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Abstract: Geneticdiversity within species provides the raw matef@al adaptation and
evolution. Just as regions of higipeciesdiversity areconservation targetsdentifying
regionscontaining highgenetic diversity andlivergence within and amongppulations
may be mportantto protectfuture evolutionary potentialWhen multiple cedistributed
species show spatial overlap in high genetic diversity and divergenceregesecan be
consideredevolutionary hotspots.We mappedspatial population genetic structurfor
17 animal species across the Mojave Desert, USA. We analyzed thesecurrenceand
located D regions of high genetic diversity, diggence or both among speciébesewere
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mainly concentratedilong the western ansbuthern boundarieshere ecotonesdbetween
mountain grasslandand desert habitat are prevalent, and alibvegColorado River. \&
evaluated the extent tohich these hotspots overlapped protected landsuéliy -scale
renewable energy development projects of Bueeau of LandManagementWhile 30/
40% ofthetotal hotspotareawascategorizeds protectedbetweeri 7% overlapped with
proposedrenewable energy project footprin@nd up tol7% overlapped with project
footprints combined withtransmission corridorsOverlap of evolutionaryhotspots with
renewable energy developmentainly occurredin 6 of the 1 identified hotspots
Resuling GISbased maps can be incorporated into ongoing landscape planning efforts and
highlight specific regions wherturther investigation ofimpacts topopulationpersistence
andgenetic connectivity may be warranted.

Keywords: genetic diversityand divergence; wildlife conservation; renewable energy
development

1. Introduction

The genetic diversity within a species represents dafonental level of biadersity. It provides the
basis for phenotypic variation and adaptation, and underlies the evolutionary processes of lineage
diversification and speciation thabntributeto the patterns of speciexommunity and ecosystem
level biodiversity evident tay. To protect speciekevel biodiversity into the future, evolutionary
processs must also be protectddi 3]. By examining and mapping patterns of intraspecific genetic
diversity across a landscape, regiongh high evolutionary potentiatan be identified where
diversification and speciain may be more likely to occy4i 6]. Heran, we characterize evolutionary
potential in terms of interpopulation genetic divergence and intrapopulation gehedicsity.
Geographic areas thatipport divergent populatiomsay harbor greater evolutionary potential, as they
can represent places where aliyent lineages now meet (suture zones)eflect abiotic drivers of
adaptive variationd.g, an ecotone of steep environmental gradieiigh levels ofintrapopulation
geneticdiversity may also provide a rich resource for evolutionamsilience and can reflectlarge
effective poplation sizes[7i9], the presence of Aistorical refugewith envirormentally stable
conditions[10], or a zone of mixing betweeaneviously isolated gene podl$1,12]. Conversely, low
or reduced genetidiversity is generally associated with reductions in fithess and sur{iail4].
Comparative phylogeographic analyses have repeatedly shown that geographic barriers or past
geological processes and climate alterations have left similar signatures on the genetic structure o
populations across entire communitj@si 20]. When regions of high genetic divergence and diversity
overlap for multiple species, thesan be considerei be evolutionary dispots. Protection of these
hotspots may be important for preserving fhrecess of lineage diversification amday impart
resilience to changing environmental conditions and selective pref2L3.

Determining the locations of evolutionary hotspots may be particulaftymative in regions
where developmerressures are growing, aleehd useplaming efforts include conservation godis.
the Mojave Desert for example, widespread development ldl cale renewable energy facilities,
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transmission corridors, and associated infrastructure has been proposed and is being implemented, ar
land use planning strategies that balance renewable energy production with other land use anc
conservation goalsra currently being devisedhe Mojave Desert is the smallest of floeir North
American deserts, and is generally characterizedbtmad valleyswith alluvial fan complexes,
playas and dunes that are separated by plateausuggdd mountain range$lajor vegetation
communities in the valleys are dominated by mixed shrublamile mountain slopes are dominated
by woodland [23i 25].
The biogeographibistory of the Mojave is compleXhe modern desert environment in the Mojave
is young; however, the first desert conditions originated approximately 5 million years agf2@Va)
and have fluctuated since that time with changing climatic conditions. Warm desert vegetation may
only have become extensive through the region over the last 12,00 3/4aidowever,in a recent
analysis ofmultiple arid-adaptedsmall animal specieis the Mojave and Sonoran Desenve found
thatmanywere present prior to this time, witlivergence estimates ftMojave lineages ranginigom
0.5to 11.5Ma [20], andindicating thatgenetic structure within desert adapt@nimal species has
likely been influenced by expanding and contracting habitat and other isolating fecbrisave
developed over this time periobh addition to climatic fluctuationgnundation and mountain uplift
have nfluencedthe Mojave Deseliota through time In the lateMiocene late Pliocene (104 Ma)
inundation everstfloodedthe Gulf of California through the Colorado Degegionandcontributed to
the early Colorado River system, isolatiing Mojave Desertfrom the Sonoraesert[28,29]. Uplift
of the Sierra Nevada and Transverse Mountain Ranges, betw2eMa reversed the flowof the
Mojave River to drain into the Mojave Basin and created rain shadows to theDeasty the
Pleistocene, &tween 1.P0.5Ma, the Mojave Riveslowly advancd, filling playas and basin®uring
glaciatinterglacial cycles that followed, the Mojavecdlated between a lacustrine and dry system.
During the last glacial maximum, the Mojarggionwas dominated by a fluvidhcustrine syster{30]
and arid adapted taxa were likely isolated in small ref{@lh Pifon-juniper woodlands dominated
the region32], but eventually retreated as warming and drying trends intensified during the Holocene.
In modern times, tman land use and modification in taed lands of the westerdnited States
have furthe altered ecosystems, ahdve intensified in recentecaded33]. In the Mojave Desert,
urbanzation, agriculture, transportation networks, military operations and energy production have
alreadytransformedsectionsof the landscape with impactswaldlife [34,35]. Furtherland use change
is projected in this regignparticularly utility-scale renewable energyevelopment(USRED) on
federal landsn response tdederal and statgoals andmandates for renewable energy production
(e.g, the American Recovery and Reinvestment Act of 2009, CA Executive Orilé108 and CA
Senate Bill X12). Increasing production of renewable energyll have benefits in curtailing
greenhouse gas emissions, and promoting energy independence and economic growth, bu
development ofUSRED facilities, added transmission corridom@nd their associated infrastructure
may negatively impactocal wildlife throudh habitatloss and fragmentatioiven theprojected scale
and rate of USRED developmentin the desertsouthwestland use planningfforts must balance
energyproduction and delivery goals withther land use andonservation prioritie¢e.g, California
Desert Renewable Energy Conservation Pladylitionally, agencies tasked with natural resource and
wildlife management must understand potential impactdafneddevelopment to local species and
systemdor mitigation and adaptive managementposes
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The focus of this study was to map patterns of intraspecific genetic divergence and diversity
multiple species throughout the Mojave Deselbcateevolutionary hotspotsyhere multiple species
may have highevolutionarypotential We evaluated whethadentified hotspotsfell within protected
lands,or overlapped withcurrent and proposedSRED projectsites and utility corridorsResulting
GlIS-based mapsmay inform currentlandscapéased planning efforts and help direct future
investigations to particular regions of interest in the Mojageert and bordering ecoregions

2. Background and Methods
2.1. Study Region

This study was conducted in thdojave Desert, using thepatial definition from theU.S.
Environmental Protection Agency (EPA) Mojave Basin and Range Level Il Ecor¢gnThe
Mojave ranges in elevation from 146 m below sea level (Death Valley,USA) to over 3,633 m
(Mount Charleston, NYUSA). Precipitation in the Mojave ranges from 100 to 350 mm per year, and
shows a strong longitudinal trend, witihe western portions of the Mojave receiving more
precipitation in the winter, and the eastern portions recewiageasedrecipitation in late summer.
Temperatures range from below 0 € in the winter months to over 54 € in the summer months, and
vary durnally and geographically. We buffered the EPA Mojave Basin and Range Ecoregion by
10 km to ensure that owmnalysescovered all of the Mojave Desert, resulting in a study area of
approximately 150,000 kh{Figure 1).

Figure 1. Mojave Desert study regiancluding major geographic features.
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2.2 CompilingGenetic Data

We used previously published genetic datagetis spatially explicit samplingacross the Mojave
Desert Additionally, some genetic data were collected for inclusion in the present(seelynethods
and database accession numbers in AppendiXHe resulting dataset included 1wvildlife species
These included herpetofaun&Anaxyrus punctatu$37], Chionacts occipitalis (Appendix 1) [3§],
Crotaphytus bicinctoref39], Dipsosaurus dorsalis dorsal{®ppendix 3, Gopherus agaszii [40,41],
Lichanura trivirgata [42], Plestiodon gilberti [43], Sceloporus magistef44], Uma scoparia
(Appendix 1)[45], Xantusia vigilis[46]; mammals:Chaetodipus penicillatug31], Ovis canadensis
[47], Perognathus longimembr{gl8], Thomomys bottapt9], Xerospermophilus mohaven$&0,51];
and invertebratesdomalonychus selenopoidfs?], Homalonychus theologys2] (Table ). Most of
the herpetofauna, small mammals and invertebaegprise distinct lineages endenticthe Mojave
Deser20,4551,53]. Speciessary in habitat preference aratology, andfour species G. agassiziiO.
canadensisU. scopariaand X. mohavens)sare federally or statdisted asendangered, threatened or
species of speciabncern or include listed population segments

Genetic data consisted mainly of mitochondrial sequence hteh were available for all species,
with nuclear sequence data microsatellitedata available dr a subset ofsix species(Table 1)
Alignmentsfor all sequence datasetgre obtained via CLUSTAW [54], as implemented in MEGA
4.0 [55]. Sequence data were analyzed in ARLERW.5 [56]. For consistency, all sequercased
analyses were conducted assuming a Tamura and[9Ngimodel of nucleotide evolution. For
microsatellite data, allelic richness and heterozygosity were estimated in [BAWhenever
possible we incorporated data fromultiple loci, as there are limitations to inferring population
structureand diversity from mtDNA or angingle locug59,60]. We also relied upon multiple taxa
rather than multiple loci to cross validate observed patterns. This approach is consistent with our goal
to uncover regionaliversity patterns

2.3. MappingDivergence Landscapes

We used a phylogeographic approach to map patterns of genetic divergence estimated from mtDNA
(and when available nuclear) sequene®thin species.For each species, genetic divergence
landscapes werenapped in aGearaphic Information SystemG(S) based on pairwise genetic
divergenceamong collection locations defined by the original study autfrsSequencelivergence
was calculated aBa, Nei 6 s net number of n ueadh eairtof collecdnd i f f
locations,where the averageumber of differencebetween individualemonglocaionsis corrected
for the averagaumber of differencewithin eachlocation[61]. For datasets vete multiple loci were
sequenced, pairwise distances were averaged across lociaftalization.We tested for a signal of
increasing genetic differentiation with increasing geographic distance (or Isolation by Distance; IBD)
among sampling locationsing reduced major axis regression as implemented in IBDWS[82]6
For species where statistically significant IBD was detected, we used the regression residuals rathel
thanraw genetic divergence values to create divergence landscapes, in order to highlight locations where
divergence was high while accounting for variation in the geographic distance among sampling points
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Table 1. Species and genetic datasets examined. The number of sampling locations within the study region and mean number of individual
sampled per location are given for divergence and diversity estimates. Numbers for gene diversity estimates based allitenicankats
are provided in parentheses. NI denotes not included.

) Divergence ) Diversity
Species Genetic Sampling Divergence Sampling Diversity Mean N
Markers i Mean N i
Locations Locations
Herpetofauna
Anaxyrus punctatuged-spotted toad) MtDNA 23 2.11 11 4.36
Chionactis occipitaligshovetnosed snake) mtDNA, msats 33 1.12 8 (7) 4.38 (3.71)
Crotaphytus bicinctore&ollared lizard) MtDNA 24 1.02 NI NI
Dipsosaurus dorsalis dorsal{sorthern desert iguana) MtDNA 8 1 NI NI
Gopherus agassizfdesertortoise) MtDNA , msats 13 8.93 13 (24) 8.93 (28.83)
Lichanura trivirgata(rosy boa) MtDNA 10 1.93 5 4.2
Plestiodon gilbert{f Gi | bert 6s s MtDNA 42 1.11 12 3.33
Sceloporus magistédesert spiny lizard) MtDNA, nuDNA 13 1.1 7 2.14
Uma scoparigfringe-toed lizard) MtDNA, nuDNA 15 3.6 15 3.6
Xantusia vigilisdesert night lizard) MtDNA 80 3.46 29 8.9
Invertebrates
Homalonychus selenopoid@gounddwelling spider) MtDNA 6 2.67 6 2.67
Homalonychus theologygrounddwelling spider). MtDNA 14 2.61 10 3.3
Mammals
Chaetodipus penicillatu@esert pocket mouse) MtDNA 22 4.34 13 8.15
Ovis canadensighighorn sheep) MtDNA, msats 26 13.96 26 (26) 13.96 (13.96)

Perognathus longimembr{ittle pocket mouse) MtDNA 12 2.24 5 6.2

Thomomys botta@gpocket gopher) MtDNA 7 1 NI NI

Xerospermophilus mohavengidohave ground squirrel) mtDNA, msats 11 4.09 11 (12) 4.09 (21.08)
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Genetic distances or residual distances were visualized as genetic landsdae€d $19.3 using
the GeneticLandscape3oolbox [63]. Divergence landscapes were created usingsthgle Species
Divergence Tool Pairwisegenetic divergence valuesr(residualswere mappedo the geographic
midpoints betweencollection locations as desribed and employedin previous visualization
methods[64,65]. A surface was integdated from the midpointsising Inverse Distance Weighted
interpolation (power = 2, variable search radius with 12 points, grid cell size®l Km avoid
extrapolating beyond the original collection locations, individual species surfaces were clipped to t
spatialextent ofcollection locations

Finally, we maskednterpolatedgenetic landscapes with suitable habitat derived from habitat
suitability models created or obtained for each speé¢iaactionally, this allowed us to focus on
locations where getic divergence was high across suitable (and potentially occupied) habitat,
highlighting regions of potential lineage and populatioaetact (or suture zones) rathearthcurrent
geographic barriersfFor all but one speciesO( canadensjs habitat siiahility was statistically
modeledfrom presence data usiggneralizechdditivemodeling maximum entropyMaxEnt)[66], or
both. Fullmodeling methods and results are available elsew[6&r&9], and so areonly generally
summarized heréSpecies occurrence recarevere obtained from online public databaeesnuseum
collections (VertNet, HerpNET, and MaNI|$ and other regional data sourcé®r each species,
conceptual models gbotential habitat requirementgere developedo identify the environmental
covariates thought to influence their geographic distribution. These covariate layers were representec
in a GIS as spatial raster layensth a 1knf grid cell size Model performance was evaluated using the
receiver operatocurve statistic(AUC) [70,71], Boyce Index(Bl) [72], Akaike Information Criterion
(AIC) [73,74] and Bayesian Information CriteriofBIC) [75] test statistics and environmental
response curves were visually assesdéodelsthat ranked high based on thegéeria were then
averagedinto a single final habitat suitability map for each specksally, we reclassified the
averagedabitat suiability mags into binary representatisof suitabléunsuitablehabitat using the 5th
percentile of habitat suitability scores from the occumenlocalities[76]. For O. canadensisa
statistcal habitat suitability modeéncompassing the study region was aailable at the time of
analysis An expert opiniorpotentialhabitatmodel[77], rasterized at a 1 Knyrid cell size wasused
to mask genetic landscapestead

To highlight areas of congruence among species, the genetic divergence landscapes for all taxe
were averagethto a single multispecies genetic landscape. To assure that each species received equal
weighting in the multspecies genetic landscape, wescaled individual species divergence
landscapes by dividing each cell value by the maximum. Because thal spaBrage ofvailable
genetic datavaried amongspecies, the number of species represented in eaclf gridrcell of the
multi-species genetic landscape also varied. To assessspeties concordance, we clipped the
multi-species genetic landscapdet to areas with coverage for three or more spediesconsidered
the most divergent cells in the medfpecies genetic landscape to be greater than 1.5 standard
deviations from the mean cell valj§é]. Single species genetic divergence landscapes were then
visually examined in relation to the average landscape to determine which species contributed to
divergent areas. To further assess variation across individual species landscapes that contributed to tf
average landscape, we also calculated the coefficient of var@timmg single species landscapes
calculated as the standard deviation divided kyntiean
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24. Creating Diversity Landscapes

Diversity landscapes were created from genetic diversity estimates within sampling loc&dions.
maximize the number of individuals grouped per sampling locai@ngrouped sampling locations
that were within20 km of one another that wereot divided by potential barriere.g, rivers,
mountains, highway®tc). New population point locations were assigned as the midpoints of grouped
sampling locations. All remaining singleton sampling locations were ex@lérm further analyses.
Genetic diversity was calculated in two ways.
as the average sequence divergence among individuals within a populatiumaer the Tamura and
Nei model of nucleotideevolution [57]. This statistic is less biased by differences in sample size
among populations than others such as the number of alleles or segregatiifjsites species for
which the majority of sampling locationsrdainedthreeor mor e i ndi vi dual s, we
d i v e rfos Sequence datasdf®]. For haplotypic data thistatistic is defined as the probability that
two randomly chosen haplotypes are different in the sample, anequgsalent to expected
heterozygosity for diploid dataFor microsatellite datasets we calculated diversity as expected
heterozygosityHg). Gere diversity andHg are different from sequence diversity in that they focus on
the number of gene copies, but do not contain informatioth@melative divergence of gene copies
For speciesvhere mtDNA sequences and multiple microsatellite la@re available, we chose to
model gene diversity from microsatellitédg) as multiple loci should give a better representation of
levels of genomic diversity within a species.

Diversity landscapes were created using IDW interpolation in Geeetic LandscapeS&IS
Toolbox Diversity valuesare specific to their population or collection location and so were mapped
their population locationsrather thanto the midpoints between locatiorss done in divergence
mapping As with divergence landscapes, individapkcies surfaces were clipped to the extent of the
collection locationsandsuitable habitat wassed toboundthe analysesinally, diversity landscapes
(sequence diversity, or gene diverdity) were averagedamong species and the coefficient of
variaion was also calculated. Single species genetic diversity landscapes were visually examined to
determine which species contributedgoost divergent areas on the average landscapes.

2.5. Assessingrotected Stats andVulnerability

Average genetic diversity and divergence surfaces were assessed in combination with land status
boundaries antUSRED boundaries to determine if regions of higénetic divergence and disiy
fell within lands we considered protected atrisk, or within USRED project footprints or
transmissioncorridors A land status layer was compiled for the study area using a regional land
management/ownership map categorized into three status lé&Retgected, fiUncertaird or AAt-
Riskd. The land management and awship maps were obtained frothe Bureau of Land
Management(BLM) for California, Nevada, Arizona and UtakVe considered areas where the
administrative status of land parcels was generally mandated to protect or preserve natural resource
and ecosystemgresent asfiProtected. Land parcels that we categorized 8At-Risko had
administrative mandates that allow land uses that are incompatiblpregrvinghabitat for our focal
specied even if portions of those parcels are currently undisturbed or @ztinyi our focal species.
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Finally, thefilUncertaird status designates land parcels for which the effect of administrative status is
currently unknown. Lands that we cagteized asfiProtected included: BLMd Areas of Critical
Environmental Congea and National Conservation Aredd,S. Fish and Wildlife Servicaefuges
National Park Servickands State wildlife departmentand State Parks and Wilderness Areaands
having AUncertaim statusncluded:U.S. Department of Energy, State lantlsS. Forest Servicéands
and Wilderness Study AreasAnd finally, lands that & categorized a$At-Risko were: BLM
Unclassifiedlands (lands that do not have special designations other than multiple use), Bureau of
Reclamation, Department of Defense, local rogality and county government, Oifighway
Vehicle areasand private property

Shapefiles of current and proposd&RED facilities mapped by BLMin California, Nevada and
parts of Arizona and Utah were provided by the RenesvBbergy Project leinagerdor the Southern
Nevada and the California Desert Distsicif the BLM, or were obtained from the Solar Energy
Development Programmatic Environmental Impact Staterffjt Footprints of pendindJSRED
identified by BLM were compiled only for BLMands, whiledevelopment on privater state owned
land are not represented. These data are not readily avadablevere not includeth our analysis.
We also compiled areas that are designated for transmission corridors under the California Desert
Corservation Area Plan of 198@1], and the Westvide Designation of Energy Corridof82]. All
files were converted into raster format at a 1°lgrid cell size and overlaidnoaverage genetic
landscapesand to regions of ghest divergence and diversity (categoriasdl.5 standard deviations
from mean values)BecausdUSRED project sitesind attendantiransmission lines will likely have
different impacts on wildlife, wexamined these layers separately and in combination.

3. Results andDiscussion
3.1.Evolutionary Hotspots

The average divergence landscape encompddsea89%m? after clipping to theextentwith three
or more species overlappingepresenting/3% of the study areaData were lacking in the most
northern and westenportions of the study region iffure 2A). The most divergent areas (categorized
as greater thanl.5 standard deviations above the mean) encompas8éd K’ or 4.4% of the
analyzed area. Wexpeced highest areas of divergence across habitat transition zones andutisr res
generally concur with thisgs hotspots generally ring the ecoregi®de identified 10 locations with
highest levels of genetic divergendeable 2; Figure3 labeled regias A-J). These btspots varied in
the number and composition of contributing individual species (Table 2). Concordance was igreatest
the Colorado Rivehotspot, with 10 species showing high divergence in this regibite thelvanpah
Valley andVirgin Mountains hotspstreflect high divergence in only one specgzsch,G. agassizii
andA. punctatus respectivelyHowever, the Ivanpah hotspot was also a region of high gene diversity
in several other species examin&llhile relatively few species had higdequence divergence or
diversity in the Virgin Mountainsthis region has been previously identified as a zongeobndary
contactand hybridization in amphibiari87], agroup that is only represented by one species in our
datasetAcross all species,aviation among datasets was generally highest icehg&al portion of the
study region(Figure A\ inset)



Diversity2013 5

302

Table 2.Identified divergence and diversity hotspots and individual species contributing to each hotspot. Species codes ffefrtioothe
letters of the genus and species name (full names provided in the table ®etgmaphic and geological factors that may have contributed to
high levels of genetic divergence and diversity within each region are also listed.

Map Code Place Name Divergence Sequence Diversity Gene Diversity Possible Historical Isolating Factors
A Dunmovin- Coso Junction PLGI, XEMO XEMO PLGI, XAVI Transition from Mojave to Owens Valley
. . . CHOC, PLGI,XAVI, Transition from Mojave to large mountains i
B Sierra-Tehachapi Transition PLGI, THBO, XAVI PELO, GOAG, XEMO
XEMO the west
c Antelope Valley- Mojave PELO, PLGI, THBO, XEMO PELO, PLGI, THBO, Transition from western grasslands to eastt
Desert Transition XEMO XAVI, XEMO scrublands
Ord Mountains Lucerne CHPE, PELO, SCMA, . . . . .
D PLGI, XAVI PLGI, XAVI Historic barrier formed bivlojave River
Valley THBO, XAVI
L . DIDO, HOTH, LITR, Transition from low Sonoran/Colorado dese
Indio Hills - Little San HOTH, LITR, PELO, CHPE, HOTH, LITR, ) ] .
E i ) PELO, PLGI, THBO, (Coachella Valley) into high desert of Little
Bernardino Mountains SCMA, XAVI OVCA, PELO, PLGI . .
XAVI San Bernardino Mountains.
F Pluvial Lakes HOTH, OVCA, SCMA, HOSE, OVCA, SCMA, ANPU, CHOC, CHPE, Historic barrier across low elevation lakes
(Bristol/Cadiz/Danby) THBO, UMSC, XEMO UMSC OVCA, UMSC, XAVI Mojave/Sonoran Transition
ANPU, CHOC, CRBI,
Colorado RiveMountains DIDO, HOSE, HOTH, Barrier across riveandbr mountains on
G . . CHPE ANPU, CHPE, GOAG ] )
(Mojave/Black Mountains) LITR, OVCA, PLGI, eastern side of river
SCMA
. Low valleytransition between Mojave and
H Sacramentdetrital Valley DIDO, HOSE CHPE, HOSE CHPE, XAVI
Sonoran desert
CHOC, GOAG, OVCA, L . )
| Ivanpah Valley GOAG XAV Historic barrier across low elevation lakes
_— . Barrier between Virgin Valley and Shivwits
J Virgin Mountains ANPU ANPU, GOAG

Plateau

ANPU Anaxyrus punctatysCHPE Chaetodipus penicillatu€HOC: Chionactis occipitalis CRBI: Crotaphytus bicinctoresDIDO: Dipsosaurus dorsalisGOAG:
Gopherus agassiziHOSE:Homalonychus selenopoidddOTH: Homalonychus theologu&ITR: Lichanura trivirgata OVCA: Ovis canadensjPELO: Perognathus
longimembris PLGI: Plestiodon gilberti SCMA: Sceloporus magisterUMSC: Uma scoparia THBO: Thomomys bottaeXAVI: Xantusia vigilis XEMO
Xerospermophilus mohavensis
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Figure 2. (A): Average sequence divergence for 17 animal spe@gsAyerage sequence
diversity for 14 animal speciesC): Average gene diversity for 13 animal species. The
insets in each figure show the coefficient ofiaon among individual species layers
included in each average.
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Sequence )dvasvaeeraged ackoss @peciesA. punctatus, C. occipitalis, C. penicillatus,
G. agassiziiH. selenopoides, H. theologus,ttivirgata, O. canadensis, P. longimembris, P. gilberti,
S. magister, U. scoparia, X. vigilis, and X. mohavgn3ise remainingthree species in our dataset
(C. bicinctores, D. dorsaligndT. bottag@ were excluded from diversity analyses because ongles
individuals were sampled at disparate locations that could nobimbdined The average sequence
diversity landscape covered¥,982km? when clippedto includethreeor more specie§Figure 2B).
High sequence diversity hotspots encompass&@46km?® or approximately B% of the area.
Sequence diversity hotspots were mainly concentrated along the western and southern boundaries c
the Mojave Ecoregion and overfagdwith regions of high divergend@able 2, Figure). Individual
species showed the gitest concordance at the Ord Mountdincerne Valley hotspot with species
showing high sequence diversifyable 2). Variation among species was generally greatest in the
northeast portion of the study region, with patches throughout the centraltndest Mojave Desert
(Figure2B inse).

Gene diversity(heterozygosity was averaged across 13 speci@s functatus, C. occipitalis,
C. penicillatus, G. agassizii, H. selenopoides, H. theologus, L. trivirgata, O. canadensis,
P. longimembris, P. gilbertiS. magisterU. scoparia, X. vigilis, and X. mohavensiSceloporus
magisterwas excludedecause most sampling locations contailess thanthreeindividuals. The
gene divesity average genetic landscape covered 71,468\man clipped to the extent tfreeor more
speciesandshowed some geographical concordance with sequivergence andiversity (Figure2C).
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Highest diversitywas concentrated along the western and southern ecoregional transition zones
(Table 2, Figured). In addition high average gene diversity was evident in the central Mojave near the
Ivanpah Valley(Figure 4) The Indio Hills and Pluvial lakes hotspots represented the most species,
with six species contributing to ea¢hable 2). Vaiation among datasets was generally greatest in the
north centrahnd northeastern Mojave Desert (FigAinse).

Figure 3. Ten regional hotspots of sequence divergence, sequence diversity and gene
diversity with relation to land conservation statushe Mojave Desert. Hotspots afe
(Dunmoviri Coso Junction)B (Sierra TehachapiTransitionZone, C (Antelope Valley

Mojave Desert Transition D (Ord MountaiiiLucerne Valley), E (Indio HillkLittle San
Bernardino Mountains), F (Pluvidlakes), G(Colorado River), H (Sacrameritoetrital
Valley), | (lvanpah Valley), and J (Virgin Mountains)
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The complex climatic and geologitdistory of the Mojave Desertikely contributed to the
formation of evolutionary hotspot regiometected Hotspots are lastered in locations along the
western and southern regions of the Mojave Desert, where past inundation, uplift, and the cyclical
formation of riverine and lacustrine systemmay haveisolated lineageg50]. These areas may
represent secondary contact =zones or Asuture
species[83,84]. Regions ofhigh gene diversity and heterozygosity may also reflect large effective
population sizes[7i9,85 or refugia [10]. In addition to historical isolating events, current
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environmental conditions may contribute to diversity and divergence hotspots in regions with steep
environmental gradientg (g, steep ecotones between mountains and basins)

This study focused opatterns ofgenetic variation that arpresumedto be selectively neutral
Clearly, the ultimate measure of evolutionary potential is genetic variation underlying traits that will be
unde selection in the future. lhough higher intrapopulation genetic diversity measured at neutral
loci can be associated with higher fitness and lower extinction fa#6], correlatons between
neutral and daptive variation are not always strdi®3,88]. However, nferences of adaptive potential
are strengthemkewhen the genetic hotspots overlap spatially waghes of lineage recontact dod
steep environmental gradientdybridization between previously isolated and divergent lineages
populationscan create novel gene combinations that can facilitate atjwertiand adaptive evolution
in some caseq11,8993]. Adaptive variation is also often concentrated across ecological
transitions[941 96]. Although not included irthis study, previous genetic and morphological analysis
of the Neotoma lepidagroup revealed zones of lineage recontact and hybridization between
coastal and desert momdbgical growps in Kelso Valley (neathotspot B and in Morongo Valley
(hotspot E)[97]. Likewise, n the Mojave Desert annulinanthus parrayaedimorphism in flower
color occurs in local populations found within hotspot D near Lucerne Valley and Victorville, and
along the base of the San Gabriel Mountains near Palrf@gleFlowers are whitehroughout the
majority of the species rangéut blue flowers occur with variable frequencies in these mixed
populations Color dimorphismseems to benaintained by temporally variable selection associated
with annual rainfall patterns and differential water y98,100. The adaptive potential stored in
ecotonal evolutionary hotspots is likely to become easmgly important as climatic conditions
change in the future, and environmental gradients intensify, weaken or shift sgae=191,102.

Other studies have also highlighted regions of the Moj@ws.broader analysis encompassing both

the Mojave and Sonan Deserts and including a subset of the species considered here also highlighted
hotspots of highnheutral diversity and divergence near Ord Moun@ibucerne Valley, along the
Mojave/Sonoran ecotone and across the Colorado River (corresponding to hbtsgpts and G in

Figure 3)[20]. Finally, in an independent analysiscusing on California plantXraft et al. [5]
recognized the Mojave as an important region of evolutionary potential in California, as it contains
some of the youngest neoendemic vascular plants.

Because our genetic landscapes are interpolafrons point data, the resulting patterns are highly
dependent on the number and dispersion of collection locations across the landscape. When individua
species datasets vary in sampling location and denagywith those compiled for this study),
undoubtedly, uncertainty in the spatial location of hotspots is introduced. With this in mind, we caution
against using the resulting hotspots maps for pinpointing exact locétioesnservation purposes
rather wefeel their utility is greatest for more broadly identifying regions of evolutionary potential
within the ecoregion.

3.2. Protection andvulnerability of Hotspots

All three averaged genetic landscapes Higghtly more tdal area categorized &#\t-Risko than
fiProtected, although mean scores for both categories did not vary substantially (Jakter
divergence and diversity hotspogsgreater percentage were cdesediAt-Risko versusfiProtected
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(divergence hotspsit 55% fiAt-Risko, 40% fiProtected; sequence diversity hotspots: 53Wit-Risko,
39% fiProtected; gene dversity hotspat 63% fAt-Risko, 29% fiProtected; Table 3).Six identified
hotspotswere located primarily outsidef prote¢ed lands, including hotspot AD(nmoviri Coso
Junction), B (Sierrd TehachapiTransitionZong), C (Antelope \alleyi Mojave DeserflTransition), D
(Ord Mountairi Lucerne Valley, F (Pluvial Lake$, andH (Sacramento and Detrital Valleysgure 3).
Mapped USRED project footprinencompassed approximately 3,547°lanross the study regipn
while fransmission corridorsccupiedapproximately 14,483 kin The area of overlap of average
divergence and diversity landscapes Wit8RED project footprints ranged from 2,563 t239 km?
and overlap with transmission corridaianged from 8,503 tb0,733km? (Table3). USREDfootprints
overlapped with B7% of the area designated as divergence or diversity hotspots, but this rastréh 10
with the inclusion oftransmission corridors (Tab®. Certain hotspot regiorsverlapped more than
others. Hotspots B (Siei Tehachapi Transition Zone, D (Ord MountaiiiLucerne Valley)
F (Pluvial Lakeg and G (Colorado River§howed the most overlap with project footprints, while
HotspotsC (Antelope Valley Mojave Transition) and (lvanpah Valley) showed the most overlap
with transmission corridors. In totad, of the 1 identified divergence and diversity hotspot regions
have the potential tbe impacted by energy and infrastructure developmentir(@).

Figure 4. Ten regionh hotspots of sequence divergence, sequence diversity and gene
diversity overlaid with existing and pendingility scalerenewable energy development
(USRED project site footprints and energy corridors. Impervious surfaces represent
existing urban devefament.

































