas performed twice with an elution
volume of 100 pl for a total final volume @D0 pl. We amplified 2@ariable
microsatelliteloci previously developed fdortoises (Edwards et al. 2003; Hagerty et al.
2008; Schwartz et al. 20p3Amplification of microsatelliteloci was performed in 10 pl
reactions with 4 pl Multiplex PCR Plus cocktail (Qiagen), 0.8 pl primer mix, 3.2 pl
water, and 2 ul DNAJ i | u t 4€rdy/ult Thern®cycler conditions were set at 95°C for 5
minutes then 30 cycles were performed with Seonddenaturing at 95°C3 minute
annealing at 56°CGand 45 seandelongation at 72°C, finishing with a 30 minute final
elongation at 68°C. PCR product (1 ul) was aliquoted into 10.5 ul HiDi formamide
(Thermofisher) with 0.5 pl LIZ500 (Thermofisher)chisubmitted to Eton Bioscience

(San Diego, CA) for genotyping. Each round of genotyping included negative controls to
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check for contaminatiorApproximately10% of the samples were amplified and
genotyped twice to assess mistyping and dropout rates. Wezlgeov data in
GENEMARKER Vv.1.90 (SoftGenetics), binneatdleles using R 3.8 (R Core Team 2019
MsatAllelev.1.04 (Alberto 2009), anchecked for null alleles with the R package
PopGenRepont.3.0.0(Adamack & Gruber 204). Exact tests foHardy-Weinberg
equilibrium andlinkagedisequilibriumamongmicrosatellitdoci were implemented in
GENEPoPV.4.5 (Rousset 2008yith a Bonferroni correctiorMicrosatellite bci with

inconsistent amplification we not included in the dataset.

GENETIC DIVERSITY

We assssed standard measures of genetic diversity for the entire dataset and by survey
location. We calculated the number of alleles per locus, obsdiégdr{d expected
heterozygosityHe), coefficient of inbreedingH) usingadegenet.2.1.1(Jombart 2008)

in R, allelic richnessAr, Adamack & Gruber 204), andmeanrelatedness coefficiesit

(roc, Queller & Goodnight 1989)ith 95% confidence intervaln GENALEX 6.5

(Peakall & Smouse 2012peviations oH, from theoretical expectations were evaluated
usinga Bartlett test for equal variance acrossrosatelliteoci to assess

homoscedasticity and a pairetest to compare the observed and expected population

means.
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POPULATION STRUCTURE

Genetic structure was evaluated with multiple analytical methodgelaas

hierarchically, starting with the entire dataset, theimgsubsets of theampledased on

the genetic clusters detected. We used a Bayesian clustering analysis to infer population
structure $TRUCTUREV.2.3.4, Pritchard et al. 20Q0)e ran theadmixture model, which
assumes each individual draws some fraction of its genome from eldgioptilation
clusters, with correlated allele frequenciescause allelequencies arexpected to be
similar for oursurveylocations We estimated the probaity of K = 1-10 usingten

replicate runs 01,000,000 Markov Chain Mon€arlo iterations following a burn in of
500,000 We implemente@®TrRUCTUREfOr the entire datasetith sampling locatioras a

prior, which can improve model output when geneticctie is weakHubisz et al.

2009) We calculated the mean Ipgobability of the dataRr(X|K) in Pritchard et al.

2000) and second ordeate of changegK in Evanno et al. 2005pTRUCTUWRES Ul t s
were visuBbpHewW.p2is@gi(nBgr anci s 2017) .

We also employedapat i al princi pdsPCAtmfumtpeo nent s an
investigatecryptic geneticpatternghat can result from IBQJombartet al. 2008. This
multivariate methodiiffers from the previously describ&trRucTURE analysisby
maximizing the variance in individual allele frequenamsle accounting fosspatial
autocorrelatiorandassumingno population modglJonbart et al.2008 Prunier et al.

2014. Thegenetic patternound using SPCA erecompared to 998andanized Monte
Carlo permutationto test whether observed structure differs from the distribution of

random expectation&igenvalues are generated through Med#elo simulations and
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represent both genetic diversity (variance) and spatial structure (spatiabrrelation as

measured by global Moran’s We performedsPCAanalyses withthe hierarchical

approach described abovespatially explicit connection network of relative neighbors

wi adhenet i ¢ divwsaca radheedagmrokuct of the varian

autocorrelation was separated into positiyv

magni tude of gl obal (positive) and | ocal (

indicate spatialle glrougde tmactrttcehrgme sge woai i ¢ di

among neighbors than egxJpoenthtaerd .aenmho nag .r a2n0doodm
We evaluated popul athspnbgeweencsdr vegr bk

and between infernedFspst dRi} Rouwcd ssdwaes 97 L

cal c bled tweegbrnv e y su © iAmatysisof MolecularVariance (AMOVA,

Peakall & Smouse 20}, 2vith an allelic distance matriandusing 999 permutationgVe

calculatedp-values for pairwise comparisonskfr (Jombart 2008petweerdetected

genetic clusters using Weir& o ¢ k e r &i661888) Ve alsotested foristorical

patterns ofBD using Mantel tests (Mantel 196%)ith 999 MonteCarlo permutations,

using genetic and geographic Euclidean distamegrices (Jombart 2008} multiple

levels:1) among all individuals using each tortoise locati®grouping individuals by

survey locatiorusing the mean locations for each pRtamong any genetic clusters

detected using mean locations for each elud) within each distinct genetic cluster

independentlysing tortoise locatigrand5) within each individual survey plaising

tortoise location
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MoODEL COMPARISONS FOR POPULATION STRUCTURE

To examine whether recent anthropogenic influences are assbaigh measurable

effects on connectivity among our survey sites,examined the correlation between
pairwise genetic distances usingearizedFstand cost distances reflecting the influence
of natural and anthropogenic features on resistance to neowe@mparisondy plot
location were analyzed usimgaximum likelihood population effects (MLPE) modeals
thepackageResistanceGA.4.0-14 (Petermai2018 in R. Analyses were limited to
individuals genotyped in the ten 1 ksurvey sites within and immediately adjacent to

the Ivanpah Valleyysing genetic data fro@75tortoise$, excluding the Piute Valley
location due to the disproportionately large distance from other study sites. Cost surfaces
hypothesizedo have influelced 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 repri&n®) the inverse of
modeled desert tortoise thitat (1- modeled habitat suitability values from Nussear et al.
2009, as in Hagerty et al. 201tb represenisolationby-resistancé€lBR); 3) the log

distance fronthe interstateescaled from 41; and 4) the log distance from the railway
rescaled frmm 0-1 (Fig. 1. 2). The log distance surfaces were rescaled frdmdich 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 (Figl. 2). While other roads exist in the study area, these are primarily unpaved
roads that have accruetbre recentlyThe additionaloads exist at a scale that bisects

our smaller scale study plots, and while movement may be reduced byaads€Sadoti
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et al. 2017), our study animals cross these road networks far more frequently than the
larger barries presented btheinterstate highwayno documentedrossing$ or the

railway (two tortoisedrom the Nipton plot have passed through culvender the

railway oncesince 2015)whichlimit the dispersal ability of tortoises (Edwards et al.
2004, Rautsawt al. 20B).

The relationship of the linearizé@grmatrix 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 therutidel 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 Bya is kferdation cterion (AIC)

to identify the best performing modelgflel. 4).

RELATEDNESS

To detecthe spatial scale of movementer the past-R generations, we usdae

maximum likelihood pedigree reconstruction implementedanony (Jones & Wang

2010) toestimate firseandsecondrder relationships among all indtuals, andthen

mapped thgeographic locationgf first and second order relative paifer COLONY

runs we assumed inbreeding with male and female polygamy, and coded individuals as
follows: all adult femalesn(= 85) as candidates for maternity, allult malesr{= 131)

as candidates fgraternity, and all individualas potential offspringSimulations were

run usingfull-likelihood, mediunprecision, nediumrun length, no sibship scaling, and
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no priors. To avoid excluding pairs based on a sintgéeawe set the false allele rate to

0.0001.We conducted three independ@uLoNY analysevarying the random number

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

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

CoLONY run.We assigned the expected probability of detectingpther or father to

25% based on the ratios of newly found tortoises on previously surveyed plots using
markrecapturgechniquesLog likelihood plots fo each run were examined for

convergence. Data from all three runs were consolidatedrdpgbairsfound in common

in all three runs wereonsideredOf t hese, only dyads with O 8

relatedness in each of the three runs were kept (Warakr2€t6).

RESULTS

DATA QUALITY

We genotyped 299 samplas2) microsatellite lociThere was indication of null alleles
at two loci (GOA4 and GP61As theevidencdor null alleles at these loci was not
consistent across multiple sampling locatitivesse loci were retainedll loci conformed
to Hardy-Weinbergequilibrium following Bonferroni correction (correctgavalue =

0. 003 f o,withdonecorBisténty Jtinkagedisequilibriumamong locations.
Theerrorrate determined by repegenotypingjn the 20microsatellitedoci retained was

0.77% and all errors were caused by allelic drogéumers and locus infmation can
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be found inAppendix A(Supplemental Materiglandraw dataare available as a USGS

Data Releaséehftps://doi.org/10.5066/P90LIQRI

GENETIC DIVERSITY

We summarized estimates of genetic diversity and characteristics for the survey locations
and overalbased on the microsatellite genotype informafitable 1 1). Thenumber of
alleles per locusangel from4-43 ((f’ 15.9)across loci, anér ranged from 5-6.3
across survey locatioflsSEGS South and ISEGS Northetwo plotsadjacento a
utility-scale solar facilityvith previouslycontiguous habitatExpected heterozygosity
was lowest at ISEGS SoufHe = 0.740 and highest at ISEGS NortH¢ = 0.796. There
were significant differences ineanHe betweenMesquiteValley and three survey
locations (ISEGS Nortp-value = 0.030StatelinePassp-value =0.033 PiuteValley p-
value = 0.020); ISEGS Souémd five survey location$Sputhpalp-value = 0.020;
Nipton p-value = 0.045Silver Statep-value = 0.048Sheepp-value = 0.048Piute
Valley p-value0.005) ISEGS North and McCullough Pags\value = 0.0@). The
inbreeding coefficient was lowest at ISEGS So#tk 0.074 and highest at
McCullough PasqF = 0.128. Relatedneskggc ranged from 0.013 46EGS Northto

0.073 at nearby ISEGS South.

POPULATION STRUCTURE
STRUCTURETresults suggested different numbers of genetic clusters depending on the

method used to determine the optiatalue (Pr(X|K) = 10 andyK = 3; map of


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

Pr(X|K) may overestimate genetic clusters when there are patterns of IBD, wegd€port
(except wherdr(X|K) = 1) which may more accurately detect clusters when spatial
autocorrelation is present in continuous populations (Evahab 2005; Schwartz &
McKelvey 2009. Individuals fromMcCullough Pass formed a unique cluster, while
Eldorado Valley and Piute Vallegdividualsclustered together. The largest genetic
cluster was formed by eight of the eleven plots, and includediaiéy locationgn

lvanpah Valley Stateline Pass, amdlesquiteValley. Hierarchical analysis of the three
main clustersletectedadditional structurevith no strong geographic clusteriffgg. 1.

3C).

Our sPCA results shed additional lightgenetic patterns the study area,
finding Ivanpah Valley and Mesquite Vallejffering from locations to the east
(McCulloughPass, Eldoradwvalley, Piute Valley) using the full dataset (glolat
0.011,p-value = 0.011Fig. 1. 4A). Hierarchical analysiglentified additionalstructure
within Ivanpah Valleyalong the east and west sides of the valieyghlycorresponding
with linear barriersthat includea 140yearold railway, and0+ year old highway
corridor, which parallel one another across much of our study(gleaalr = 0.009,p-
value = 0.031Fig. 1.4B). Positive spatial autocorrelation was deteeteang
individuals withn the Eldorado/Piute Valley clustar£ 0.036,p-value = 0.033) and
within McCullough Pass (= 0.049 p-value = 0.001). Evaluation a@fdividuals within
Megquite Valley and Stateline Pass found spatialautocorrelation (global = 0.036,p-

value = 0.310; local = 0.361 ,p-value = 0.206).



18

LinearizedFstvalues among sampling locatior@sged from 0.008.040
(ISEGS North to Silver State anMiesquiteValley to Eldorado ValleyTablel. 2A).
Based on standard permutation across the full dataset genetiendifféon was
significant (linearizedrst= 0.022,p-value = 0.001)All comparisons with McCullough
Passand other survey locationgere significant, including adjacent plot locations.
Significantgenetic structurevas alsdound betweemMesquiteValley and all other
locations with the exception oheighboring Stateline Padsldorado andPiutevalleys
differedsignificantly fromall other plots except each othegsind Piute Valleyrom one
plot in the Ivanpah Valley cluster (Silver Statéjhen locations were combined to
correspond to théhreemain inferred genetic clustezairwiseFstvalues ranged ém
0.0180.028 with each comarison statistically significar{Tablel. 2B).

We detectedBD across the study arehall levels testedamong all individuals
using each tortoise location, grouping individuals by survey locatidrusing the mean
geographic location of ailhdividuals in each survey aremmong theéhreegenetic
clusterg(lvanpah/Mesquite Valley, McCullough Pass, and Eldorado/Piute Valteyy
the mean of individuals associated with each cliesteéhe geographic locatioand
within each distinct genetiduster.Additionally, a correlation between genetic and
geographic distances was found within fowdividual survey plots (Soutla,
McCullough Pass, Eldorado Valley, and Piute Valley; with McCullough Pass also
constituting a genetic cluster; Taldle3). Of the six survey plots where no IBD was

detected, three were recipients of translocatedisetdISEGS Nortland Silver State).
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MODEL COMPARISONS FOR POPULATION STRUCTURE

Model comparisons suggested that the distribution of suitable habitat, the Southern
PacificRailroad and 15 were associated with genetic differentiation. The two highest
ranking models both includddhbitat(asthe inverse of the habitat suitability nmedg

which effectively indicatetBR, and is consistent with tHmdings of Hagerty et al.
(2011). Both modelsalso included the Southern Pacific Railroédese two models
differed by their inclusion of-15, which connects Las Vegas, Nevada and Los lesge
California. The interstate parallels the railwfay most of our study areand thus likely
represents an additive barrier that would result in similar genetic pafiéabighest
ranking model (with the lowest AIC) included habtigttance theinterstateand the
railway (Fig. 1. 2). This model had a weight of 53%, andRévalue of 0.90 (Tablé. 4).

A second model including only the habitad the raway had similar performance, with
aqAlIC of only 0.2, a weight o47%, and arR?value of 0.90All other madels had lower
performance. Mefull modelincludedall cost surfaceandranked &, with agAIC >

14.0, and a model weight of approximatelyModels including habitat performed better
than Euclidean distance alodl modelsconsidered ranked well above the null model,

where only the intercept was calculated (T&blé).

RELATEDNESS
Evaluating r el at ipedgsebéangysindicatesiayidence oftshr ou g h
order relationships withieight (Statelind?assISEGSNorth, ISEGS South, Southp,

Nipton, McCulloughPass Eldorado Valley, and Piute Valley) of the elesemvey
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locations The total number dirst order relationships discoveteavithin survey locations
was 63 All but one pair of relatives were found tiit the same 1 kfplots There was
onefirst order relationshifpetweenatranslocatedortoise fromlISEGS North ana
residentortoise fromISEGS SouthBecauseheymay have been geographicatipser

prior to facility constructionn 201Q this relatonship maynot necessarilypedue toa

natural dispersal everithere werel10uniquesecondrde relationshipsn the survey
area, with 5%f these occuing within the same plot and %iktween plot§Tablel.5),
suggesting tortoise movement wnilti-generational time scales has occurred throughout
the study areaThe Euclideandistance betweersecondrder relativesoundat different

survey locationsanged fronb to 60 km(af™ 22 km).

DISCUSSION

MOUNTAIN PASSESPROVIDE CONNECTIVITY AMONG VALLEYS

The kenefits 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 1981).Mojavedesert tortoise

has long been associated witilley bottoms and bajadas coalescing alluvial fans
(Germano et al. 1994and whiletortoises are indeed prevalent in these habitats, we also
found strong support that mountain pass@soccupied by tastses and provide
connectivitybetween valleysConnectivity 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).uMnt ai n passes fi
d es cr i gllowing geneldflgw and serving as bridges between neighboring véleys
comparison with more rugged mountainous areagjoypr ovi di ng vari abl e
c 0 n n e avicCullough ass shows evidence of admixture with lvanpah Valley,

Eldorado Valley, and Piute Vallegndall plots share alleles afmt second order

relatives, indicating recent gene flow; albeit at lower levels than StatelineTPéss

possibly due taifferences in terrain, available habitat, local population sizes, variation in
movement patterns, and/or behavioral differences.rtge r m-trealdeimoe t ry st udi
currently being conducted in these areas i
passmagjng it |ikely that tshteosnee phNeashsiatsa tasl.s o
pass populations likely contribute to sustained connectivity over generations rather than

only intermittent contributions from long distance movements of individuals throug

passesAl t hough ant hropogenic disturbance is p
| argempr iusnepda voefd r bade, nwhi phesented an abs
study .anHomwaelvser, recent developméntas oD Vval
fragment phepesultsaftthissesemrch 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 analgs identifed threemain historicalgenetic populations: (1)

lvanpaliMesquiteValley throughStateline Pass, Y2McCulloughPass, ang3)
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EldoraddPiute Valley. Genetic patterns, revealed by sPCA, differed east to west within
the lvanpah ValleyGenetic structure anelatednessvithin and between valleyadicate
that tortoises occupyingithcentral portion of the Mojave Desert do not represent a
single panmict population Low levels of genetic differentiatiowithin study plots point
to recent exchangef individuals, which is further supported by the presencs=obnd
order relationshipamongstudy plotsimplying that tortoises may require multi
generatioal dispersal events to maintain connectiv@yr findingsr e veal weak but
detectabl e genet i ct hset rhuycptouirihee tsd @b gt ithsattt e wta s w i
| ar gel y c clhatactanized bhngercoaneaed valleys, with relatively few
restrictive points (e.gnarrow passes between adjacent valleys).

With large areas afonnectedabitatandfairly contiguous populatias)evidence
supportshistoricallyhigh levels ofgene flowandlow levels ofgenetc differentiation
throughouthe range ofthe species (Murphy et al. 200Hagerty & Tracy 2010. Our
resultsdemonstratethat or t oi ses i n and ar durkeeotyhe | vanj
genetically or geographically isolated in
regi onal lzyoniempfoorrt afrbtne ec s i suppypoHtagerhy tehe
al . (204dhli)ghwhperroebearme tl ii ¢ yovearbn eateidvicttyed i n ar
|l vanpah Valley. These findings make histor.i
especsiagnhniyfi cant for Moj awe veeems d@rhtatt onutcdhi od
habitat in the central portion of rtghee r ang

urban area where |little connective habitat
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GENETIC CONNECTIVITY | N LIGHT OF HABITAT LOSS
Although it appears thabégreaterLas 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),has been replaced by a largetropolitan 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, incghgllvanpah, 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 permaraditdt loss and fragmentation
whereby small actionsndinfluencesaggregate into largactionsand effecton the
| andscape that are not explicitly acknowl e
2009).

Although our results support histaaias wel as relatively recent gene flow for
the Mojave desert tortoisB|LPE analysisrevealedareduction in genetic connectivity
within the Ivanpah Valley to the east and west of two linear barriers: the Southern Pacific
Railroad and-15. Thesignal caused btherailway s likely stronge than that of415
becausehis featurehasbeenon the landscapenger,for approximatelyl40 years, or
around seven tortoise generatiomteistatel5 ruinsnearlyparallel to the railwagnd has
presented a potential baarito tortoises for 580 years, oaroundfour tortoise
generationsThis couldforeshadow increased impacts to Mojave desert tortoises from

more recently establishdxhrriers 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 examplemostutility-scale solar developments have been on the landscape for less
than one tortoise generation, but their potential for isolating tortoisdsecseen in the
amount of habitat that has been lost in areasoih@supporteccontiguougpopulations.
While the broader lonterm impacts of development will likely reduce connectivity for
desert tortoises, translocation of animals from developnteasanay result in subtle
genetic effects thatppear to increaggenetic diversityand admixturenitially. However,

this signatures expected tbe transientln this researchhe ISEGSNorth and ISEGS
South plots were locatexh either end of a utiljtscale solar facilitf{ISEGS) and 406

of our samples from ISEGS North were from individuhkst were translocated from

within the footprint of that facilityThis likely contributedo substantial differences
between thesevo plots including: sample & (ISEGS Soutim = 10, ISEGS Northn =

53), the range of gettie diversity (SEGS SouttAr = 5.4; ISEGSNorth Ar = 6.3),
relatednessiI$SEGS Southige = 0.073;ISEGS Northroe = 0.013, and thefact that these

plots contained thenly first order relationship foundmongplots

MANAGEMENT | MPLICATIONS

Mojave desert tortoise recovery actions inelpdotecting existing populations and
habitat by conserving intact landscapes and connecting functional {BlS&VS

2011) However tortoisehabitatcontinues tde lost with connections between
populations at risk from development. Within tkanpah Valley recent habitat loss has

been caused by a highly traveled interstateailvay, a network of dirt roadand off
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highway vehicldgracks towns, a golf course, mining operations, and several large solar
facilities. Unfortunatelywe do not have a baseline for the effects of these features on
desert tortoise connectivignd gene flowbecausgeneticstudies were not conducted
prior to constration (USFWS 2011)Taken together these recent developments have the
potential tocontinue fragmentingabitat and reducsonnectivitywithin current
populatiors. Additionally, our top two MLPE models indicated a significant influence of
the Southern Pdat Railroad anébr [-15 on genetic distances, indicatiggnetic
connectivityacrossghese barriergould continueto decreas¢hrough time. If connections
are sufficiently restrictedve may see increased isolation of the populations residing in
lvanpah Valley extending to Eldorado ValléyesquiteValley, Pahrump, and beyond.
Though not the focus of this study, other valleys in the Mojave Desert, including
Eldorado andMoapavalleys, areexperiening similar habitat loss and fragmentatitan
that noted in lvanpatiue to roads and solandgopments in tortoise habitgiptentially
further exacerbating threats to connectivity.

This work provides a basis fdeterminingnmanagement actigithat could
consere connected tracts of functional habitat between existing blocks of protected land
and can be used asaundationfor continued research efforts moving forward.
Prioritizing connectivity corridorgor the Mojave desert tortoise acrassithern
California andsouthern Nevadtnroughnorthwestern Arizona, arebutheastern Utdlor
protectioncould preventurtherisolationof populationghatarecurrentlyconnected via
suitable undisturbed are@ickson et al. 2016Alternatively, if habitatquality

continues to declinand suitable connectiviig lost, population persistence anecovery
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may necessitate the creation of corriddw®ugh barriers (i.e. such as culverts found
undersome portions afnajor highwaysandrailways,but seeRautsaw et al. 20)8For

tortoises to persist on the landscape a functional ecosystem is required, which has added
benefits for other sges in the region (Brooks 200A8yerill-Murray et al. 2012)More
generally, ppulations in large and well connecteetworks are less threatened by

extinction (Hanski 1998herefore future consrvation managemeptanscould benefit

by exploringdevelopment scenaritisat minimize loss of desert tortoise habitat
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TABLES AND FIGURES

Table 1.1. Genetic diversity statistics f@opherus agassizily survey location: sample
size (N), allelic richness (Ar), meabserved heterozygosity g mean expected
heterozygosity (), inbreeding coefficient (F), and relatedness coefficies) (with
95% confidence interval.

Location N Ar Ho He F roc

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

StatelinePass 25 | 6.0 | 0.816 | 0.790 | 0.105 | 0.019 (0.003 0.035)

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

ISEGS South 10 | 5.4 |0.838 |0.740 |0.074 | 0.073 (0.03G 0.121)

Southpah 39 [6.2 |0.790 | 0.787 |0.118 |0.031 (0.022 0.040)
Nipton 32 [6.1 |0.811 |0.783 | 0.105 |0.033 (0.023 0.043)
Silver State 21 [6.1 [0.786 |0.779 |0.118 | 0.021 (0.005 0.034)
Sheep 21 [6.0 |0.788 | 0.780 |0.118 | 0.037 (0.022 0.052)

McCullough Pasg 47 | 5.8 |0.772 | 0.771 | 0.128 | 0.060 (0.052 0.069)

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

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

Overall 299|159 |0.795 |0.811 | 0.115 | -0.003




Table 1.2. PairwiseFstvalues (lower) with correspondimgvalues (upper). A)

40

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 Vi@\y B)
Comparisons between the three main genetic clusters: lvanpah/Mesquite Valley (IVMV),
McCullough Pass (MC), and Eldorado/Piute Valley (EVPV). Signifipavalues after
Bonferroni correction are denotedbold

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

0.028

0.011

0.087

0.569

0.581

0.051

0.029

0.001

0.010

0.017

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




VMV

MC

EVPV

VMV

0.001

0.001

MC

0.018

0.001

EVPV

0.018

0.028
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Table 1.3. Isolatiorby-d i st ance correl ationr)agsmgef ficient

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

survey areaby inferred genetic cluster using mean tortoise locations of each cluster;

within each of the three genetic clusters individually: lvanpah/Mesquite Valley (IVMV),
McCullough Pass (MC), and Eldorado/Piute Valley (EVPV); and within each discrete
survey locéion: Mesquite Valley (MV), Stateline Pass (SL), ISEGS North (IN), ISEGS
South (1S), 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




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
modelconsideed (Model); Log likelihood (Logik); the number of parameters (k);
Akai keods

resul ting

nf or mati on

criterion

44

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

(2004); andR?2.

Model LogLik. | k AIC [qaIC | W | R
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 + Euclidiaff 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 14895| 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

S
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Table 1.5. Total number of second order relationships detected using the program
CoLoNY amongGopherus agassizin the lvanpah 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

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 surveylocationscentering orthe lvanpah Valleyalong the
CaliforniaNevada bordefThe 1 kn? plots are indicated byurplesquaresthe additional
sample location igndicated bya purplecircle thatrepresents the area from which
samples were collecteBevelopments on the landscapeludeurbarisolar(areas where
habitat has been lost and/or fenced to exclude torjpisagor roads/railwaylinear

barriersto connectivity) minor/drt roads and nmes (representinigabitat degradatign
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Fig. 1.2. Cost surfaces used Maximum Likelihood Population Effects (MLPE) models

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

governed only by isolatiehy-distance Top Right:Log of distance to-15 highway

scaled from @L. Bottom Left:Log of distance to the Southern Pacific Railroad scaled

from O-1. Bottom Right:Habitatresistanceéaken as the inverse nfodeleddesert torise

habitat from Nussear et &009(1 - modeled habitat suitability values)
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Fig. 1.3. STRUCTUREresultswith sample location used as a priNumber of clusters

reported using the Evanno methoK], except wheréhe Pritchard method foundne

cluster Pr(X|K)).A)Pi e charts representing the propor
background coming from three main genetic clusters identified prior to hierarchical

analysis ¢K = 3) forthe entire study areaith sample sizeanges from 10 for the

smallest pie to 53 for the largest, colors correspond to tbase in B B) STRUCTURE

barplotwith each vertical bar representing an individual, color scheme matching that

found in A and representing the proportion of each indavitub s geneti ¢ backg:
coming from the three main clustevgth baplots organized generally from the farthest

northwest locationNlesquiteValley) through a mountain pass (Stateline Pass) into

lvanpah Valley plots, through a mountain pass (McCullouggsPto farthest southeast

location (Piute Valley)C) Results of erarchical analysis revealing additional structure
(lvanpaliMesquiteValley oK = 2, McCullough PasgK = 3, Eldorado/Piute VallegK

= 2,Pr(X|K) = 1).
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Fig. 1.4. sPCA result®f the summary of genetic variability and spatial structwiere
white and black squares represta product of the variance and spatial autocorrelation
as scores that apositioned by spatial coordinaté&juae size indicates the magnitude
of the variancelNegative scores represent local pattafnspatial autocorrelation and
positive scoresepresent global pattern&) Map of the entire study area showiag

pattern of genetigariability between Ivanpalalley and Mesquit&/alley and locatioa

to the east, with potential integratiahtheSheep and Nipton plstand B) Map of

lvanpah Valleyrevealing an eastest genetic pattern
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CHAPTER 2. GENES BY PLACE: WHY ASSESSING MOJAVE DESERT

TORTOISE GENE FLOW WITH LANDSCAPE MODELS IS USEFUL

ABSTRACT

Ant hropogenic |inear features (road and r a
(Gopher us) amassAttantian togeseticconnectivityin light of disturbance
is criticalin working towardsspecies recoveryulverts, 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 givéttle attention indesert tortoise |usedindividually based
spatially explicit genetic simations of gene flow ihandscape scenarigsrstructed as
resistance surfaces of (1) neutral landscapathout barriersandallowing forisolation
by-distance(2) with a sempermeability (representing culverts) along linear barriers
and(3) an absolute barrier to dispers8imulations were run for 200 naverlapping
generations using 20 variable microsatelldci derived from an emjical dataset. &
evaluate average outcoméperformed 30 replicate runsexamined the total number of
individuals, genetic diversityy, Ho), andpopulation genetic structufpairwiseFsr,
STRUCTURE, and sPCAJor simulations ofpopulation density @w, moderatehigh),
population growth ratddgw), increased number of loci (80), aatieterogeneous
landscapel found that relative to the absolute barriencoectivity improved when

corridors allowed for movement across linear barriers and with higtteise densities.
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Population genetic structure increased as barriers reduced connectivity regardless of the
modeling scenario. However, low population density simulatiostsover 75% of thie
populationsizeregardless athelandscapecenario. Geneatidiversityin the no

disturbance landscape simulations was initially high in low population density médels (
=23.3+0.18Ho = 0.790 £ 0.00% but fell through timgA =12.8 £ 0.50H, = 0.31 +

0.027), with no significantdifferencesetween the thrdandscapedy results predict

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

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

may result in greater risk of genetic drift and harmnstochastic demographic processes
Therefore, care should be taken to ensure Mojave desert tortoise populations remain

connected without losing population density.

INTRODUCTION

Thedegree to which a landscape facilitates movement among species habgas 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 rangeoft@da( i st i e & HWHaddadwehles 2015
2003; Taylor et al. 1993; Tewksbury etal. 2p@nt hr opogeni ¢ | i near f
roadways, have been found to negatively im
structure acromevemegnt byBakkéenhotgigkegWasd t s

Di Giulio 2010). Increased mortality and m
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in multiple species THe ovMbjud akk GoPpdirets sisd d t
agas)siizsiieffected by direct mortalbiyiwhenc
cross whBoafmanegt (Roadwa98d have been foun
movements of desert tortoi s-eangePesahdzeenn (etter
al . )20R2!l ative abuwWdadim fsoml Boadmans &(
Sazaki 2006; vonSekendorff Hoff & Marl ow 2

When a native landscape becomes fragmented, corridors may maintain or even
restore connectivityNoss 198Y. Functional corridors allow species to move through
habitat embeddechiasuboptimaimatrix and enhance population viabilitgyé nei n &
Mer r i a rBeiek & NO8s;1998; Beieretal. 200Qa ut saw effoamnd t(R&118
rail ways restrict moven@onphepraust epronlisip g tne nguosp
trenches ddugdg hendaear n ea tahe strategic placemertofo s si ng.
underground culverts may optimize safe passage and improve connectivity for Mojave
desert tortoisesBparman et al. 1997; Peaden et al. J0TRerefore gevaluation of the
effectiveness of these cwors is of critical importancedregory & Beier 2014).

Fragmented populations are at greater risk of population decline and genetic drift
(Dixoetal.2009Ho | der egger §. TikiaddiGan oflcanrectidtprautes
onto the landscape may beiufficient to maintain genetic connectivity if individuals
have to travel long distances without finding matwiford et al. 2019 Population
decline has been given little attentionMiojave desert tortoiseonnectivity research. The
speciesvas federlly listed as threatened due to rangiele declines in habitat and

population densityySFWS 1994 and since listing has continued to declibeo a k et al
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199CGorn 1994; TUS&E WS e)Pwittarécent narab@rd as low as 37%
rangewide in thedecade from 2062014 A1 | i son & MclLuckie 2018
The cost of movement, reduction in survival, or willingness of an individual to
move through its environment can be represented using a landscape resistdgice
(Zeller et al 2012), anchovement deictedas 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 rastéughman et al. 2013)yhe sampling grain
(size of the sampling unit; i.e. rasf@xel size) should ideally be smaller than an average
homerange size or dispersal distanéaderson et al. 200T he me ama mh@enef or
desert tortoises is highly variable.8-53 ha,Berish & Medica 2014) anghaximum
movements have been recordedissn 0.5 1.6 km (Nussear et al. 20)2
I n species wifthsucimi adedt denstiptectssant t or t o
provide a framework to examine hard to alvegorocesse@Br ooks 2003; Cushm
20 13cwe & All endorf 2060; SDatleEookd®@8Htieng
landscape structure into analysesmamvemenenhances our understiing of the role
landscape featurggay in shaping genetic diversity and populatbmucture
(Hol deregger & Wagn e Sork&ONaig& 20108fa me If eat eal .al 2
2007) .
Ewal uations of coanmndfid®Ilrl keddéemxdgd veefn etstse | ¢
associated with detection of gd@regdagor ypa& t e
Beier.l22014h)ese typmsi ef basal measpuyred using

for the specrashef Lt haeraesmber of years. I
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based sitmuleattieondst i €ectsi gnad sl asds hreprgdadti

fromd@Q0 gesgerdetpiemmdi ng on di sper sal abi

(Landgut h Beetc aauls.e 2d0elsOe)r.t t ort oi L2@25yehra v e

USFWS1994) it would likely require decades to empirically determine the genetic
effects of fragmentatiofrom linear barriers and potential connectivity value of
underground culverts. However, forwardtime simulations may aid in evaluating how
changing landscape features are predicted to influence future population gattetits
(Epperson et al. 201®Rebaudo et al. 2013; Rebaudo et al. 2014).

Understanding the relationship between gene flmpulation density,
connectivity corridors, and physical barriers is important for desert tortoise recovery
(USFWS 2011} Little work has been done to determhm@v linear barriers may impede
connectivityin otherwise connected habitat or evaluate the influence of connectivity
culverts on genetic architecture in desert tortoishs study uses forwarith-time
simulation modeling to predict tortoise genetic cartivity in simulated landscapes

without a linear barrier, with a serpermeable barrier, and with an absolute barrier to

dispersal to test specific hypothesibypothesized that adding permeability onto a linear

barrier will improve genetic connectivitiput that connectivity may decrease with

reductions in population density.

MATERIALS AND METHOD S

ty

on
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FORWARD-IN-TIME SIMULATION MODEL

| preformed individuallybased spatially explicit genetic simulations of gepw/flicross

200 generations in tHandscapecenarios using the progre&m AbAPT v.1.80

(Rebaudo 2014B5IMADAPT uses theNETLoGO environment Vilensky 1999) to model
mating and dispersal in naverlapping generations using a georeferenced area with
closed boundaries and three landscape charzatien files: habitat type (here used as a
proxy for geographic populatioty assigning individuals to groups relative to a
geographic barri¢y carrying capacity of each grid cell, and landscape resistance. The
model simulates landscape genetic processtdsuser defined simulation parameters,
including initial genetic structure, and records the alleles of all individuals from forward

in-time generationsRebaudo et al. 2013).

STUDY LANDSCAPE AND DIGITAL REPRESENTATION

Landscapes were constructed and mapp@&d3.5.3(R Core Team 2019)singpackages
ggmapv.3.0.0.901rasterv.2.95, andrgeosv.0.4-3 (Kahle & Wickman 2013; Hijmans

2019; Bivand & Rundel 2019). Thelasxa¢ apes wer e hypot hetical a
km? grid cells, costructed as (1) neutral landscapesthout barriersandallowing for
isolationby-distance IBD), (2) with a semipermeable linear barrier, a8 an absolute

barrier to dispersal.used resistance values of 0 (no resistanc8)6 Qvariable

resistance), 1 (absolute barrier), and 0.7 (permeable areas edlétdn 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 sa@ppropriate for
tortoise occupancy and movemeNRugsear et al. 2009 Models with no resistance,
barriers, and permeability along barriers allowed for evaluatialifferences in genetic
diversity and sucture in simplifiedscenariosRandomly genetad variable resistance
values were applied to heterogeneous landscape models to incorporate more realistic

landscapes.

SIMULATION PARAMETERS
Simulations wereun to generate genotype files andestigate sixnodelscenarios
model behavior, computatiohlanitations, population density, population growth,
increased number of lgand heterogeneous landscape (Table 2. 1). Model behavior used
simplified landscape scenarios (neutral landscape with no resistance and absolute
barriers) to verify models confmed 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 cpating limits. Further details on model behavior and
computational limitations can be found in Appendix3ipplemental Material

In all simulations,ndividuals were allowed to move up to ten grid cells per
generation (014 k m) datadsanindiivedruea | abrse dni os peenpsiarl
likelihood, lused telemetry data from Ivanp¥hlley to calculate the perceot animals
that left 1 kn? study plots without returning to approximate proligbof dispersal at

50% (Hromada persomm.). To account fauncertairty in population growth ratesran
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models using a low of 0.5% annual growiluher 1986) andhoderate estimate of 1%
(USFWS 1994 Both were multiplied by 48 breeding years, based on average lifespan
(USFWS 1994Medica et al. 2012) minwsvera@ age of reproductive maturity (17
years McCoy et al. 2014; USFW3011]). Annual density estimates for desert tortoises
are highly variable (0-28/kn, Allison & McLuckie 2019. Based on tortoise densities
in 1 kn? plots in a current study in Ilvanpah \@J| alongthe Nevada/California border, |
calculated 24/krh) and used ik value for high density in theseodels. Medium and low
densities were estimated at 14A&amd 3/knd. Simulationsn heterogeneous landscapes
were initiated withMojave desert tortse genotypes at landscape carrying capacity
(maximum density supported by the habitat) based on the relationship between habitat
suitabilityand population density (Table 2.)ussear et al. in prep).

| simulated gene flow for 200 neoverlapping generans, sampling indivduals
every five generations.useda mutation rate of 0.0005 per locus per generatitife¢ et
al. 2013;Estoup &Angers 1998; Landguth et al. 201This value falls within the range
of mutation rates for microsatellite loestimaed by Edwards et al. (2015) for desert
tortoise microsatellites. Because increasing the number afdocilecrease sampling
error and increase sensitiviyleirmans 2015) | rasimulations with20 and 8Qoci to
determine if changes in genetic diversatypopulation genetic structure could be detected
earlier in time or more clearly with more lo&imulation 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 floHolderegger et al. 2006l started with frequencies observed
in an empirical dataset of 20 variable microsatellite (Edwards et al. 20Q3Hagerty et

al. 2008; Schwartz et al. 2008ampled from a continuous populationtie tvanpah

Valley (Fig. 2 2; Dutcher et al. 2020). Statistit®@m these data were used to
parameterize genotypdor simulations modelwith increased number of logn = 80). |
randomized the samples to remove any potential signal of IBD in order to create seed
genotypes. These genotypes were simulated formatiche with no landscape

resistance, using a bum of 100 generations to createaage genotype file from kich

to subsample as input for models of population density, population growth, and
heterogeneous landscapktested for departures in Harfyeinberg 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 stochasity in simulations and ensure und&anding of average

outcomes performed 30 repetitionsf modeledscenarios sampling genotypes every five
gererations. kcompared population dynamics in neutral landscape models with barrier

models, by evaluating thetal number of individuals through time. In simulatetbdats
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with > 750 individuals randomly sampled without replacement to create subsamples for
analyses. Evolutionary potential was calculated using genetic diversity statighes as
number of allels/locus(A) and observed heterozygosityo] using the R package
adegenev.2.1.1(Jombart 2008 Simulated data were examined through time, using

outcomes averaged across replicate simulations.

POPULATION GENETIC STRUCTURE

| investigated population genetic structure in the original gengtyplésying
randomizationand simulation output using pairwise genetic differentiatian, (Nei

1973) in theR packagéierfstatv.0.0422 (Goudet 2005), spatiptincipal components
andysis (sPCA using the R packagedegenev.2.1.1(Jombart et al. 2008), arzd
Bayesian clustering analysiSTRUCTUREV.2.3.4 Pritchard et al. 2000). In simulatddta

| evaluated-stin time-series, using outcomeaseraged across replicate runalso
examined population genetic structure with genotype files best representing thEgnean
at generation 200 to ensure capture of the effects of landS@peTUREanalyses were
performed using the admixture model, with correlated allele frequenciescatih as

a prior, which improves inference @ genetic structure is weakedtimated the
probability ofK population clusters =-10 using ten replicate runs of 1,000,000 Markov
Chain MonteCarlo iterations ftbowing a burrin of 500,000. kalculatedhe mean log
probability of the dataRr(X|K) in Pritchard et al. 2000B e ¢ aRr(X|l€) may
overestimate genetic clusters when treeepatterns of IBD &lso calculated the second

order rate of changgX in Evanno et al. 2005). Resuli®re visualizedi s i n g
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PopHeJ.p2irR. 9 Fr an cBemaus&mUCTUREmMay misrepresent genetic
clustering when spatial autocorrelation is pre¢entchard et al 201Bchwartz &

McKelvey 2008 | used sPCA to evaluate cryptic genetic patterns in the presegB.of
This multivariate method differs frorRUCTURE by maximizing genetic diversity
(variance) in individual allele frequencies while accounting for spatial structure (spatial
autocorrelation measured by Moral)'sThe genetic patterns were compare836
randomized Mont&€arlo 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 individhaslé572); therefore, |
used a subsampla € 750) for comparison with the original genetic data (L70. All
loci in the original dataset and the subsample conformed to Hsailyberg equilibrium
following Bonferroni correctiond < 0.003). The number of alleles ranged froin3® in
the original genetic dataset ta &4 in the subsample. In the original datda$etlid not
deviate from theoretical expectatioms=0.429,df = 19). Comparisons of the original
dataset and the subsample of simulated data found no signififenemies in observed
and expected heterozygosity£ 0.369 and 0.038; respectivetif= 19; Table 2.3).

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

STRUCTUREId detect genetic clusteBr(X|K) = 5, gK = 2) with adnixture. In the
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simulated data, sSPCA identified IBD, which is expected in desert tortmssie result of
simulating genotypes across a large landscape surface (623krucTUrREfound
evidence for a continuous population with strong admixture thateadigvell with SPCA

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

SIMULATED L ANDSCAPE MODELS

| examined the total number of individuals, genetic divergifyHg), and genetic
differentiation formodels ofpopulation density (low, moderate, high), population growth
rate (low), increased number of loci (8@hd heterogeneous landscapeorpared
neutral landscapesith barrier models (absolute and sgmermeable) for eachfound
that the number of indiduals was highest in neutral landscapes and lowest with an
absolute barrier in all models. Genetic diversity followed the same pattern. Genetic
differentiation was alway®west in neutral landscapesbsolute barries created isolated
populations whilesemi-permeable barriers allowed feomeadmixture.l wasable to
detect population geetic structure earlier in time in models witlw population density
and increased number of loci.

Population density was assigned as 3/Kow), 14/ knt (moderate), an80/kn?
(high). The low density models were seeded With 1875 and lost over 75% of the
population by generation 200 regardless of landscape (nButrdb0 + 12.34, semi
permeable barried = 438 + 8.09, absolute barribr= 434 + 9.73). Moderate densit
models were seeded with 8750 individuals, and remained stable through time.

Populations in senpermeable barrier landscapé&s< 8034 + 15.58 at generation 200)
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and absolute barrier landscapBis=8024 + 14.05) decreased initially, but stabilized
within 57 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-pesaraable
barrier landscapes (11540 + 22.70 at generation 200) and absolute barrier landscapes
(11531 + 19.65), but stabilized withini 5L0 generations. The absolute barrier model
exhibited a loss in population of 7.5%.

For population density models heutral landscags, the mean number of
alleles/locus wasnitially comparablevith low (A = 23.3 £ 0.18), moderat& & 23.3+
0.20), and high densiA = 23.3 £ 0.25) By generation 200 it decreased at low densities
(A=12.8 + 0.50p = 1 * 10°), and there were no sificant differences in the three low
dersity scenariogp > 0.05,df = 19). Low density models also lost heterozygosity in the
neutral landscape between generationl®=0.790 + 0.004) and generation 260 €
0.31 +0.021p = 3 * 1075, df = 19). Greater losses were predicted at low density, with
semipermeableHll, = 0.305 £ 0.016) and absolute barrier models< 0.287 + 0.0168),
but were not significantly different from the neutral moget (0.05,df = 19). By
generation 200 the meanmber of alleles/locus was relatively comparable to generation
0 in the moderate density model in the three landscape scemeri@s05,df = 19).
Heterozygosity in moderate density models was not significantly different through time
or by landscape scema (p > 0.05,df = 19). The high density model increased in number
of alleles/locus in the neutral models between generations 0 ané 2084(6 + 0.42p >

0.008,df = 19); however,lere were no significant differences by lacajse scenari(p >
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0.05,df = 200). Heterozygosity in the high density models was not significantly different
through time or by landscape scenape (0.05,df = 19).

Genetic differentiatiomn population density modeligas < 0.02 at generation O
in all simulations with neutal 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 fEst=0.073 £ 0.008) followed by moderatésg= 0.012 + 0.002) then
high density Est= 0.002 = < 0.001). Genetic differentiation values for spetmeable
barrier landscapes fell between neutral and absolute barrier landscapesoaleidid
densities, as expted.Population genetic structure at generafioa was absent in all
modeled landscapes at all population densities. By generation 200 the neutral landscape
revealed spatial autocorrelation at all dens#éigs$he result of individual movement
abilitiesrelative to landscape siz®jth no apparent geographic population structure (low
densityPr(X|K) =10, gK = 3; moderatér(X|K) = 1,qK = 6; highPr(X|K) = 1,gqK = 2).
Absolute barriers resulted in isolation, regardless of density (low and moderate density
Pr(X|K) = 10,gK = 2; highPr(X|K) = 6, qK = 2). Semipermeable landscapezghibited
populationgenetic structure on either side of the linear bgrneweverwith evidence of
admixture (low densitPr(X|K) = 10,0K = 2; moderate and highr(X|K) andgK = 2,
Fig. 2. 4.

Moderate population densiti(E 8750) was used to initiate all models at a low
population growth rater & 0.24). The number of individualsas comparable to those

found in moderate population density models 0.48). The population decreased by 7.3
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T 7.4% by generation 200 in the sep@irmeable and absolute barrier landscapes. In all
landscapes modeled, and through time, the mean numbéles$/tocus ranged from

23.0£ 0.4 23.5£0.4p> 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 iratisolute barrier landscagéo(
=0.782 + 0.006p > 0.05,df = 19).

In population growth modelsegetic differentiation was similar to moderate
population density models, with a robust pattern of increasing differentiation through
time in absolute barndandscapesHst= 0.011 + 0.001), and serpermeable barrier
landscapesHst= 0.003 = < 0.001) falling between absolute barrier and neutral
landscapegFst= 0.002 = < 0.001). At generatidive there was little to no population
genetic structure in athodeled landscapes, with no ostensible population structure in the
neutral landscape by generation 2BO(X|K) = 1, qK = 5). SemipermeableRr(X|K) =
6, gK = 2) and absolute barrier landscagegX|K) andgK = 2) showed strong spatial
autocorrelation vth genetic structure corresponding with the linear barrier by generation
200 (Rg. 2. 5.

Models with an increasadumber of loci § = 80) were initiated with moderate
population densityN = 8750) In the sempermeable and absolute barrier landscépes
population decreased 8.28.3% by generation 200, similar to moale population
density models with 20 lociThe range of the mean number of alleles/locus differed from
moderate population density modefs9.3 + 0.1i 11.0 + 0.1) due to the simuian

parameters used. They did conform with the simulated data in the behavior models (
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9.57 11.0), which used the same population density and did not show significant
differences by landscape scenapce>(0.05,df = 79). There were significantly more
alleles/locus at generation 200 than generation 0 in the neutral landscapé (0°, df
=79). Heterozygosity remained consistent in all landscapes scenarios, with the high at
generation 200 in the neutral landscageX 0.764 + 0.006) and the lov generation

200 in the absolute barrier landscaple € 0.756 + 0.005p > 0.05,df = 79). The neutral
landscape had significantly higher heterozygobifygeneration 200 when compared with
generation Og(= 2 * 10?¢, df = 79).

Models with increased nurebof loci showed similar patterns in genetic
differentiation with other models, particularly moderate population density models. In
absolute barrier landscapes gendifterentiation increased markedly through tirfex(
=0.011 + 0.001). Sengermeabldarrier landscape$§r= 0.003 £ <0.001) fell between
absolute barrier and neutral landscaffes= 0.002 + < 0.001). At generatidive there
was weak indication of population genetic structure in all modeled landscapes, with
evidence of &line in theneutral landscapé¢(X|K) andgK = 2). The sempermeable
landscape showed strong spatial autocorrelation with a clear geographic population on
either side of the linear barriePr(X|K) = 4, qK= 2), as did the absolute barrier landscape
(Pr(X|K) andgK= 2; Fig. 2. §.

Heterogeneous landscape modedse initiated at moderate population densiy (
= 9366). The population density decreased over 55% in all models, with the largest
decline in the absolute barrier landscade=(4118 + 24.3). The mean number of

alleles/locus at generation 200 ranged from 19.2 +0B23 + 0.52, and did not differ
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significantly by landscape scenarpX 0.05,df = 19). The number of alleles/locus

decreased significantly through tine= 1 * 10°, df = 19). Heterozygosity decreased in

all landscapes(= 8 * 10°, df = 19), but conformed to pveus model patterns. There

were no significant differences between modeled landscppe8.05,df = 19). The

highest amount of heterozygosity wasei¢ed at generation 200 in the neutral landscape

(Ho=0.739 + 0.001) and the low in the absolute barrier landsé&pe@.723 + 0.010).
Genetic differentiation patterns corresponded with other models. In the absolute

barrier landscape genetidferentiation at generation 2084r= 0.026 + 0.003) was

greater than predicted by the moderate population density model, but lower than at low

density. Similarly, the sespermeable barrier landscapge{= 0.016 + 0.002) fell

between the absolute bi@mrand the neutral landscag&sr= 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 lands@ap€K) = 10,gK = 2).

Spatial genetistructure was evident as the result of isolation in both the linear barrier

landscapesRr(X|K) = 10,gK = 2), with the absolute barrier allowing oo genetic

connectivity (Fig. 2. ).

DISCUSSION

CORRIDORS | MPROVE CONNECTIVITY
Understanding how barriers contribute to declines in desert tortoise connectivity is

crucial to conservation effor{gwverill-Murray et al. 2012). Barriergsult inisolation of
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populatians that would otherwise not occuttimately increaisg genetic diferentiation
andreducing overall genetic diversigs a result of fragmentationoF w-a snd me
simulations using a broad range of popul at
addition of corridors ont o nmgrforveeg geemtead cl a
diversity for &Lhibi cad er &n) Kgrewifs mtcat@ad 16
decreasé the number of individuals on the landscape smteredudion in gene flow
even with the addition of connectivity culverts as a result of hdbgadue to the barrier
as well as increased isolatighdding limited permeability alongarriersimproved gene
flow butdid not entirely negatthe genetic effectsf linear disturbances.dw levels of
gene flow (i.e. ongnigrantpergeneration) may sfice in preventing deleterious effects
of inbreeding, but, will not adequatetyai nt ai n comparable allele
connectivity, bDetwee &n Ap ¢ eAndddoitrtifioc2®allOl vy, negsa
genetic effect snatptlp ptalwe t @r @t e@0tN changes 0«
foll owi ng Hdwewet myrrdsidtindieate that the addition of connectivity
culverts to anthropogenic barriers (road and railways) is likely to improve genetic
connectivity, relative to an absolute bary for the desert tortoise

The impacts of landscape change on genetic architecture is associated with a
considerable lag time in detectioh 0 d e r s 0 n ; keahdguthlet al. ZD00G&hetic
differentiation between groups on either side oélhsolute barrier are likely to continue
to increase with time, as these are pairwise comparisons between isolated populations.
Thesimulationresuls indicate that with any barrier (absolute or sperimeable)

structure will be evident within 200 generaisoof disturbancddowever, genetic effects
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may be evident in as few as five generati@isen appropriate conditions (low
population density, increased number of loci) the effects of a barag be noticeable in

fewer tharfive generations.

L ow POPULATION DENSITIES L OSE 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 (hetggusity and alleles/locus) with or without
barriers, likely as the result of individuals moving across the simulated landscape without
finding mates and genetic drifAbsolute barriers fragmented populations, increasing
population genetic structure. Whdansity was moderate to high, genetic diversity was
largely unaffected and population size only decreased when a barripregast. With
increasedlensity(moderate to higharriers resulted in greater genetic differentiation

and population genetic stiwre, but to a lesser degitban 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 ad harmful stochastic demographic procesBalgd et al. 2013Matec

Sanchez et al. 2014; Moganaki & Cushman 2016).

MANAGEMENT RECOMMENDATIONS
Evaluating the total number of individuals and population genetic structure was useful in

detecting changes modeledscenarios, and genetic diversity was most informative at
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low population densitie$siven that tortoises were listed as threatened in 1990 due to
rangewide populatiordeclines USFWS 1994 and have continued to decline since
listing (Allison & McL uckie 2018 | recommend that small changesgenetic diversity
bemonitored closely, as they may indicate more severe effects associated with
population declingBarr 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 studieahrig (2001) foune precipitous drop in the
survivathabitat elationship, 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 frod5% 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 sing more loci did not change model outcomes, it had the
tendency for clearedetecton of spatial autocorrelatioand loss of heterozygosiiy
fewergenerations (often by generation five following disturbgnéelditional 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 resistariaeef0-0.6) outside barriers
Cells: number of grid cells per simulation. Density: carrying capacity in eacl gridn
cell; (Variable) varies with resistance surface (range4). N: number of tortses used
to seed simulations: population growth ratdata: (1G) initial genotypes from a
panmicticpopulation; (GP) genetic parameters from initial genotypes; (SG) simulated
genotypes. Loci: number of loci. Reps: number of répes per simulation. Nonumber

of models run.

Model Surface| Cells| Density N r Data| Loci | Reps| No
Genotypes S 625 24 170 | 048 | IG 20 1 1
Behavior S 625 14 8750 | 048 | GP | 20 1 3
Limitations S 1050 14 14700| 0.48 | GP | 20 1 1
Density Low S 625 3 1875 | 0.48| SG | 20 30 3

Mod S 625 14 8750 | 048 | SG | 20 30 3

High S 625 24 15000 | 0.48| SG | 20 30 | 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

tortoi se

habitat sResistanck valuast y

calculated as inverse of the HSV by each grid cell.

HSV Resistance Carrying Capacity
0 1.00 1
0.017 0.10 0.9071 0.99 1
0.117 0.20 0.801 0.89 1
0.217 0.30 0.7071 0.79 3
0.317 0.40 0.607 0.69 6
0.417 0.50 0.5071 0.59 9
0.5171 0.60 0.4071 0.49 12
0.617 0.70 0.307 0.39 15
0.717 0.80 0.2071 0.29 18
0.8171 0.90 0.107 0.19 21
0.917 1.00 07 0.09 24

mod el



Table 2.3. Genetic statistics for genotypes used in simulationssdmple size;X)

83

alleles/locus; o) mean observed heterozygositile mean expected heterozygosity;

(Fs7) genetic differentiation.

Genotypes n A Ho+ SD He+ SD Fst
Original 170 144 | 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. Simulationmodellandscapes. A) Left to right: neutral landscape with no
resistance (0), serpiermeable barrier (0.7 and 1), absolute vertical barrier (1), absolute
horizontal barrier (1). Neutral, absolute vertical barrier, and absolute hadibamntier
landscapessed in behaviomodels; neutral, seriermeable, and abisibe vertical

barrier used in population density, population growth, and increasater ofloci

models. B) Left to right: neutral landscape with heterogeneous resistance vedugs (0
semipermeable barrier (0.7 and 1), absoluterlea (1). Landscapes used in

heterogeneous landscapedels.
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Fig. 2.2. Map of tortoise locations from a continuous population in lvanpah Valley,

along the California/Nevada border, usedtze initial genetic data in forwaid-time

simulations (= 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 (L70) randomized with no
identifiable genetic pattern; a subsample of simulated genotypeg50) showing a

genetic cline; all simulated genotyp@&s£ 14572) showing a genetic cline. B)
STRUCTURETresults from the original genetic data<170) randonzed Pr(X|K) = 2,qgK

= 5); a subsample of simulated genotypes {50;Pr(X|K)=1,gK = 3).
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Fig. 2.4. Population density model results using (upper) d@msity of3 animals/km
animals/km, (mid) moderate at 14 anifs&n?, (lower) high at 20, each 625 km
Results reported for three modeled landscapes: neutral with no resistanee, semi
permeable barrier, absolute barrier. Left to right: theeses of A) number of individuals
(N), observed heterozygositild), genett differentiation Fst); B) population genetic
pattern results from sPCA. SyrRucTUREresults.Becausd’r(X|K) may overestimate

clusters with IBDgK is repored, except wher®r(X|K) = 1.
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4). Results reported for three modeled landscapes: neutral with no resistanee, semi
permeable barrier, absolutarrier. Left to right: timeseries of A) number of individuals
(N), observed heterozygositild), genetic differentiationHst); B) population genetic
pattern results from sPCA; GrrUCTUREresults Becausdr(X|K) may overestimate
clusters with IBDgK is repored, except wher®r(X|K) = 1.
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population genetic pattern results from sPCASGyucTUREresults Becausdr(X|K)

may overestimate clusters with IBfX is repored, except wher®r(X|K) = 1.
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neutral with no resistance, sepgermeable barrier, absolute barrier. Landscapes were
modeled at 625 kAwith number of animals/kAdependent on cell resistance. Left to
right: timesseries of A) number of individualdl], obseved heterozygosityH,), genetic
differentiation Fs1); B) population genetic pattern results from sPCASGUCTURE
results Becausdr(X|K) may overestimate clusters with IBfX is repored, except
wherePr(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 lasgale solar development in

Southern Nevada mainly occur in Mojave desert tort@s®pbierus agassizihabitat,a

speci es t hrapit popuation dedlieesvassociated with habitat loss and

degradation. Little work has been done to examine how habitat lo$sagntentation

impede tortoise connectivity. This study used individubliged spatially explicit

forwardin-time simulations to predict genetic connectivity in no distuckaand

disturbance scenariosmodeled 17 areas in Clark CounNevadahat were 52% 625

km?in area, at a 1 kAresolution. These modelsusece s i st a n c ei nscul rufdaescde s 't
pot editstadfr bathees t hat could i mpede the conr
p op ul adexaminadspopulation sizgenetic diversity (alleles/loculseterozygosity),

and genetic structuré&§r, SPCA,STRUCTURE) through time in each landspe scenario. |

used a connectivitguccess index, based on genetic differentiation, to forecastitbess

or failureof gene flow over time, and translated this mednto 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 disturbaeceti@ diversity was
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increasingly lost as disturbem intensified. Because connectivstyccess was found to be
landscape dependent, outcomes for maintaining genetic connectivity were variable, but
predicted gene flow was always reduced with disturbanistufbance 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 fabitat remained high. Msesults indicate that ageately protectingxisting

intact tracks ofortoise 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 2010JSCB 2018. The bulk of this growth is within Clark County,

which has experienced increases of greater than 40% sinceR28@fldton et al. 20}.3

and Las Vegas and Henderson are among the top 15 fastest growing cities in the nation
(USCB 2018). Using aai imagery from 2017 to detect the total land amount with
evidence of disturbance in Clark County, it was estimated that 1,19@ikinin the

county has been developg@diark County 2017)Additionally, largescale solafacilities

have been developed, @pproved for development, on 60 kwithin the county, chiefly

on federal landéBLM 2018a; 2018b; 2018cWYrbanizationdoes not occur without

significant environmental impact, and in southern Nevada, land use reléieeham
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population growth, and energy development primarily occurs in lower elevation
ecosystems like Mojave Desert scrub (Clark County 2017; Pendleton et al. 2013).
Habitat disturbance hdmeen shown to reduce population sizes,iardprimary
threatto biodivesity (Fahrig 2003; Haddad etal. 201B)i st upbaeser i sks to
| obhgr m per si s tikethecMojave tlesest pros&Opherus agassijii
whi c h h aapid populatiwmdeclines associated with habitat loss and degradation
due to urbaization(Al | i1 Meh u& ki e 2018;; DIoarkn elt9 9a4l ;. Tir9a9
2004 ; USKwWsiltingofledder al l i sting as a threater
1 9 9 Thyeatdo tortoise populations continue to intensify as land is converted for
humanuses, elevating the need to protect conservation areas and corridors between them
that facilitate connectivityAverill-Murray et al. 201p Established tortoise conservation
areas are limited by current land ownership and land use designbtians.i € at a h d
f r a g me o aimpede comnectivity, disrupting species interactions, altering landscape
use, and reducing rescue effedsvérs & Didham 2006; Haddad et al. 2017; Hansen et
al. 2007; Hand et al. 2014). Rangéale 16,282 krhof habitat lie outsideonservation
areas and are subject to growing development predstmeer et alin review), making
the need to maintain connective habitat for tortoise populations through the Mojave
Desert critical Averill-Murray et al. 2013).
T h enservation valuef a habitatcorridor lies in its ability to provide functional
connectivity (Beier & Noss 1998Appr oporait dors are determine
sel ectmoovne naenndt ( Ch et k withWeaturesof peirharyanmiportan2zed 0 6 )

determined by multipléactors (e.g. length, width, topography, vegetation, adjacency to
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human activities, and the habitat needs of the species of interest), and not necessarily
based on a simple measuremendreia (Beier & Loe 1992; Noss 198F)or t ax a wi t h
l i mited di spersal, such as tortoises, corr
events or migrations; rather individuals m
connectivity (Beier & Lod hlax9 Z)o.r rB aioar denel
Sspge es may require corridor -rwanmgeé swicdtnts i tde r
provide most, if not all, ecological needs
The Mojave desert tortoise is commonly
known to occupy and move(Mhabkgh&hBéeerpyg2o
hatseen recortdedr @iomm@®g e&d Dault.c hle¥X9et al . 20
desert tortoises a historically well <conne
has resul twedei rpad tredbmiesft @ dIBaDt)i ovn t h gene
' ittl e genetBrittetnadal 1998/ue pthiyateitorm!l . 2007; Hag
2010; Hagerty eRtanmdlr.ez20ll1;alSamddhe8z Shaffer
genetics are sensitivealti ogt gmper &l osvc @lhe a
even i f occwmos| oWgmelres & Gaegfgfieoctttsi 02f0 Of6r)a.g m
can be strong and persibBaddad ¢etiamidstckapied
genetics studiestdoi ddt ebe themesthects of h
creation of barriers omithenhanand¢Gapéfcane
Gonzales et al. 2010; Leblois et al. 2004,
al . 2éddl; btacale.r. 2 @c@aswesree t ortoi ses are est.i

reproductive ageragelifuUgéewBspPO§ghpepyal uating
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consequences of recent or planned habitat
requires | rpwdastnitgatli drust uafe patterns of pop

Spatially explicit forwarein-time simulations can merge projections of changing
conditions with landscape genetics to predict population persistence and functional
connectivity in thduture (Epperson et.a2010; Creech et al. 201Rebaudcet al. 2014;

Thatte et al. 2018However, spatially correlated natural and anthropogenic features
complicate inference, making interpretation difficult without comparative stadign
(Beier & Noss 1998). Faxample anthropogenic barriers, like roads, can reduce gene
flow, but the effects may be confounded by latgnding naturdieatures (Dileo et al.
2013 Vandergast et al. 2007). Evaluatioiconnectivity with and without habitat
disturbance can disentangle theffects (Beier & Noss 1998), and forwardtime
simulationscan be used to model multiple landscape scenarios.

This study useébrward-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
disturbanceagiven by development scenarios currently under consideration. In quantifying
the genetic effects of current and planned habitat disturlzanpepulations through
time, Isought to ncover what constitutes connectivélyccess by investigating the
shared baracteristics ofandscapeprojected to maintain genetic connectivity for

Mojave desert tortoises into the future.

MATERIALS AND METHODS
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STUDY L ANDSCAPE RESISTANCE SURFACES
The study landscape focused on Clark County, Neuvatay resistance surfacdhe
neutral representation without anthropogenic disturbance was calculabedimgetrse of
an existing desert tortoise haibdiet ahta bsiutiatta b i
potential and key areas for cdamerchawvcey i
Nussear eResissahcsurfazdldan@stapes incorporatmgrent levels ohabitat
disturbancduture projections of disturbance based on a 50 year forecasB(Eig.
forecast data provided by Clark Countygre also created. Landsesgvere mapped
usingR 3.5.3(R Core Team 2019) packagggmapv.3.0.0.901rasterv.2.9-5, andrgeos
v.0.4-3 (Kahle & Wickman 2013; Hijmans 2019; Bivand & Rundel 2019)thithe
study landscaperhodeled areas 535625 knt with a 1 knf resolution atl7 locations,
using the three landscape resistasmenarios above, plus a hypothetical neutral
landscape with an absolute barrier to dispersal based on existing landscape
features/projected disturbans®é€ Fig. 32 for each landscajpeAny location bisead by
a political boundary was allowldo include areas outside Clark County.
To acount for habitat disturbanceused 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 orugesey Inman et al. (2013)
as:

@O QD G®O OO WD RRDHG RO O OHAREQO WITODD & |
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Becaushabi t at di sturbanae i @ans o dhiuantaend awictels syr k
vehicles arewtcdesittheecemdrstr aingelesebDdar st et a
c at e g lwmbitat digtwbance as urban/cleared land, solar, railway, major roads, minor

roads (e.g. unpaved), and utility corridght-of ways (ROWS). Conversion factors were

applied to each category to simulate reduced habitat suitability in disturbed areas (Table

3. 1). lassumed that urban/cleared land and fenced solar facilities represent a complete

loss of habitat, as tortoiskave beee x t i r pat ed from | arge areas
near citi SFWBdhrhelwgaanle sol ar devel opment
includes complete removvahcohgveébgevathoi&, Eg
Formidableinear features (majaoads and railwayf) r agment habi tat and
popul ations are depressed sever al hundr eds
extendedepeviavtes obrtality (Boar man & Saza
Marl ow 2002¢kpebeedf mapor roads and railro
but not compbeéetat K ®sa s taphedareldtivelglow 2018) .
maximum conversion factor to minor roads based on length, so cells with higher road

density were asstated wth higher penalties.dssumed a fairly low conversion factor

for ROWs. Both minor roads and ROWs are generally unfenced with greater abundance

of tortoise sign than wetraveled paved roads, but still with detectabipactsNa f us et

al . ).2013
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M ODELING FRAMEWORK AND PARAMETERS
Landscape genetic processes were simulated fomvanshe usingSIMADAPTV.1.8.0
(Rebaudo 2014), an individualyased model of mating and disper&aADAPT is
spatiallyexplicit, using resistance surfaces, where each ctieimaster is assigned a
carrying capadcy. | simulated gene flow for 200 nayverlapping generations, sampling
individuals every five generationisperformed 30 replicate runs with each landscape
resistance surface, to evaluate average outcomes.

| useda previously collected genetic dataset from tortoises within the lvanpah
Valley (Dutcher et al. 2020), amplifieat 20 variable microsatellite loci previously
developed fotortoises (Edwards et al. 2003; Hagerty et al. 2008; Schwartz et al. 2003).
The sanpleswere randomized to create a group devoid of population genetic structure.
The genotypes were then simulated forwiardime usingSIMADAPT on a landscape
surface without resistance with a bannperiod of 100 generations. The resultant dataset
was sibsampled and used as input for landscape simulation models.

Landscapeimulations 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= 0.48(derived from 1% annual population growthSFWS
1994).Individuals could move as much as 14 km in one generation (up to 10 grid cells).
Probability of dispersal from each 1 knaster ell was estimated at 50% (Hromada pers
comm.). The carrying gaacity 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 O tortoises in cells with a resistance value of 1, to 24 animals in cells with no
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resistane. Simulations wereun to generate genotype filaad modell7 Clark County

Nevada locations using four landscape scenamssiting in 68 simulation models.

POPULATION SIZE , GENETIC DIVERSITY , AND GENETIC STRUCTURE
To subset the simulated datasetdoalyses | randomly sampled without replacement (
= 750).Simulated data were examined using average outcdraeesluated population
sizethrough timean neutral landscape models with disturbance mobtels, current
disturbance and future projectioofsdisturbanceGenetic diversity was calculated using
thenumber of alleles/locu@®) and observed heterozygosityof in the R package
adegenev.2.1.1 Jombart 2008).

Population genetic structure was determined by pairwise genetic differentiation
(FsT1, Nei 1973)in the R packaghierfstatv.0.0422 (Goudet 2005), spatipfincipal
components analysis (sPC&gmbart et al. 2008), and a Bayesian clustering analysis
(STRUCTUREV.2.3.4,Pritchard et al. 2000). Genotype files best representing the FRagan
were used folSTRUCTUREanalyses. used the admixture model, with correlated allele
frequencies, and location as a prioestimated the probability & population clusters =
1-10 using ten replicate runs of 1,000,000 Markov Chain M@aro iterationgburn-in
=500,000)B e c atlhesnean log probability of the dafr(X|K) in Pritchard et al.
2000) mayoverestimate genetic clusters wiBD | also calculated the second order rate
ofc h a n § m EMampo et al. 2005). Resuli®re visualizedi s iPnogeH pver2i 8. 9
R ( Fr a n cHinally, uSetl SPCA to evaluate genetic patterns that may be difficult

to detect in the presence of IBD using randomized M@atdo permutations (999).
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QUANTIFYING CONNECTIV ITY SUCCESS
| used a connectivitguccess index to forecast how well disturbed landscapes maintain
gene flow over time. The connectivisyiccess index was based on avepaviseFst
outcomes from forwaréh-time simulationsPairwise gnetic differentiatiorvalues from
disturbed landsape locations was compared wthirwisedifferentiation in the neutral
(connected) landscape and in the hypothetical absolute baroletéd) landscape. The
connectivitysuccess index for current and disturbed landscapeadeged from
Gregory & Beer (2014) and calculategsingFstfor:

QQi 6061 CWELIATOOER & 'QORIQNN OO0 QQ
Values near 1 indicate gene flow comparable to the neutral landsdaifeevalueselow
0 indicate failure to maintain genetic contieity. Because disturbed landscapes may
show increased habitat losiegradationand fragmentation relative to the isolated
(hypothetical barrier) landscapelues below Gnay also be possihlBecause of the lag
time for genetic divergence, it is pdds to falsely assume gene flow is retained if
measured too soon. Thereforegport values at generation 200 to ensure capture of
possible genetic differentiation.

Disturbed landscapes were ranked by ability to maintain genetic connectivity
based on thir connectivitysuccess index value into one of three categatties were
determined adhoc by dividing index values roughly into thirdsgh = £0.70,
intermediate = 0.69.35, low/no genetic connectivity = 0-84&gative index values. To

assess thmfluence of landscape spatial fghs on genetic connectivityguantified
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landscape metrics in neutral landscapes, with current disturbance, and projections of
future disturbance. Habitat suitabiliglues (Nussear et al. 2009) were usedesignate
binary landscape classes: suitable habitat0=3] unsuitable habitat = G@ All metrics
assumed queens case for cell connectivity (8 directions) and landscape boundaries were
not included in edge countscharacterized categorical landscape patterimgus
landscapemetricg.1.21 in R (Hesselbarth et al. 2019Yyanslation of functional
connectivity to structural metrics often misses crucial aspects of landsaiheen
(Kupfer 2012). To increasecological relevance,used a combination of metrics ttae
considered strong descriptors of landscape pattern and consisteatpnetation
(Cushman et al. 2008). | evaluai&tiow landscape fragmentation (humber of patches by
class), configuration (edge dety$, composition (perceagearea and perceagecore
area by class), and dominance (largestip index) differed by connectiviguccess
index rank.

| compared metrics of landscape disturbance (number of suitable habitat patches,
largest suitable habitat pateidex percerhgesuitable habitbarea) with population size
and genetic statisticsuls ed Akai keds i nformation criter:i
relationships. Differences between disturbance and neutral landscape values were used to
determine losses in individuals, alleles/locus] haterozygosity, and increases in genetic

differentiation.

RESULTS
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| modeled 17 landscape locations in Clark County, Nevada using a neutral landscape
scenario, current disturbance levels, and future projections of disterb@axamined

each landscape scenario for total number of individuals, genetic diversity, and genetic
differentiation in timeseries. The number of individuals was highest in neutral
landscapes, and decreased as habitat was lost to disturbance. Genetty diaéissics

(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 differencesptvalues) are based on tvetded ttests baveen disturbance
scenarios and the neutral landscape, and repaite 19 degrees of freedomalso
examined population genetic structure with genotype files best representing thEsnean
value at generation 200 f@&rrucTUREand sPCA (Tabl8. 2 seespecific sections below

for each landscape result).

BOULDER CiTY CONSERVATION EASEMENT NORTH

Current disturbance simulations predicted a 22.7% lodsinumber oindividuals,
decreasing by 40.9% with future disturbance. Based on the 17 locaiialeted. this
location ranked 8' (current disturbance) and"5(future disturbance) in loss of
populationsize Compared with the neutral landscape this location lost an average of
4.9% @ = 0.002) and 9.0%p(= 1*10*?) alleles/locus in current and futudisturbance
scenarios. This location was predicted to lose 28%Q.023) and 7.8%p(= 6*107) Ho

in current and future disturbance scenarios. Genetic differentiation in the neutral

landscape was stable, and the current disturbance scenario showatibinmsl 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 (Big2. ).

COYOTE SPRINGS

Current disturbance simulations predicted a 13.6% loss in popusitiest Coyote

Springs, decreasing 17.1% with future disturbance. Based on the 17 locations modeled,
this location ranked T2 in loss of populatiosizein both current and future disturbance
scenarios. Compared with the neutral landscape this location lost2:8%©6) and

3.5% ( >0.05) alleles/locus in current and future disturbance scenarios. This location lost
2.0% = 0.025) and 2.5%p(= 0.025)H, 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 sceramwas further amplified with future
projections. In both disturbance scenarios there was a reduction in gene flow compared

with the neutral landscape (Fi§. 2 2).

DRY LAKE

A loss of 24.2% in populatiosizewas predicted in the current disturbance simulation,
and 30.2% with future disturbance. Dry Lake rankB#(Burrent disturbance) and'8
(future disturbance) in terms of loss in populasae relative to the 17 locations

modeled. The mean number oetds/locus deeased 4.8% (current disturbanpe,
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>0.06) and 6.0% (future disturbange= 0.008) compared with the neutral landscape.

Dry Lake lost 3.1%{= 0.002) and 4.1%p(= 1*10%) H, in current and future

disturbance scenarios, relative to thetredandscape. Only the neutral landscape

showed relatively stable values for genetic differentiatBirucTurREand sPCA

analyses supported a single cluster with IBD. Strong spatial autocorrelation was apparent
in current and future disturbance scenawith 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 3F2).3).

ELDORADO VALLEY

Populationsizelosss of 7.8% were predicted with current disturbance, and 11.7% with
future disturbance simulations. This location ranked' {8urrent disturbance) and 16
(future disturbance) in terms of lossrafmber ofindividuals, relative to the 17 locations
modeled Alleles/locus were predicted to bestdy 1.4% (current disturbange>0.05)

and 3.4% (future disturbaem >0.05) compared with the neutral landscape. In current
and future disturbance scenarios this location lost 0p7$0.05) and 2.2%p(= 8*10°)

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 thé neutra
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 reducedradmixtu

(Fig. 3. 2 4).

INDIAN SPRINGS

Populationsizelosses of 22.2% were predicted with current disturbance, and 23.7% with
future disturbance. In terms of populat&ineloss through time this location ranket'9
(current disturbance) and 10(future dsturbance), relative to the 17 locations modeled.
Compared with the neutral landscape this location lost 4p490.05) and 5.8%(

>0.05) alleles/locus in current and future disturbance scenarios. Relative to the neutral
landscape this location lost 4.0%= 0.011) and 4.3%p(= 4*10*) H, 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 presdntthe 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 @ig.5).

| VANPAH VALLEY

A populationsizeloss of 23.% was predicted in current disturbance simulations. Future
disturbance predicted a loss of 29.6%. Based on the 17 locations modeled, this location
ranked 6" (current disturbance) and"(future disturbance) in terms of lossrinmber

of individuals. Thidocationlost 6.0% (current disturbange>0.06) and 6.6% (future

disturbancep >0.05) alleles/locus compared with the neutral landscape. Relative to the
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neutral landscape, this location lost 4.0940.05) and 4.6%(= 0.017) in current and

future digurbance 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 expedd 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 (Bid 6).

JEAN/ROACH

Populationsizelossef 21.2% and 39.0% were predicted with current and future
disturbance simulations, ranking this location™L@urrent disturbance) and'6(future
disturbance), based on the 17 locations modeled in terms of populagtwss through

time. Comparedvith the neutral landscape the Jean/Roach location lost 4.5%@5)

and 8.6% 9 >0.05) alleles/locus in current and future disturbance scenarios. This location
lost 3.5% p >0.05) and 10.3%(= 2*10°) Ho in current and future disturbance

scenarios, Hative 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 clustéring wit

little to no admixture (Fig3. 2 7).
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LASVEGAS EAST

A populationsizeloss of 28.9% was predicted in the current disturbance simulation, and
37.3% with future disturbance. In terms of lossiomber ofindividuals, this location

ranked 8P (current dsturbance) and™ (future disturbance), relative to the 17 locations
modeled. Compared with the neutral landscape 8d$0.05) and 8.7%(= 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*18) 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
differentiationincreased 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 popuations with almost no admixture (Fig. 2 8).

LAS VEGAS NORTH

Current disturbance simulations predicted a 23.3% loss in popus®nvith future
disturbance predicted at a 43.3% loss. Based on the 17 locations modeled, this location
ranked 7" (curent disturbance) and'4 (future disturbance) in terms of loss in
populationsize This locationost 5.7% (current disturbange= 0.002) and 10.8%

(future disturbancey = 0.001) alleles/locus compared with the neutral landscape.
Heterozygosity was pdicted to be lost by 2.6%p & 0.010) and 8.2%p(= 1*10°) 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 structymesdieted

to be stronger with current disturbance, and strongest with future disturbance, which also

exhibited increased genetic clustering (Bg2 9).

LASVEGASWEST

This location experienced expected populat@elosses of 40.9% with current
disturbance, and 55.6% in future disturbance simulations. This location ra¥ikied 2

both current and future disturbance scenarios in terms of relative lngmber of

individuals through time, relative to the 17 locations modeled. Compared with tinel neu
landscape this location lost 3.7§X0.05) and 0.8%p(>0.05) alleles/locus in current

and future disturbance scenarios. The Las Vegas West location lost pG=8%4107)

and 30.0%(§ = 4*10%) H,, relative to the neutral landscape in current famare

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 landscapeigsehoss of

suitable habitat within and surrounding the natural corridor in disturbance scenarios

intensified population isolation, with notable reductions to gene flow &-ig.10).
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L AUGHLIN

A loss of 4.3% immumber ofindividuals was predicted ithe current disturbance

simulation. A loss of 9.0% was predicted with future disturbance projections. This
location ranked 18' (current disturbance) and 1¥7(future disturbance) in terms of loss

in the populatiorsize relative to the 17 locations moddl The Laughlin locatiolost

1.1% (current disturbancp,>0.06) and 1.3% (future disturbange>>0.05) alleles/locus
compared with the neutral landscape. Heterozygosity was predicted to be lost bp 0.4% (
>0.05) and 0.9%(= 0.002), relative to the neral 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 sa@vs 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 poteld to support admixture (Fig. 2 11).

MESQUITE

Populationsizelosses of 11.9% and 15.7% were predicted with current and future
disturbance simulations. In terms of populasreloss through time, this location

ranked 13" in both current and future disturbance scenarios, based on the 17 locations
modeled. Compared with the neutral landscape this location lost {.8805) and

2.5%  >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, witticgene
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 @igj23.

M OAPA VALLEY

A populationsizeloss 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 %' (current disturbance) an&3(future disturbance) in terms of

loss in populatiorsize Compared with the neutral landscape this location lost 553% (
>0.05) and 9.6%p(>0.05) alleles/locus in current and future disturbance scenarios. In
current and future disturbance scenaHkgsvaspredicted to be lost by 3.0% £0.05)

and 7.0% 1§ = 1*10°), relative to the neutral landscape. Genetic differentiation in the
neutral landscape appeared stable and the current disturbance scenario reached steady
levels over time. Spatial autocorrelatias present in all landscape scenarios.
Anthropogenic disturbance resulted in genetic structuring in both current and future

scenarios (Fig. 2.13).

RED Rock
This location experienced predicted populasaelosses of 63.6% with current

disturbanceand 66.2% with future disturbance simulations. Red Rock ranked 1
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terms of populatiosizeloss in both current and future disturbance scenarios, relative to
the 17 locations modeled. This locatiost 13.5% (current disturbanges= 7*10%) and
5.1%(future disturbancey = 2*10%) alleles/locus compared with the neutral landscape.
Heterozygosity was predicted to be lost by 16.6% 2*101% and 23.6% = 2*101%)

in current and future disturbance scenarios, relative to the neutral landscapiaeOnly
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 increasezhand g

flow was restricted (Fig. 2. 14).

SANDY VALLEY

Populationsizelosses of 4.2% and 13.3% were predicted in the current and future
disturbance simulation. This location ranked"L{€urrent disturbance) and 15(future
disturbance) in terms of loss to the populatiosizethrough time, relative to the 17
landscape locations modeled. Compared with the neutral landscape the Sandy Valley
location lost 0.9%g >0.05) and 3.0%p(>0.05) alleles/locus in current and future
disturbance scenarios. This &ion lost 0.7%(g >0.05) and 3.2%p(>0.05)H,, 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. Spatialtagorrelation was present in all landscape scenarios, but

increased with disturbance. In the neutral landscape, IBD was apparent with weak



113

population genetic structure. Anthropogenic disturbance amplified population genetic

structure with admixture presemibeit reduced by disturbance (Fig2315).

SEARCHLIGHT

A populationsizeloss of 9.9% was predicted in the current disturbance simulation, and
13.5% with future disturbance. In terms of relative losthefnumber oindividuals

through time, the Sachlight location ranked 14 in both current and future disturbance
scenarios, relative to the 17 locations modeled. This locktsi8.0% (current
disturbancep >0.06) and 3.2% (future disturbange>0.05) alleles/locus compared with
the neutral ladscape. This location lost 1.7%%0.05) and 2.2%p(= 2*10%) H,,

relative to the neutral landscape in current and future disturbance scenarios. All three
landscape scenarios appeared to reach stable levels of genetic differentiation. Spatial
autocorreltion 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

landscaes; however, it was weakened by anthropogenic disturbance (Eid.63.

TRoOUT 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 1 in terms of loss in populaticgizein both current and future

disturbance scenarios. Compared with the neutral landscape this location logh 3.8% (
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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%(>0.05) and 2.4%p(= 3*10%) H,, 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 futee) show
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 wiute f
disturbance scenario. All scenarios maintained gene flow, with decreases in disturbance

landscapes (Fig. 2.17).

PREDICTED CONNECTIVITY SUCCESS

Current disturbance landscapes had 9 of 17 locations that maintained high levels of
genetic connectity (connectivitys u c c e s s i rOd)dhxough tinte weessis fufure
disturbance scenarios, which had 5 of 17 (T&bl®. The Laughlin location ranked
highest in genetic connectivity in both scenarios. Of the four landscapes that changed
ranks from hgh 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 nundy of locations (3 and 4; respectively) with intermezligenetic
connectivity (connectivitguccess index values 0.B®.69). More locations (8 of 17) in
future disturbance scenarios did not mam@enetic connectivity (connectiviguccess

index valus 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 connaaty, 77% had negative connectivisgccess index
valuesmeaning 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 ssenari

Landscape metrics by modeled location supported increased fragmentation and
loss of suitable habitat with disturbance (Takld). The number of patches had a
tendency to increase from the neutral landscape to the disturbed landscape (59% current
and 76%uture disturbance). Only the Red Rock location predicted more suitable habitat
patches with the current landscape than the future scenario, likely bduauseation
had more small suitable habitat patches with current disturbance. In the future
distubance scenarjehe number of suitable habitat patches was reduced as they were
converted to larger patcheswisuitable habitat. No landscapes experienced an increase
in the largest suitable habitat patch size with disturbance. Conversely, there evak a tr
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 chaege bat
neutral landscape and current disturbance; and Sandy Valley, where the largest unsuitable
habitat patch did not change between current and future disturbance lasd3tegse
three landscapeshifted ranks in disturbance scenarios (lost genetioectivity 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 inclusiahsbiirbance. All modeled
locations experienced further decreases in suitable halobatdurrent to future
scenarios.

| found substantial overlap in landscape metakugs when evaluated by
connectivitysuccess index rank (high, intermediate, and lowgetic connectivity;
Table3. 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 h@re than two
patches of suitable habitat, while those with low/no genetic connectivity ranged from 2
13. Edge density was lowest in neutral landscape(03 m/ha), indicating simplified
landscape configurations. Landscapes that did not maeaietic connectivity showed
increasing complexity in configurations (2.88.98 m/ha). Edge density decreased at
three locations (lvanpah Valley, Moapa Valley, Red Rock) as the number of unsuitable
habitat patches decreased and unsuitable habitat areased 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 lsrgatch of suitable habitat in neutral
landscapes did not constitute less than 72% of the habitat, while the largest patch of
unsuitable habitat was 0%423%. In landscapes that did not maintain genetic
connectivity the largest suitable habitat patcheged from 11% 79%, while the
largest unsuitable patches weretay2%. Generally, perceatea followed a similar

pattern, with neutral landscapes having the most suitable habitat (I129%6).
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Landscapes that failed maintain genetic connectivity slked an increased amount of
less suitable habitat (28949%). The total percent core habitat by class also followed
suite, with the largest area of suitable core habitat in neutral landscapes§53% The
smallest area of suitable habitat remainegmdscapes with low/no getic connectivity
(10%- 52%).

The highest ranking AIC models were those with number of suitable habitat
patches and alleles/locus, per@gdareaof suitable habitat plus largest patch index and
Ho, and largest suitable habitat patch index legcandN (Table3. 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 lantdatapes t
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 ¥ 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 wastastandscape
composition was generally altered, decreasing dominance of the largest patch and amount

of suitable habitat (Fig. 3).

DISCUSSION
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DISTURBANCE REDUCES GENE FLOW AND POPULATION SIZE
Habitat loss generally occurs continually; however, dhationship between habitat loss
and population persistence is not linear and small additional losses near the threshold
dramatically increase risk of locaktinction (Fahrig 2001). In this studyfound that a
anthropogenic disturbance increased, soddimographic 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 wasgglicted to be highest in undisturbed (neutral)
landscapes, and generally decreased as disturbance progressed. Additionally, the greater
the disturbance the stronger the population genetic structure (s@e Figr results

However, outcomes for maaihing genetic connectivity in disturbed landscapes
are variable. While neutral landscapes always fared better tharbdisce scenarios, the
connectivitysuccess index (based on genetic differentiation), predicted landscapes that
maintain high levels ofenetic 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 genetmnnectivity 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 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. Gend#ictef(i.e. loss of genetic
diversity and increase in population genetic structure) indicate a landscape that lost
connectivitywithin roughly five 0 40 tortoise generatiori85i1 680 years). Therefore,
careful consideration of population declines andthtidevelopment are needed to
prevent deleterious effects to connectivity before theywpparent (Gregory & Beier
2014). In landscapesghere increases in genetic structure and/or slight deviations in
genetic diversity have been documented, efforts fdas reducing development
pressures in tortoise habitat, restoring habitat, and adding permeability to landscape

barriers will have the greatest benefit for connectivity.

CONNECTIVITY SUCCESS ISL ANDSCAPE DEPENDENT

Given the challenges of capturing eaptal processes with lanckgpe patterns and the
overlap Ifound whe sorting landscapes by connectistyccess index values, it is most
appropriate to evaluate landscape locations as individual management units, rather than
seek a single metric as a thiekl. A single minimum for habitat amount is not practical,

as the threshold will vary bgndscape (Fahrig 20RDisturbance landscapes with high
levels of genetic connectivity tended towards low levels of landscape fragmentation and
complexity. Suitabldabitat 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 retaired (Laughlin) and124% 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 levelsof geneti

connectivity (29%) and many (47%) failed to maintain genetic connectivity.

MANAGEMENT RECOMMENDATIONS

Balance between land use promoting economic and population growth and theriong
conservation and recovery of natural habitats and native spetheskey purpose of the
Clark County, Nevada Multiple Species Habitat €awation PlagMSHCP 2000). My
results indicate that current and planned activities related to economic and urban growth
will result in desert tortoise population declines and tdggenetic connectivity,

disrupting this balance. For the future development scendats were not available
regarding disturbance beyond the urban footprint (e.g. increased dirt roads). A literature
review found anthropogenic disturbance to have atgrepotential for habitat

degradation than the development footpailoine (Lovich & Enner2011; Hunter et al.

2003). At eacimodeled location the total number of individuals was always highest with
neutral landscape simulations and lowest with futurgeptions 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 diarbance. Therefore,recmmend more critical evaluation of
proposed developments and reduction of anthropogenic disturbance in Mojave desert

tortoise habitat.
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Landscapes with higirlevels of genetic connectivity should be prioritized for
conservation to ensure additional habigsanot 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 large declines in connectivity, while corridors between
protected areas may serve to incream®ectivity (Cushman et al. 2016; Huxel &

Hastings 1999; Nowakowski et al. 201B)otection of tortoise populations @ndscape
scenarios that fail tmaintan genetic connectivityauld 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 degradig habitat and reducing connectivignd improvehe opportunity for
species recoverfAllison & McLuckie 2018; AveriltMurray et al.2013; Boarman 2002)

while preservingur unique natural heritage.
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TABLES AND FIGURES

Table 3.1. Conversion factors (QRised to adjust habitat suitability values (HSV) for
models with anthropogenic disturbance. The inverse of habitat suitability was used to

calculatelandscape resistance.

Example | HSV Scaled| Resistance

Disturbance Type CF

HSV by CF 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 lengjh  0.25 0.500 0.375 0.625
Rightof-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. Reportedsvase average outcomes +
standard deviation. Results foN)(number of individuals;A) mean number of
alleles/locus; ko) observed heterozygosityr{r) pairwisegenetic differentiation;K)
number of genetic clusteBBecausdr(X|K) may overestimatelusters with IBDgK is
repored, except wher@r(X|K) = 1.

N A Ho Fst K

Boulder City

Neutral | 9889.8 £34.7| 23.7 £ 0.5| 0.797 £ 0.007| 0.001 + < 0.001

Current | 7644.6 + 26.5| 22.5+0.5| 0.774 £ 0.008 0.004 + < 0.001

Future 5847.0£16.2 | 21.5+0.5| 0.734 + 0.009| 0.008 + 0.001
Coyote Springs

Neutral | 7973.8 £23.7| 22.8 +0.4| 0.781 £ 0.006| 0.003 = <0.001

Current | 6892.6 +29.9| 22.2 +0.4| 0.765 £ 0.010, 0.006 = 0.001

Future 6612.1 £ 20.3| 22.1 +0.4| 0.761 + 0.009| 0.008 + 0.001
Dry Lake

Neutral | 11348.1 £20.5| 24.3 + 0.4| 0.804 £ 0.006| 0.001 + < 0.001

Current | 8604.9 + 19.6| 23.1 +0.4| 0.778 £0.009, 0.005 = 0.001

Future 7923.7£27.8| 22.8+£0.5| 0.771 + 0.006 0.006 + 0.001
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Eldorado Valley

Neutral | 7919.5+23.3| 22.7 £ 0.5| 0.788 + 0.006| 0.002 £ <0.001 2

Current | 7298.1 +25.7| 22.3+0.4| 0.782 £ 0.007| 0.003 + <0.001 2

Future 6992.5+26.4 | 21.9+0.5| 0.771 £ 0.010] 0.004 +£<0.001 2
Indian Springs

Neutral | 6370.7 +18.7| 21.9+0.4| 0.774 £ 0.007| 0.002 £ < 0.001 2

Current | 4955.9+25.3| 21.0+0.4| 0.743 £0.010, 0.005+0.001 | 2

Future | 4860.5+29.7| 20.7 £ 0.5| 0.740 £ 0.009, 0.005 +0.001 | 2
Ivanpah Valley

Neutral | 7847.4 +25.5| 22.8 +0.5| 0.778 £ 0.007| 0.003 £ < 0.001 2

Current | 5984.4 +22.2| 21.4+0.5| 0.746 £ 0.010, 0.010+0.001 | 5

Future 5523.5+20.9| 21.3+0.5| 0.741 + 0.008 0.016 +0.002 | 2
Jean/Roach

Neutral | 8723.0+25.4| 23.2+0.5| 0.791 £ 0.006| 0.002 £ <0.001 2

Current | 6869.8 +24.8| 22.2+0.5| 0.764 £ 0.007, 0.010+0.001 | 2

Future 5320.7£19.4| 21.2+0.6| 0.710 £ 0.011] 0.023 +0.003 | 3
Las Vegas East

Neutral | 6924.5+29.5| 22.1 +0.5| 0.759 + 0.010, 0.010+0.001 | 2

Current | 4924.0 +25.0] 20.3+0.5| 0.717 £0.010, 0.024 +£0.003 | 2

Future 4338.3 £26.7| 20.2+0.4| 0.704 £ 0.008 0.027 £0.003 | 2
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Las Vegas North

Neutral | 7029.6 +20.2| 22.3 +£0.4| 0.783 £ 0.006] 0.006 + 0.001 | 2

Current | 5390.3 +25.7| 21.0+0.4| 0.762 £ 0.008 0.007 £0.001 | 2

Future 3987.8 £16.5| 19.9+0.5| 0.718 £ 0.010] 0.012+0.001 | 8
Las Vegas West

Neutral | 6653.6 £ 22.2| 22.1 +0.5| 0.759 + 0.009, 0.009 + 0.001 | 2

Current | 3929.4+ 18.9 | 21.3+0.5| 0.677 £0.008 0.020 +£0.002 | 2

Future 2951.7+14.3| 21.9+0.4| 0.531 +0.012 0.037 +£0.006 | 2
Laughlin

Neutral | 8992.1 + 30.0| 23.2 +0.2| 0.788 + 0.006| 0.002 £ <0.001 2

Current | 8603.4 +25.6| 22.9+0.4| 0.785 £ 0.006| 0.003 + <0.001 3

Future 8180.8 £ 20.5| 22.9+0.5 | 0.781 + 0.007| 0.003 £< 0.001 3
Mesquite

Neutral | 9928.4 +20.8| 23.6 + 0.6| 0.790 + 0.007| 0.005+ 0.001 | 2

Current | 8746.8 +22.5| 23.1+0.5| 0.782 £ 0.007, 0.008 £0.001 | 2

Future | 8365.3+22.6| 23.0+0.5| 0.782 +0.005| 0.008 + 0.001 | 2
Moapa Valley

Neutral | 10951.7 £20.8 24.1 + 0.4| 0.801 + 0.005| 0.002 £ < 0.001 1

Current | 7959.9 +23.5| 22.8 +0.5| 0.777 £0.008 0.004 +£0.001 | 2

Future | 6139.5+23.9| 21.8+0.5| 0.746 + 0.008 0.009 +0.001 | 2
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Red Rock
Neutral | 7295.1 +23.2| 22.4+0.3| 0.777 £ 0.008 0.002 £ < 0.001 2
Current | 2653.0+15.1| 19.3+0.5| 0.648 £ 0.014] 0.026 +£0.004 | 2
Future 2468.0+£17.4| 21.2+0.4| 0.594 + 0.011] 0.028 +0.003 | 2
Sandy Valley
Neutral | 6574.8 +26.8| 21.9+0.6| 0.771 £ 0.010, 0.004 £ < 0.001 2
Current | 6298.1 +29.4| 21.7 +0.4| 0.766 £ 0.008 0.006 +£0.001 | 2
Future 5703.0+£21.8| 21.2+0.5| 0.746 +£ 0.010] 0.011 +0.002 | 2
Searchlight
Neutral | 101449 +17.2 23.8+0.4| 0.797 £ 0.008 0.002 £<0.001 1
Current | 9137.6 £22.3| 23.1+0.5| 0.783 + 0.008 0.004 +0.001 | 3
Future 8775.4 £23.0| 23.0+0.5| 0.779 £ 0.007| 0.004 +0.001 | 3
Trout Canyon
Neutral | 10158.2 £20.3 23.7 £ 0.6| 0.795 + 0.006| 0.001 £<0.001 1
Current | 8516.9 +23.4| 22.8 +0.5| 0.781 £ 0.007| 0.003 + < 0.001 3
Future 8314.7 £ 20.7| 22.6 £0.5 | 0.777 £ 0.007| 0.004 +0.001 | 3
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Table 3.3. Connectivitysuccess index (CSI) values for current disturbance (CD) and
future disturbancéFD) based on a 50 year forecast. Predi€ig@d/alues 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 CSl (CD) CSl D)
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 VegadVest -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 amtsuitable habitat by modeled locations in
neutral landscapes, (CD) current disturbance, and (FD) future disturbance projections.

Rankswere established using connectivstyccess index (CSl) values: (1) high genetic

connectivity; (2) intermediate genetionnectivity; (3) low/no genetic connectivity.

Landscape metrics: (NP) number of patches; (LPI) largest patch indextpgese#X)

percenageareaof landscape.

Ranks | Neutral CD FD
CD FD | NP LPI AZ? NP LPI A? NP LPI A?
Boulder City 2 3
Suitable Habitat 1 978978 |2 82286.0 |4 59.3675
Unsuitable Habitat 2 12 22 |11 7.2 140 |6 28.3 32.5
Coyote Springs 1 3
Suitable Habitat 1 86.186.1 |1 822822 |2 72.6 77.9
Unsuitable Habitat 4 10.6 139 |7 10.6 17.8 |7 10.6 22.1
Dry Lake 2 2
Suitable Habitat 1 99.099.0 |2 66.4 87.7 | 3 61.0 82.2
Unsuitable Habitat 1 1.0 10 |9 86 123 |5 14.417.8
Eldorado Valley 1 1
Suitable Habitat 1 83.2832 |1 818 818 |1 81.181.1
Unsuitable Habitat 4 15.216.8 |6 154 18.2 |9 15.4 18.9
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Indian Springs 1

Suitable Habitat 1 72.372.3 |3 65.2 65.8 63.5 64.2

Unsuitable Habitat 5 23.027.7 |10 25.2 34.2 26.3 35.8
Ivanpah Valley 3

Suitable Habitat 2 835837 |3 725728 36.5 65.6

Unsuitable Habitat 8 70 163 |14 85 27.2 20.334.4
Jean/Roach 3

Suitable Habitat 1 875875 |2 79.279.4 49.1 63.0

Unsuitable Habitat 2 99 125 |7 9.9 60.6 22.2 37.0
Las Vegas East 3

Suitable Habitat 1 975975 |4 42.575.4 35.2 66.5

Unsuitable Habitat 5 1.3 25 |6 200 21.9 335
Las Vegas North 1

Suitable Habitat 1 859859 |1 733733 53.0 54.9

Unsuitable Habitat 4 11.014.1 |10 11.026.7 16.2 45.1
Las Vegas West 3

Suitable Habitat 1 813813 |4 44.8 46.0 11.332.2

Unsuitable Habitat 8 13.218.7 |8 36.354.0 67.367.8
Laughlin 1

Suitable Habitat 1 97.397.3 |1 925 925 89.4 894

Unsuitable Habitat 3 1.3 27 |7 26 75 3.2 10.6
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Mesquite 2 2

Suitable Habitat 1 95.095.0 |2 91.2914 |3 85.6 86.4

Unsuitable Habitat 7 1.8 2.7 |7 46 86 |4 8.2 13.6
Moapa Valley 1 3

Suitable Habitat 1 100 100 1 85.085.0 |3 44.5 64.2

Unsuitable Habitat 0 0O O 10 109150 |5 33.9 35.8
Red Rock 3 3

Suitable Habitat 1 92.092.0 |13 13.736.0 |6 12.8 27.5

Unsuitable Habitat 13 22 80 |4 63.364.0 |2 72.272.5
Sandy Valley 1 2

Suitable Habitat 2 802 805 |2 76.576.7 | 2 69.7 69.8

Unsuitable Habitat 6 14.3195 |9 15.823.3 |8 15.8 30.2
Searchlight 1 1

Suitable Habitat 1 99.099.0 |2 909 936|2 88.290.7

Unsuitable Habitat 3 06 1.0 |6 3.86.4 10 59 93
Trout Canyon 1 1

Suitable Habitat 1 894894 |1 870870 |1 850850

Unsuitable Habitat 1 10.610.6 |4 10.6 13.0 | 6 10.6 15.0




Table 35. Landscape metrics of suitable and unsuitable habitat by ability to maintain
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genetic connectivity. Assignments wédrased on ranking connectivisyiccess index

(CSI) valuedor disturbed landscapes hi g h

genetic

connectivity

00. 34.

O 0. 7 0350.69,dotv/aar me di at e
Landlargesh p e

metr

patch index percentag€\?) percenageareaof landscape; (Core) percentage of core area

landscape; (Edge) edge density in m/ha. Edge values are equbsatsiegory.

NP LPI A2 Core Edge

Neutral

Suitable Habitat 1-2 72.3100 | 72.3100 | 53.384.6| 0-2.1

Unsuitable Habitay  0-13 0-23 0-27.7 0-14.5 0-2.1
High

Suitable Habitat 1-3 63.592.5| 64.293.6 | 35.-71.0| 1.03.2

Unsuitable Habitaj 4-10 2.626.3 | 6.4358 | 0.215.0 | 1.03.2
Intermediate

Suitable Habitat 2-3 61.091.2| 69.891.4| 41.068.0| 1.63.1

Unsuitable Habitaj 4-11 4.615.8 | 8.630.2 | 1.310.0 | 1.63.1
Low/No

Suitable Habitat 2-13 11.379.2| 27.579.4| 9.852.0 | 2.44.0

Unsuitable Habitaj 2-14 8.572.2 | 20.672.5| 4.248.8 | 2.44.0
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criterion

Terms are metrics of landscape disturbance potbulation or genetic statistics.

Population and genetic statisticht) fumber of individuals;X) alleles/locus;Klo)

( Al C)

observed heterozygosity:{1) genetic differentiation. Landscape metrics: (NP) number

of suitable habitat patches; (LPI) lasgsuitable habitapatch index percentage; YA

percenageareaof suitable habitatHighest 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 + A2 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 + & 560.5 -285.9 -156.2 58.9
NP + A 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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Boulder City Conservation Easement
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Fig. 3.2. 1. Boulder Gty Conservation Easement Noi00 kn?). Upper (left to right)
location within Clark County, Nevada; neutral eg@ntation without disturbance; current
disturbance; futurdisturbancéased on a 50 year forecdsgpotheical absolute barrier
Lower (left to right): simulation resulfsr neutral, currentand future disturbare A)
Time-seriesnumber of individualsl), observed heterozygositi{), genetic
differentiation Est); B) SPCA genetic patterns; SyRUCTURE barplots. Becauser(X|K)

may overestimate clusters with IBfX is repored except wher@r(X|K) = 1.
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Coyote Springs
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Fig. 3. 2. 2. Coyote Spring$625 knt). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hypttta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number ofindividuals (), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyrucTUREbarplots. Becauser(X|K) may overestimate

clusters with IBDgK is repored, except wher®r(X|K) = 1.
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Dry Lake
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Fig. 3. 2. 3. Dry Lake(625km?). Upper (left to right) location within Clark County,
Nevada; neutral repsentation without disturbance; currdidturbance; future

disturbancédased on a 50 year forecast; hypttta absolute barrier. Lower (left to

right): simulation resultfor neutral, currentand future disturbancé\) Time-series:

number of individualsi]), observed heterozygositii{), genetic differentiationHsT); B)
SPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate

clusters with IBDgK is repated except wher@r(X|K) = 1.
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Eldorado Valley
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Fig. 3. 2. 4. Eldorado Valley(625km?). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecasgpothdical absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé) Time-series:
number of individualsi]), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyRUCTURE barplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.



151

Indian Springs
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Fig. 3. 2. 5. Indian Springg600 knt). Upper (left to right) location within Clark County,
Nevada; neutral repsentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individuad (N), observed heterozygositii{), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Ivanpah Valley
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Fig. 3. 2. 6. lvanpah Valley(625 knt). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutal, current and future disturbancé\) Time-series:
number of individualsi]), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Jean/Roach
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Fig. 3. 2. 7. Jean/Roach(625 kn¥). Upper (left to right) location within Clark County,
Nevada; neutral repsentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptttat absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé) Time-series:
number of individualsi]), observed heterozygositild), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplos. Becaus@®r(X|K) may overestimate
clusters with IBDgK is repored, except wher®r(X|K) = 1.
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Las Vegas East
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Fig. 3.2. 8. Las Vegas Eagb25 knt). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptittad absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé) Time-series:
number of individualsi]), observed heterozygositld), geretic differentiation Fst); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored, except wher®r(X|K) = 1.
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Las Vegas North
0 hgbitat resistance
A
o
o
R
e Neutral =
e Current
Future
o
o
o
= g
0 Generations 200 0 Generations 200 0 Generations 200
B
Neutral Current Future 1.0
o 0.8
o
&
) 0,;; 0.6
Generation 200 'g
& 0.4
©
)
ﬁ 0.2
=
0.0
sPCA scores
C K=2 K=2 K=8
CELTTE I IV TR RT | ' E—— )T

Fig. 3. 2.9. Las Vegas Nortlf525 knt). Upper (left to right) location withinClark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hypttta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositii{), genetic differentiationHsT); B)
SPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Las Vegas West
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Fig. 3. 2. 10. Las Vegas Weg600 knt). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Laughlin
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Fig. 3. 2. 11. Laughlin (625 kn). Upper (left to right) location within Clark County,
Nevada; neutral repsentation without disturbance; currdidturbance; future
disturbancédased on &0 year forecast; hypottieal absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositii{), genetic differentiationHsT); B)
SPCA genetipatterns; CBTRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Mesquite
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Fig. 3. 2. 12. Mesquite(625 knt). Upper (left to right)location within Clark County,
Nevada; neutral repsentation without disturbance; currdidturbance; future
disturbancédased on a 50 year forecast; hyptittad absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individuad (N), observed heterozygositild), genetic differentiationHsT); B)
SPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored, except wher®r(X|K) = 1.
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Moapa Valley
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Fig. 3. 2. 13. Moapa Valley(625 knf). Upper (left to right) location within Clark
County, Nevada; neutral reggentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptittad absolute barrier. Lower (left to
right): simulation resultfor neutal, current and future disturbancé\) Time-series:

number of individualsi]), observed heterozygositild), genetic differentiationHsT); B)
SPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate

clusters with IBDgK is repored, except wher®r(X|K) = 1.
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Red Rock
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Fig. 3. 2. 14. Red Rock(600 knt). Upper (left to right)location within Clark County,
Nevada; neutral repsentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplos. Becaus@®r(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Sandy Valley

=
0 hgbnat re§|stance 1

A g g
=3 =}
0
e Neutral o
el Current = T
Future
o
8 5 g
0 Generations 200 o  Generations 200 0  Generations 200
B
Neutral Current Future
1.0
@ 0.8
1%}
&
2 0.6
Generation 200 'g
5 0.4
©
r
® 0.2
<=
0.0

sPCA scores

Fig. 3. 2. 15. Sandy Valley(600 kn¥). Upper (left to right) location within Clark County,
Nevada; neutral repsentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositiif), geretic differentiation s1); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Fig. 3. 2. 16. Searchligh{(625 knt). Upper (left to right) location within ClarkCounty,
Nevada; neutral repsentation without disturbance; currdigturbance; future
disturbancédased on a 50 year forecast; hyptta absolute barrier. Lower (left to
right): simulation resultfor neutral, currentand future disturbancé\) Time-series:
number of individualsi]), observed heterozygositiif), genetic differentiationHsT); B)
sPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate
clusters with IBDgK is repored except wher@r(X|K) = 1.
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Trout Canyon
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Fig. 3.2.17. Trout Canyon(625 kn¥). Upper (left to right)location within Clark

County, Nevada; neutral reggentation without disturbance; currdigturbance; future

disturbancédased on a 50 year forecast; hyptittad absolute barrier. Lower (left to

right): amulation resultdor neutral, currentand future disturbancé\) Time-series:

number of individualsN), observed heterozygositiif), genetic differentiationHst); B)

SPCA genetic patterns; SyrRUCTUREbarplots. Becauser(X|K) may overestimate

clusters with IBDgK is repored, except wher®r(X|K) = 1.
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A Number of Suitable Habitat Patches
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C Suitable Habitat Area (%)
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Fig. 3.3. Landscape metrics of disturbance relative to population and genetic statistics.

Each figure compares a landscape metric on{#wexb theincrease imumber of

individuals (N), alleles/locus4), observed heterozygositii{), andgenetic

differentiation Fst) on the yaxis. Top to bottom: A) number of suitable habitat patches

(along the xaxis) whereN, A, andH, are reduced anléstis increased with greater

patchiness on the landscapg largestsuitable habitapatch index percentage (along the

x-axis) whereN, A, andH, are reduced anBstis increased as suitable habitat patches

decrease in size; @ercenagesuitable habitatrea(along the xaxis) whereN, A, andH,

are reduced anéstis increased asigable habitat area decreases.
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APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 1

Table A1l. Summary of gmer and locus informatioto genotypesopherus agassizii

# OF SIZE GENBANK
LOCUS REPEAT MOTIF REFERENCE
ALLELES RANGE #
GOAl 5 128- 143 (CATC) EU285463  Hagerty et al. 2008
(GCT)(GAGCAC
GOA2 4 204- 213 EU285462 Hagerty et al. 2008
TAGGACCTC)
GOA3 9 285-309 (CAT) AY317141 Edwards et al. 2003
GOA4 13 264-303 (CAT)w UE285460  Hagerty et al. 2008
GOA6 17 213-277 (CTAT)10 EU285464  Hagerty et al. 2008
GOA8 17 146-211 (TAGA)1s EU285470  Hagerty et al. 2008
(CATC)19(CCAT)
GOA9 21 206- 290 EU285468 Hagerty et al. 2008
(CTAT)s
GOAll 22 268- 341 (CAT)s EU285458 Hagerty et al. 2008
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GOAl12 17 105- 170 (CAT)s7 EU285461  Hagerty et al. 2008
GOA13 16 208-296 (CTAT)u EU285465  Hagerty et al. 2008
GOAl4 43 202-310 (TAGA)12 EU285471  Hagerty et al. 2008
GOAl7 26 214-319 (CTAT)1s EU285466  Hagerty et al. 2008
GOA22 18 152-221 (CTAT)1s EU285467  Hagerty et al. 2008
GOA23 18 175- 262 (TAGA)1s EU285469  Hagerty et al. 2008
GOAG4 19 140- 199 (CAA)24 AY317142  Edwards et al. 2003
GOAG7 5 266- 280 (AC)3(GCH(AC)1 AY317145  Edwards et al. 2003
GP30 9 203-240 (GT)s AF546889  Schwartz et al. 2003
GP55 9 272-307 (GT)e AF546893  Schwartz et al. 2003
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APPENDIX B: SUPPLEMENTAL MATERIAL FOR CHAPTER 2

Statistics derived from genetic datasewith sampledrom a continuous population in
the Ivanpah Valleywas used tparameterize genotypes for model behavior and

computational limitations simuli@ns.

M ODEL BEHAVIOR
The number of individuals in the neutral landscape ranged fromi88802 at
generations 0 and 200, decreasing 3.9%. Landscapes with an absolutéHuarziental
or vertical)decreased tbl = 8026 (8.3%) by generation 200. The mean number of
alleles/locus at generationgfd 200ranged froml1.0- 9.5in the neutral landscape and
was similar in barrier models. Heterozygosity deagdasitially in all models fron9.818
to 0.813 butwasrelatively stablethrough time By generation 200 observed
heterozygosityHo) ranged from 0.762 in the neutral landscape to 0.750 and 0.758 in
barrier models.

Genetic differentiation was lowest in the neutral landschpe=<0.00061
0.0020) with barrier mdelsincreasinghrough time Est= 0.0120 and 0.0090 by
generation 200). Population genetic structure at generfat®mdicated no spatial
autocorrelation in any model; however, by generation 200 there was strong spatial
autocorrelation in barrier mets with clusters structured on either side of the linear

feature. This was further evidenced®fRUCTURE which calculatedPr(X|K) = 1 andgK
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= 2 in neutral models, ariti= 2 (Pr(X|K) andgK) in barrier models, but with clear

geograpic populations (FigB1).

COMPUTATIONAL LIMITATIONS

A neutral landscape was initiated with 14700 individuals and by generation 200 was
14131. Increasinthe number of individualen a 1050 krhlandscape resulted in
intermittent failure due to limitaties with computing genotypewith 20 microsatellite
loci. The mean number of alleles/locus at generatioasd 20Gvas11.07 9.8
Heterozygosity remained consistent with neutral model expectatigrsQ. 7691

0.815). Genetic differentiation ranged fréh®007i 0.0017 at generations 0 and 200.
Population genetic structure at generation 200 inferred a geneticRi{p@K) = 1,qK =

3; Fig.B2).
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FIGURES

Fig. B 1. Model behavior resulteported for three modeled landscapesutral with no
resistance, absolute vertical barrier, absolute horizontal barrier. Landscapes were
modeled at 625 kAwith 14 animals/krh Left to right: timesseries of A) number of
individuals (), observed heterozygosith4), genetic differentiatioiiFsT); B) population
genetic pattern results from sPCA; &RucTUREresults Becausd’r(X|K) may

overestimate clusters with IBEK is repored except wher@r(X|K) = 1.






