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ABSTRACT

TheFlattailed Horned LizardPhrynosoma mcalljiis a species of special
conservation concern in California, Arizona,d Me x i c 0. Mu crdngeosf t hi s |
found on public land includingarious miitary installations. Here, we analyzed
thousands of nuclear loci collected from across the genomes of 41 individuals across the
range of this species. We found that a one orpisqoulation model is best supported by
the data, corresponding to a major spiiteither side of the Colorado Riyepnsistent
with estimates of effective migration that show the lower ColoragerRialley and the
Salton Sea arthe primary barriers on the landscapée found thathis speciesas
unexpectedly high heterozygosity, possibly resulting from hybridization with neighboring
divergentspecies of horned lizards, or a very large ancestral population size. Our
phylogenetic results indicate that northwestern populations are nested wiithieastern
ones consistent withour estimates of effective diversity which &ighest on the Barry
M. Goldwater Marine Corps Air Station and in Sonora, Mexico, and lowest in the
Coachella Valley of southern Californi@iven the numerous anthropogenariters that
now fragmentemainingpopulations, these data indicate that a land management strategy
focused on maintaining connectivity betweaeanagement areasay be most effective.

This research is ongoing as we continue workingnalyze ougenomicdatasetn
conjunctionwith an existing population viability analysis led by the Arizona Department
of Game and Fish.
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INTRODUCTION

Our study seeks to contribute to gbstantial ongoing research on Hhet-
TailedHornedLizard (FTHL), Phrynosoma mcallifFigure 1) This species has the
smallest range of any horned lizgRhrynosomgin the United States andasnsidered
an atrisk speciesl(eavitt et al. 201p Phrynosoma mcalliis restricted to sandy habitats
in the Coloraddesert, ranging from the Coachella Valley in southern California,
southeast to Laguna SaladaBaja California, Mexico, southwestern Arizona, and the
Gran Desierto de Altar of northwestern Sonora, Mexiomés andlovich 2009).This
speciess currently listed as a Species of Special Concern in California due to its
sensitivityto urban, agriculiral, and renewable energy developmbabitat
fragmentation (e.g. from highways and the international border fencepaaffvehicles,

and invasive vegetation.

Figure 1. TheFlattailed Horned LizardFTHL), Phrynosoma mcalliiPhoto by theseniorauthor.

Because thauclear genome is directly involved with adaptation, and populations
with higher geetic diversity andpopulation connectivity should, in theory, have greater
potential to adapt to changing environmegtaiditions Jand managersnay chooseo
prioritize theprotection ofintraspecificgeneticdiversity (Vandergast et al. 2013,
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Gottscho et al. 2034The most recent published genetic study of $picies (Mulcahy

et al. 2006) analyzed 781 base pairs of mitochondrial DNA (mtDNA) fridmdviduals

of P. mcallii across their range. They found limited gene flow and signifisaptilation
structure across the Colorado River, suggesting this barrier has historically been
important in isolatingpopulations, and that populations in Califershowed less genetic
differentiation. However, because mtDNAm&ternally inherited, it cannot track male
mediated gene flow. If males disperse more than femalasarage, this marker could

be a misleading indicator of true migration rates. Perhaps importantlypecause all
mitochondrial genes are linked into effectively single locus, this study effectively had a
sample size of one marker. It is now widely appreciated that dinglle estimates of
populationhistory are subject to significant certainty due to stochastic demographic
processedortunately, the fields of genetics and genomics have advanced tremendously
in the past decade since the studWiodcahy et al. (2006)xspecially with the advent of
nextgeneratiorsequencing (NGS) techlogy and novel statisticahethodsNGS
technology now allows farapid collection of millions of base pairs of data for hundreds
of individuals. These data can be mirfedgenomewide singlenucleotide

polymorphisms (SNPs) using methods sucleatricton-associated DNAequencing

and associatebioinformatics pipelines that perforde novoassemblies without

referencegenomesketerson et al. 201Eaton 2014Gottscho et al. 20}7

The combination of large genondatasets (at least two orders of magte
larger than singldocus mtDNA studies) and new computeodelsallow for cutting
edge conservation science to be performed. For example, with large genomic datasets we
canmore accurately and precisalgdress questions such hsw do levels of geetic
diversityvary, and how do genes flow, across the landstHpg& many distinct
populations exist, and how are they related to each ofthsr&lready known thaTHLs
are widely distributed across the Salton Smigeologic region surrounding Sait&ea)
and that they tend to favowlandsandy areas artthdlands and avoid steep rocky areas.
However, it is not known if they tend to udiscretecorridorsfor migration between
populations and if so, how important these corridors may beintaininghealthy levels

of genetic diversity. This knowledge is critical if we want to keep these corridors safe as
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large renewable energyojectsand other developments fragment increasingly large
areas of th€olorado Desert outside of military landspopulations become too small
and isolated, inbreeding astbchastic population fluctuations could potentially result in
local extinction.n thecase of the DoD, this type datacould be used to help minimize
the impact ohabitat fragmentation aifie connectivity of sensitiETHL populations

without compromising military readinesat relatively low cost.
STUDY OBJECTIVES
The objectives of this study were to address the following questions:

1. Which populations oP. mcalliihave the highegieneticdiversity, and how do

these levels compare to other benchmark species
2. How many populations are there, and how are they related to each other?

3. What are thenain naturabarriers to gene flow (migration) across the range of

this specie®

4. How can we incorpate intraspecific patterns of genomic diversity and gene flow
into predicting the effects of renewable energy projects and other manageable

impacts in the ColoradDesert region on lorterm population viability?
BACKGROUND

The military is a signatory tthe Rangewvide Management Strategy (RMBSTHL
ICC 1997, FTHL ICC 200gfor theFTHL since 1996. NAVFAC Southwest, NAF El
Centro, and MCAS Yuma athree of the 13 federal and state agencies that are
signatories to the RMS. These agencies createldMte asa basis for a conservation
agreement for the species, modeled after USFWS Recovery 8iacs.1993 the FTHL
was first proposed for listing under ESA, and two decades and threthtapgh the
federal courts later, via voluntary management of the epeta the RMS, the FTHL has
not been listed. This project is a direct outcome of the RMS, and will directly enable
bettermanagement of the species both on military lands at NAF El Centro and MCAS
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Yuma (BMGR), awvell as on all of the other state and fedstakeholder lands covered
under the RMS. It will directlpupport the mission through pactive management of the

species

From 1993 to 2011R. mcalliiwas scrutinized for protection under the federal
Endangered Species Act, but in a series of atagesthe U.S. Fish & Wildlife Service
(USFWS) withdrew the proposed 1993 rule four times. In 18Riftiple state and
federal agencies with populationsRfmecalliion their lands signed a voluntary
Interagency Conservation Agreement (ICA) to implenteeflat-tailed Horned Lizard
RangewideManagement Strategy (FTHL RM3)ne of the major goals of the ICA is to
Aencour age and s up pooservation effs. maltiij@nid dedsest pr o mot e
ecosystemso (FTHL RMS 8), \aga#ooanfongcal | y to fd
populations and effecs of barrierso (FTHL RMS 8. 6) .

In 2011, the USFWS decided against listthgncallibecauséit he ef fects t o
species associated with the 1 mplied meaning
constitute a substantelh r eat t o t he species now or withi/
b e ¢ a u censefvatibnesfforts implemented by signatories of the [ICA] and associated
[FTHL RMS] reduce thémpact of existing threats in the United States and promote
actions that benefthe Flat-tailed Horned Lizard hr oughout iits range, in
(76 FR 14210; 142583). However, in June 2014 the Center for Biological Diversity
submitted a petition to li®R. mcalliias endangered throughout their range in California
under the Clifornia Endangered Species Act (California Fish and Game Code 88 2050 et
seq. , )AMtBberd2014, the California Department of Fish & Wildlife decided
thatthe petition had merit and in February of 2015 proceeded with the mandatery one
year scienfic review. In March 2017, the Department decidemtto list this speciesbut
will re-examine its status againfine years.This study was und&kenin an effort to
better understand the genetic diversity found inRREIL, andalsoto use that

information tosupportland use and management decisions.
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MATERIALS AND METHOD S

Genomic DNASamplesWe extracted genomic DNA frommore tharl00tissue
samples oP. mcallii collected throughout their known rangecluding thoseused in
Mulcahyet al (2006)and including DoD installation sitessingthe PureLink Genomic
DNA kit (ThermoFisher Scientific, Waltham, MAMost of these samples represent
tissue samples in the form @il clips or toe clips that were collectbg numerous
individualsagencies oveahe last 20 yearsee Acknowledgements for list of collectors
and permits) andieregenerallypreserved in 94.00% ethanoand stored a20° C or-
80° C.We thenscreenedhesefor quality, excluding thosdegraded samplesith low
DNA concentration antbw molecular weightln our final datasetye included 41high-
guality samples oP. mcallii collected throughout their known range (Table 1, FiQ)re
as well as one outgroup sample of the Desert Horned LiRapdatyrhinos

Table 1.Localities anchumber of samples collected per localit@urrent (active) DoDnstallation.
**Eormer DoD installation** From a land parceligtctly bordering a DoD military installation.

Locality State, Country # Samples
Coachella Valley California, USA 5
Dos Palmas California, USA 1
Ocotillo Wells™** California, USA 5
Salton Se¥ California, USA 10
West Mesa California, USA 1
East Mesa California, USA 1
Barry M. Goldwater Marine Corps Air Statibn| Arizona, USA 6
Gran Desiertd@iosphere Reserve SonoraMexico 5
El PinacateBiosphere Reserv& Sonora, Mexico 6
Laguna Salada Baja California, Mexico 1
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Library preparationand sequencing/NVe collectedNA sequence data using the
doubledigestRestrictionAssociatedDNA sequencing (ddRADseq) methdeeterson et
al. 2012) Genomic DNA samples were digested with the restriction enz$tokkand
Mspl (New England Biolabs, Ipswich, MA). After the ligation reaction, we selected
fragments 41515 baseairs (bp) long. Pooled libraries were amplified and lllumina
indices were attached using the Polymerase Chain Reaction (PCR). The final libraries
were sequenced 50 bp singleend readson aNextSeq(lllumina, San Diego, CA) at the
Institute of Integrative Genome Biology (University of California, Riverside, CA).

Bioinformatics The python pipeline pyRAD v3.0(&aton, 2014) was used for
quality control,de novaassemblyf RAD loci, genotype callingand generating
alignments of loci and SNP¥/e also used the proportion mdlymorphicsites (percent
heterozygosity) as a metric of genetic diversity.

Population Structure

Admixture v1.23(Alexander et al. 2009yas usedo analyzea dataset of

unlinked biallelic SNPs (one per RAD locus)estimateghe number of populations,
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assign individuals to those populatioaad calculat¢he fixation indexFst), which
ranges from 0 to 1A zero valuendicates a panmictic populatiptinat is, that the two
populationsshare all of their alleles. A value of one implikat the two populations do
not share anglleles and indicates completely isolated populatiédsnixture
implements an underlying population genetic model sinulé&tructure (Pritchard et al.
2000).Thecrossvalidationerror (CVE) was the criterion uséal select the optimal
number of populationé), testing values ranging from 2 to MJe also used
Discriminant Analysis of Principal Components (DAPC) implemented in the R package
adegenet v®-0 (Jombart et al. 201@p assign individuals to populations using slaene
datasetFirst, we coducted thePrincipal Components AnalysiBCA), retained the first
41 PCs, and usetthe Bayesian Information Criterion (BIC) to select the optikhahlue
(2-10). Second, Kmeans clustering was igmented by retaining the first BCs
retainng more tha80% of the cumulative vance and the first twdiscriminant
functions to assign individuals to clusters.

PhylogenyIn order to determine the evolutiogaelationships among
individuals, and gain insight into migration routes and barriemsyamum likelihood
phylogeny was estimadevith RAXML v8.2.4 Stamatakis 2004using 500rapid
bootstrap replicates and a GTR+G substin model.

EstimatedEffective MigrationWe used the program EEMEgtimated Effective
Migration SurfacesPetkova et al. 20)@o model the relationship between genetics and
geographyThis approachnputs a genetic distance matrix and a geographic distance
matrix to asceria deviations from a null isolatiehy-distance model. It does this by
overlaying a triangular grid across the landscape, where vertices are demes and lines are
edges, and assigns individuals to their nearest deme (local population). The genetic
variance $ decomposenhto within-populationeffective diversity(q) and among
populationeffective migrationlm) parameterdeviations from the isolatichy-distance
model carthusbe visualized in the form of a spatial heat rd&gplayingbarriers and
corridorsfor migrationandlocal diversityhotspotsWe calculated &uclidiandistance
matrix of 41 individuals at 1,414 unlinked SNPsagegenet v2:0. Weoverlaida grid
of 300 demesn the shape dahe appoximate range of this species. We ranakov
Chain Monte Carlo (MCMC) chaifior 20 million steps, discarding the fitsto million,
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andsamplingevery 1,000 steps. Multiple runs with differing random number seeds were
performed and the results of the MCMC chains were ass&ssamhvergence following

the authosdrecommendations.
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RESULTS

DNA sequence dat&Ve obtained a total af6.03 million readsgnaverage of
1.81 million per lizard), of which 75%(7 . 14 mi | | i o n itiapgaaditg e d py RADO
filter. These were assembled into an average of 111084 @er individual, of which an
average of 8,275gssed the coverage threshd@X). On average, we examiné@7,732
nucleotide siteper lizard of which 2,602 were polymorphic @verage.

Population Structure and Phylogeriyhe results of Admixture and DAPC
indicate that a one or two population model best fits the data (Tabledasing the
number of populations beyond two results in a poorer fit of the model to théndata.
Figure 3 we show the Admixture and DAPC clustering results for K=2 and K=3 aligned
with the phylogeny produced with RAxMUnder K=2, both DAPC and Admixture
agree in splittind®. mcalliiinto an eastern population and western population, roughly
divided by the Colorado RiveFst values between populations were [bwnderthe
two-population model, & was 0.115, while under thbreepopulation model, it was
0.11 betweethe eastern andvesternpopulations0.26 betweethe eastern and
Coachellgpopulationsand 0.22 betweethe western and Coachelfopulations These
Fstvalues indicated that the majority of genetic variation is shared between these
populationsThe phylogenys poorlyresolved, indicating a lack of deep genealogical
lineages withirP. mcallii. Northwestern populatiorieg Coachella Valleyare more
deeply nested than southeastern populations in Arizona and Sonora.
Table 2.Cross Validation Errors (CVE) from Admixtuead the Bayesian Information Criteria (BIC) from

Discriminant Analysis of Principal Components. K is the number of populations. Lowest numbers indicate
the besfitting models, in this case, one or two populations best explains the data.

K CVE BIC

1 0.438 181.78
2 0.446 181.54
3 0.450 182.09
4 0.484 183.63
5 0.556 185.83
6 0.601 188.06
7 0.636 190.26
8 0.712 192.53
9 0.772 194.64
10 0.793 196.74
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Figure 3. Maximum likelihood phylogeny produced with RAXML aligned with clustering results from

Admixture and DAPC under K=2 and K=3. Red indicates an eastern population in Sonora and Arizona,

blue indicates a western population in California, and green indicaeéeSdhchella Valley population in

California. DGM482, from Laguna Salada, is west of the Colorado River but groups with the eastern
LP02

population Bootstrap support values are shown on nodes.
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HeterozygositySurprisingly,P. mcalliihad high levels of heterozygosity (ranging
from 0.6%i 0.1%). There was no significant trend with latitude across the range (Figure
4). These values are higher than those reported for other sensitlistrdmuted species,
such asgJma notata as well adther common desert lizards in the region, including

Callisaurus PetrosaurusUrosaurus andSceloporugADG, unpublished data).
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Figure 4. Heterozygosity véatitude.Adjusted Rsquared: 0.095=-statistic: 5.209p-value: 0.028.
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EstimatedEffective MigrationThe results of the EEM&nalysis show that local
effective diversityis highest in the southeastern partlrefrange and lowest in the
northwest Figure 5top left). The only sttistically significant areas @levated diversity
arein the vicinity of the Barry M Goldwater Marine Corps Air Station in southwestern
Arizona and the El Pinacate Biosphere Reserve of Sonora, Mexicof dadreased
effectivediversity in the Coachella Valley of southern Califor(figgure 5, togright).
Interpretation of the rawffectivemigration heat mafFigure 5, bottom left) shows that
the lower Colorado River Valley and the Salton Sea represeanhthgeographic
barriers, but only the Salton Sea shows any statistical significance (Figure 5, bottom
right).

11
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Figure 5. Estimatedoarametesurfaces under the Estimated Effective Migration Surfaces mbleltop

two plots represent the diversity parameter (q), representing diverg@ghaedemes (local populations),

while the bottom two blots represehetmigration parameter (mgpresenting divergen@mongdemes.

Plots on the left show rates color coded on the log10 scale, with cool and warm colors representing values
lower or higher than what sxpected under the null isolation by distance maalets on the right show

only those parameters with high statistical confidence measured by posterior probability.
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