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(Ackerly 2003b, Veloz et   al. 2012, Hill et   al. 2013, Petersen 
2013, Guisan et   al. 2014). 

 A niche shift can result from a change in the fundamental 
niche of a species (the full spectrum of environmental 
factors that can be potentially utilized by an organism) or 
as a result of a change in the realized niche (a subset of the 
fundamental niche actually used by the organism, restricted 
by historical and biotic factors; Ara ú jo and Guisan 2006, 
Pearman et   al. 2007). Niche shifts resulting from an 
alteration of the realized niche do not require evolutionary 
adaptation (Jackson and Overpeck 2000, Rodder and Lotters 
2009, Jezkova et   al. 2011). Shifts in the realized niche may 
result from non-analogous climates between time periods 
(Rodder and Lotters 2009, Veloz et   al. 2012), plasticity of 
traits (e.g. morphological, physiological, or behavioral) or 
through genotype sorting (spatial segregation of individuals 
with certain functional traits; Ackerly 2003a, b, Eiserhardt 
et   al. 2013). Alternatively, the fundamental niche of a 
species may be shifted or become broadened to meet new 
environmental conditions through evolutionary (i.e. genetic) 
adaptation (Davis and Shaw 2001, Davis et   al. 2005, Urban 
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 Th e escalating awareness of global climate change has focused 
attention on modeling species responses to past and predicted 
future climatic changes (Peterson et   al. 2004, Th uiller et   al. 
2008, Coetzee et   al. 2009, Galbreath et   al. 2009, Sinervo 
et   al. 2010). A general assumption underlying many of these 
models has been that the climatic niche of a species (that 
is the climate conditions under which a species can survive 
and reproduce) remains relatively stable through time; thus, 
as climate changes, a species ’  geographic range shifts to track 
suitable climatic conditions (Davis and Shaw 2001, Wiens 
and Graham 2005, Pearman et   al. 2007). Accordingly, mod-
els often suggest extensive shifts and contractions of species ’  
ranges in response to climate change (Galbreath et   al. 2009, 
Jezkova et   al. 2009, Hornsby and Matocq 2012). Increasing 
evidence, however, shows that niches of some species shift 
over even relatively short time scales, allowing species to 
persist within large portions of their ranges despite a climate 
change (Jezkova et   al. 2011) or to expand into new areas 
as climate change opens novel niches (Veloz et   al. 2012, 
Guisan et   al. 2014). Th us, niche shifts should not be ignored 
when modeling species responses to environmental change 
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 During climate change, species are often assumed to shift their geographic distributions (geographic ranges) in order to 
track environmental conditions  –  niches  –  to which they are adapted. Recent work, however, suggests that the niches do 
not always remain conserved during climate change but shift instead, allowing populations to persist in place or expand 
into new areas. We assessed the extent of range and niche shifts in response to the warming climate after the Last Glacial 
Maximum (LGM) in the desert horned lizard  Phrynosoma platyrhinos , a species occupying the western deserts of North 
America. We used a phylogeographic approach with mitochondrial DNA sequences to approximate the species range 
during the LGM by identifying populations that exhibit a genetic signal of population stability versus those that exhibit a 
signal of a recent (likely post-LGM) geographic expansion. We then compared the climatic niche that the species occupies 
today with the niche it occupied during the LGM using two models of simulated LGM climate. Th e genetic analyses 
indicated that  P. platyrhinos  persisted within the southern Mojave and Sonoran deserts throughout the latest glacial period 
and expanded from these deserts northwards, into the western and eastern Great Basin, after the LGM. Th e climatic niche 
comparisons revealed that  P. platyrhinos  expanded its climatic niche after the LGM towards novel, warmer and drier cli-
mates that allowed it to persist within the southern deserts. Simultaneously, the species shifted its climatic niche towards 
greater temperature and precipitation fl uctuations after the LGM. We concluded that climatic changes at the end of the 
LGM promoted both range and niche shifts in this lizard. Th e mechanism that allowed the species to shift its niche remains 
unknown, but phenotypic plasticity likely contributes to the species ability to adjust to climate change.   
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  Figure 1.     General sample sites of  Phrynosoma platyrhinos  species 
complex ( P. goodei  are represented in localities 7, 13 – 17, and 102 
and  P. platyrhinos  from Yuma Proving Grounds in locality 2). Grey 
shadings represent the three main ecoregions of interest: Mojave 
Desert, Sonoran Desert, and the Great Basin (Olson et   al. 2001). 
Pink and red circles represent localities above and below 5000 feet, 
respectively, that were assigned to the populations that persisted 
throughout the LGM. Blue circles represent localities assigned to 
populations that expanded after the LGM. Grey circles were not 
included in either group due to unclear genetic signal.  

et   al. 2007). A shift of the fundamental niche (evolutionary 
adaptation) can be diffi  cult to distinguish from a shift in the 
realized niche as both can arise from the same underlying 
processes (e.g. climate change) and may even accompany 
each other (Csuti 1979, Jezkova et   al. 2011). 

 Niche shifts can be triggered by changes in biotic interac-
tions, such as ecological release from predators or competi-
tors (Holt et   al. 2005), or by access to novel combinations 
of abiotic environmental variables (Jackson and Overpeck 
2000, Ackerly 2003b, Nogues-Bravo 2009, Rodder and 
Lotters 2009, Hill et   al. 2012, 2013). Invasive species under 
such conditions often undergo niche shifts (Broennimann 
et   al. 2007, Urban et   al. 2007, Rodder and Lotters 2009). 
Populations of native species have also been shown to 
undergo niche shifts in response to climatic changes (Davis 
and Shaw 2001, Davis et   al. 2005). Novel environmental 
conditions with no known historical analog are often formed 
during climate change, creating a spectrum of new conditions 
for populations capable of exploiting the new environment 
by shifting realized or fundamental niches. Environmental 
changes resulting from glacial-interglacial climatic oscilla-
tions throughout the Late Pleistocene are known to have had 
pronounced impacts on species ranges and genetic structure 
(Hewitt 1996, 2000); however, relatively little is known as to 
the extent these climatic changes promoted niche shifts. 

 In this study, we assess the extent of range and niche shifts 
in the desert horned lizard ( Phrynosoma platyrhinos  species 
complex) in response to climatic changes at the end of the 
Last Glacial Maximum (LGM; ca 21 000 yr ago; Harrison 
2000), which expanded arid environments within the west-
ern deserts of North America. We assess the phylogeographic 
structure of this species complex to evaluate the extent of 
population persistence within regions throughout the LGM 
and the extent of range expansions in response to warming 
climate after the LGM. We follow up on two previous stud-
ies of the species complex in which recent northward range 
expansion into the Great Basin was indicated from the more 
southern Mojave and Sonoran deserts (Jones 1995, Mulcahy 
et   al. 2006). We then conduct climatic niche analyses based 
on temperature and precipitation variables to compare the 
climatic niche occupied by the species today with the niche 
it occupied during the LGM. We assess the directionality 
and extent of climatic niche shifts (Kozak and Wiens 2006, 
Broennimann et   al. 2007, Warren et   al. 2008), discuss 
possible mechanisms that facilitate niche shifts, and assess 
the biological consequences these shift might have had on 
populations and the species. We also assess whether the niche 
shift between LGM and current time was largely caused by 
the existence of non-analog climates between the two time 
periods (also called background environmental divergence; 
McCormack et   al. 2010), or whether the niches shifted 
(at least partially) beyond what would be expected under 
background environmental divergence alone.  

 Material and methods  

 Study organism 

  Phrynosoma platyrhinos  is part of a species complex with taxa 
currently distributed from the northwestern Sonoran Desert 

through the Mojave and Great Basin deserts (Fig. 1). Based 
on mitochondrial (mtDNA) sequence data and morphology, 
Mulcahy et   al. (2006) found that southeastern populations 
of  P. platyrhinos  south of the Gila River represented a dis-
tinct lineage, which they referred to as  P. goodei.  Mulcahy 
et   al. (2006) also identifi ed another divergent population of 
 P. platyrhinos  from the Yuma Proving Ground (La Paz 
County, Arizona) along the east side of the Lower Colorado 
River Valley, but this lineage was not assigned any particular 
taxonomic status. Herein, we use the name  P. platyrhinos  to 
refer to the group that includes  P. platyrhinos  sensu stricto, 
populations from Yuma Proving Ground, and  P. goodei .   

 Taxon sampling 

 We acquired sequences or samples from 216 individuals of 
our target taxa from 104 localities (Fig. 1; Supplementary 
material Appendix 1). Sequences representing 30 samples 
were acquired from GenBank (Mulcahy et   al. 2006), 19 
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samples came from museums, and 70 samples were accessed 
from a study of Jones (1995). Th e remaining samples were 
obtained from specimens specifi cally captured for this study. 
In the fi eld, we collected small samples of tail or toe and then 
released the animals at the capture site (following a protocol 
approved by the Animal Care and Use Committee, Univ. of 
Nevada, Las Vegas).   

 Laboratory methods 

 We isolated total genomic DNA from tissues following a 
phenol-chloroform protocol or using a DNeasy Extraction 
Kit (Qiagen). We amplifi ed and sequenced the mitochon-
drial NADH dehydrogenase subunit 4 (ND4) gene and 
adjacent tRNAs for all samples using primers ND4 and Leu 
(Ar é valo et   al. 1994). We also amplifi ed and sequenced a por-
tion of the Cytochrome B (cytB) gene using primers MVZ 
49 and MVZ 14 (Roe et   al. 1985) for a subset of samples used 
in phylogenetic analyses (Supplementary material Appendix 2). 
We updated amplifi cation protocols through time, but most 
were accomplished at a 55 ° C annealing temperature using 
Takara Ex Taq Polymerase Premix (Takara Mirus Bio) 
followed by purifi cation using ExoSap-IT (USB Corp.). We 
conducted bi-directional cycle sequencing using fl uores-
cence-based chemistry (BigDye Terminator ver. 3.1 Cycle 
Sequencing Kit) with electrophoresis and visualization on an 
ABI Prism 3130 automated sequencer (Applied Biosystems). 
We aligned sequences using Sequencher (ver. 4.6; Gene 
Codes Corp.) and verifi ed the alignments visually. Sequences 
are deposited in GenBank (KP776188-KP776403).   

 Genetic analyses 

 We conducted Bayesian inference (BI) analysis using unique 
haplotypes from a concatenated dataset of 684 base pairs 
(bp) of ND4, and 128 bp of adjacent tRNAs (812 bp total). 
We also conducted BI and maximum likelihood (ML) anal-
yses on a combined dataset of 1089 bp of cytB, and 812 
bp of ND4 and tRNAs. For this latter analysis, we used a 
subset of 27 samples representing all but one of the major 
clades of  P. platyrhinos  identifi ed from ND4 and tRNA 
sequences. A sample of  P. mcallii  was included as an out-
group (see Supplementary material Appendix 2, for Methods 
and Results on the phylogenetic analyses). 

 We constructed a median-joining network (a maximum 
parsimony approach) using the concatenated ND4 and 
tRNA sequences in the program Network (ver. 4.5.1.0; 
Bandelt et   al. 1999) to visualize phylogeographic struc-
ture within  P. platyrhinos . To construct the fi nal network, 
we weighted transversions twice as high as transitions and 
employed the MP option (Polzin and Daneshmand 2003) 
to remove excessive links from the network. 

 We analyzed past demographic changes for  P. platyrhinos  
from the concatenated ND4 and tRNA data using the 
Bayesian skyline plot (BSP) coalescent model (Drummond 
et   al. 2005) implemented in the program BEAST (ver. 1.7; 
Drummond and Rambaut 2007). We employed the Bayes 
factor test (Newton and Raftery 1994, Suchard et   al. 2001) 
implemented in Tracer (ver. 1.5; Rambaut and Drummond 
2007) to assess partitioning and chose to partition by genes 

and codon positions. Following assessment in MrModeltest, 
we selected substitution models GTR  �  I  �   Γ  for the 1st   �   
2nd codon positions of ND4, GTR  �   Γ  for the 3rd codon 
position of ND4, and HKY  �  I for the tRNA. We used 
a strict molecular clock after assessing for clock-like behavior 
(Drummond et   al. 2007), a general mtDNA substitution rate 
of 1%/lineage/million yr (Macey et   al. 1999), 5 skyline groups, 
and a 2-yr generation time (Pianka and Parker 1975). We 
conducted several independent Markov Chain Monte Carlo 
(MCMC) runs of 80 million generations, each with sampling 
every 8000 generations and a burn-in of 10%. For fi nal analy-
sis, four MCMC runs (all with similar results) were combined 
using Logcombiner (distributed with Beast). We checked 
convergence (eff ective sample sizes    �    200) and visualized the 
median and 95% highest posterior density intervals using Tracer. 

 We assessed landscape patterns of genetic diff erentia-
tion among populations of  P. platyrhinos  in order to identify 
areas of recent population expansion and distinguish these 
from areas where the species persisted throughout the LGM. 
Genetic diff erentiation among populations was represented 
by average pairwise genetic distances between sequences 
from neighboring sampling sites calculated in Alleles In 
Space ver. 1.0 (Miller 2005). Residual values of pairwise 
genetic distances (derived from the linear regression of genetic 
versus geographical distance) were assigned to mid-points 
between sampling sites using the Delaunay triangulation-based 
connectivity network, imported into ARCGIS ver. 9.2 (ESRI), 
and interpolated across uniformly-spaced 2.5 minute grids. 
We used the inverse distance weighted interpolation proce-
dure (Watson and Philip 1985) in the spatial analyst extension 
and masked the interpolations to ecological niche models for 
current climatic conditions (see Supplementary material 
Appendix 3, for the ecological niche modeling methodology).   

 Climatic niche assessments 

 We evaluated the extent of the climatic niche shift in  
P. platyrhinos  between LGM and present time using multi-
variate methods (Kozak and Wiens 2006, McCormack et   al. 
2010). We fi rst assigned each sampling locality to either 
a persistent or to an expanded group based on genetic 
patterns. We identifi ed localities where our samples exhib-
ited a genetic signal of a range expansion, that is, star-shaped 
haplotype structure across localities and low genetic distances 
among localities (see Results). Th e localities that exhibited 
high genetic diff erentiation from adjacent localities were 
assigned to the persistent group. From the localities identi-
fi ed as persistent, we removed 3 localities above 5000 feet 
(Fig. 1), because we believe that  P. platyrhinos  did not occur 
at such elevations during the LGM.  Phrynosoma platyrhinos  
currently appears to occur in low densities in upper eleva-
tions, and the elevation of 5000 feet is approximately the 
upper limit for many Mojave and Sonoran warm desert taxa, 
such as creosote bush  Larrea tridentata  (Hunter et   al. 2001). 
We acknowledge that the 5000 feet cutoff  is quite conserva-
tive and that the upper elevational limit of  P. platyrhinos  in 
the southern deserts was likely lower during the LGM but 
we have no data to support a lower threshold selection. 

 Th e localities we identifi ed as persistent were used to 
reconstruct the LGM niche, while all records were used to 
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2.5 minutes (under the assumption of high spatial autocor-
relation) and converted to bioclimatic variables (Hijmans 
et   al. 2005, Peterson and Nyari 2008). 

 We conducted a principal component analysis (PCA) 
in Systat (ver. 12; Hilbe 2008) to reduce the bioclimatic 
variables to principal components (PCs) (Supplementary 
material Appendix 3, Table A3). Factor scores of PCs with 
eigenvalues    �    1 were saved. After confi rming that PC scores 
were normally distributed, we ran unbalanced Anova based 
on type III sums of squares with PCA axis scores as depen-
dent variables and the groups as fi xed factors to test for 
the separation of population groups into diff erent climatic 
niches. We used post hoc Tukey tests to compare the least 
square means of each PC. 

 We also assessed the niche shift between LGM and cur-
rent time while taking into consideration background 
environmental divergence (McCormack et   al. 2010), 
that is, the diff erence in the climatic niche available to 
species between LGM and current time. The niche 
of a species is considered conserved if the mean back-
ground divergence between LGM and current climate is 
larger than the divergence between the LGM and cur-
rent niches (McCormack et   al. 2010). In order to assess 

assess the current niche. From the occurrence records rep-
resenting the current niche, we extracted values from 19 
bioclimatic variables (Supplementary material Appendix 
3, Table A2; Kozak and Wiens 2006, Waltari et   al. 2007) 
derived from the WorldClim dataset (ver. 1.4) with resolu-
tion of 2.5 minutes (Hijmans et   al. 2005). From the locali-
ties representing the LGM occurrence records (that is, from 
the persistent localities), we extracted the same bioclimatic 
variables derived from the coupled ocean-atmosphere 
simulations of the LGM climate (Harrison 2000) avail-
able through the Paleoclimatic Modeling Intercomparison 
Project (PMIP; Braconnot et   al. 2007). PMIP has estab-
lished a protocol followed by participating modeling 
groups for LGM simulations regarding concentration of 
greenhouse gases, ice sheet coverage, insolation, or change 
in topography caused by lowering sea levels. We used two 
models of the LGM climate: community climate system 
model (CCSM ver. 3; Otto-Bliesner et   al. 2006) with a res-
olution of 1 ° , and the model for interdisciplinary research 
on climate (MIROC ver. 3.2; Sugiyama et   al. 2010) with 
an original spatial resolution of 1.4 °  �    0.5 °  (Braconnot 
et   al. 2007). Th e original climatic variables used in these 
models have been downscaled to the spatial resolution of 

  Figure 2.     (a) Median-joining network of mtDNA sequences of the  Phrynosoma platyrhinos  species complex nested into 16 clades. Clade 1 
represents the Yuma Proving Ground haplotypes, clade 2 represents  P. goodei , and clades 3 – 16 represent  P. platyrhinos . Circle size and shad-
ing refl ect the number of individuals exhibiting a given haplotype ranging from 1 to 4, with several abundant haplotypes indicated by large 
circles labeled internally. Th e length of connection lines between haplotypes is proportional to the number of mutational changes, with the 
shortest line representing a single mutational change. (b) Distribution of clades identifi ed from the phylogenetic analysis. Pie graph sizes 
refl ect the sample size at each location progressing from smallest (n    �    1) to largest (n    �    6). Th e clade numbers and color correspond to those 
on the median-joining network. Th e polygons represent extent of the expanding haplotypes in the western (Hw1, Hw2 and their satellites 
indicated in green) and eastern Great Basin (He1, He2 and their satellites indicated in pink).  
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  Figure 3.     Bayesian skyline plot derived from mtDNA sequences of 
the  Phrynosoma platyrhinos  species complex .  Th e x-axis shows time 
and the y-axis shows eff ective population size of females. Th e black 
line is the median and the grey area represents the 95% upper and 
lower highest posterior density limits. Th e plot is presented trun-
cated on the right as the missing region showed no evidence of 
change in eff ective population size.  

  Figure 4.     Pairwise genetic distances among populations derived 
from mtDNA sequences and interpolated across landscape for 
the  Phrynosoma platyrhinos  species complex. Th e interpolation 
is restricted to the current distribution of the species complex 
approximated by a climatic niche model (Supplementary material 
Appendix 3). Th e shading gradation progresses from green (lowest 
diff erentiation among populations) to white (highest diff erentia-
tion among populations).  

the background divergence, we drew current and LGM 
bioclimatic values from 1000 random background points 
within the Basin and Range physiographic region (Olson 
et   al. 2001). The variables from these random points, 
together with the occurrence records, were reduced with 
PCA as described above. On each PCA axis, we compared 
the observed difference in mean niche values to the diff er-
ence in mean background values and assessed signifi cance 
with 1000 jackknife replicates of the mean background val-
ues (McCormack et   al. 2010). 

 Th e DNA sequence alignment and bioclimatic values 
for the current and LGM climate available from the Dryad 
Digital Repository:  <  http://dx.doi.org/10.5061/dryad.
q5b1h  >  (Jezkova et   al. 2015b).    

 Results  

 Assessing the range shift between LGM and present 
time using genetic analyses 

 We identifi ed 121 unique haplotypes from 216 sequences 
in the  P. platyrhinos  species complex. Most haplotypes 
were represented by 1 – 4 samples with the exceptions of 
4 abundant and widespread haplotypes (Hw1, Hw2, He1, 
and He2) which appear to have given rise to numerous satel-
lite haplotypes (i.e. newly evolved haplotypes surrounding a 
central abundant haplotype from which they are separated 
by one or a few mutational steps; Fig. 2a). From the phyloge-
netic analysis (Supplementary material Appendix 2, Fig. A1), 
we identifi ed 16 clades (Fig. 2). Most of the clades in the 
Mojave and northwestern Sonoran deserts exhibit numerous 
diverse and geographically restricted haplotypes and several 
clades overlap geographically (Fig. 2b). Conversely, only clade 
3 was found in the western Great Basin with haplotype Hw2 
and its satellite haplotypes comprising all individuals from 
the southwestern Great Basin, and haplotype Hw1 and its 
satellite haplotypes comprising all individuals in the north-
western Great Basin (Fig. 2). Similarly, only clade 11 extends 
from the eastern Mojave Desert into the eastern Great Basin with widespread haplotypes He1 and He2, and their satel-

lite haplotypes, comprising individuals in the northeastern 
and southeastern Great Basin, respectively (Fig. 2). Th is hap-
lotype structure is most likely indicative of a recent range 
expansion, where a subset of haplotypes expands across large 
areas from the source group followed by emergence of new 
mutations (see Discussion). Accordingly, these areas domi-
nated by one of the abundant and widespread haplotypes 
were likely colonized by  P. platyrhinos  only recently. 

 Th e BSP plot (Fig. 3) indicates a rapid and recent 
increase in genetic diversity, which is consistent with recent 
geographic or demographic expansion. Under the general 
mutation rate, this increase in eff ective population size 
appears to have begun accumulating sometime during the 
latest glacial period, and we cannot rule out a post-LGM 
expansion. 

 Mean pairwise distances among sampling localities of 
 P. platyrhinos  interpolated across the species distribution 
(Fig. 4) show low values within the western and eastern 
Great Basin, which is consistent with a recent range expan-
sion into these regions. Th e band of high genetic distances 
intersecting these two regions is concordant with the pat-
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current niche expanded after the LGM along PC1 to include 
warmer and drier climate, and shifted along PC2 towards 
larger (broader) annual and diurnal temperature ranges and 
lower winter precipitation (Fig. 5a, PC2). Th e diff erence 
between the current and LGM niche was more extreme for 
the MIROC model than for the CCSM model. 

 When we compared the diff erence in climatic niche of 
 P. platyrhinos  between LGM and current time to the back-
ground climate divergence between the two time periods, 
we found support for niche conservatism in  P. platyrhinos  
along the fi rst and third PC axis for the CCSM model and 
along second axis for the MIROC model (Fig. 5b, Table 1). 
Conversely, we found support for niche divergence along the 
third PC axis of the MIROC model (Table 1). Th e remain-
ing PC axes did not show signifi cant support for either niche 
conservatism or divergence.    

 Discussion  

 Range shift between LGM and present time 
in P. platyrhinos 

 Our genetic assessments revealed that  P. platyrhinos  was 
likely quite widespread throughout much of the Mojave and 
northern Sonoran deserts during the latest glacial period, but 
was apparently absent from the Great Basin until relatively 
recently. Th e expansion of  P. platyrhinos  into the Great Basin 
likely followed the warming climate and desiccation of large 
pluvial lakes at the end of the LGM. Such post-glacial north-
ward expansion has been documented or proposed in other 
warm-desert plant and animal taxa, and might have been a 
reoccurring event typical for interglacial periods of the late 
Pleistocene (Pavlik 1989, Britten and Rust 1996, Hockett 
2000, Mulcahy 2008, Graham et   al. 2013). Th e genetic 
evidence further suggests that  P. platyrhinos  expanded along 
two low elevation colonization routes into the Great Basin, 
one along an eastern corridor into the Bonneville Basin and 
the other along a western corridor into the Lahontan Basin. 
Below, we explain in detail how the genetic data support 
our major fi ndings and address caveats associated with our 
approach. 

 Th e population history of  P. platyrhinos  left distinct 
evidence in the genome that allowed us to distinguish 
between populations that persisted in place throughout 
the latest glacial period (or longer) and those that recently 
expanded into new areas. Within the Mojave and Sonoran 
deserts,  P. platyrhinos  exhibits high genetic diversity and high 
genetic diff erentiation among populations (Fig. 2, 4) as evi-
denced by multiple divergent genetic clades (clades 1 – 16 
in Fig. 2) inhabiting these two deserts. Each of these clades 
exhibits a large number of individual haplotypes (Fig. 2a) 
and high levels of genetic diff erentiation among populations 
(Fig. 4). Th ese patterns are consistent with population stabil-
ity through time, with enough time to allow accumulation of 
mutations and genetic divergence among adjacent popula-
tions (Douglas et   al. 2006, Murphy et   al. 2006, Castoe et   al. 
2007, Jezkova et   al. 2009, 2011). 

 Conversely, populations of  P. platyrhinos  within the 
Great Basin exhibit little genetic structure and low genetic 
diff erentiation among populations (Fig. 2, 4). Only clades 

terns identifi ed from the haplotype network showing expan-
sion into each region by a diff erent haplotype group. Within 
the Mojave and Sonoran deserts, patterns of higher genetic 
distances among localities suggest that  P. platyrhinos  has 
persisted within these regions for some time.   

 Evaluating the niche similarity between LGM and 
present time using niche assessments 

 We assigned sampling locations within the geographic extent 
of haplotypes Hw1, Hw2 and their satellite haplotypes from 
clade 3, and haplotypes He1, He2 and their satellite haplo-
types from clade 11 (Fig. 1, 2) to the expanded group. Th e 
areas containing these haplotypes correspond well with areas 
exhibiting low genetic distances among localities (Fig. 4). 
Localities 1, 81, and 104 (Fig. 1) were excluded from the 
analyses as they do not exhibit a signal of either stability or 
expansion. In particular, localities 81 and 104 belong to the 
clade 3 but do not exhibit either of the two abundant haplo-
types that were used to defi ne the expanded group. Locality 
1 was represented by only a single, geographically isolated 
sample (clade 10), from which we could not infer the demo-
graphic history of that population with any certainty. Th e 
other localities from the southern deserts that exhibit high 
genetic diversity and diff erentiation (Fig. 2, 4) were assigned 
to the persistent group (Fig. 1). 

 PCA reduced the 19 bioclimatic variables to 4 PCs with 
eigenvalues    �    1 that explained 45.1, 26.9, 11.6, and 6.3 
percent of the total variance, respectively. Th e ANOVA and 
pairwise Tukey tests showed signifi cant diff erences in least 
square means for all four PCs between the current and 
CCSM model, and for the fi rst three PCs when we used the 
MIROC model (Table 1). Th e scatterplot showed that the 

  Table 1. Differentiation between the current and LGM climatic 
niche of  Phrynosoma platyrhinos  species complex reduced to four 
principal components (fi rst column). The LGM climate is repre-
sented by two models, (a) CCSM and (b) MIROC. The second col-
umn shows the results of Tukey tests with signifi cant differentiation 
between current and LGM niches indicated in bold. The third and 
fourth columns represent the low and high null values of the back-
ground environmental divergence, whereas the observed values of 
niche divergence for the species are in the fi fth column. The last 
column summarizes whether the niche along each PC axis diverged 
(the observed value is larger than the high null value), remained 
conserved (the observed value is smaller than the low null value), 
or whether we failed to reject the null (NS; the observed value 
is between the low and high null values). The background 
divergence test was conducted for all PCs that showed a signifi cant 
differentiation based on the Tukey test.  

Tukey 
test

Null 
low

Null 
high Observed

Niche 
conserved?

(a) CCSM
PC1  0.043 2.38 3.77 0.67 Conserved
PC2  0.000 0 0.46 0.28 NS
PC3  0.035 1.68 2.29 0.25 Conserved
PC4  0.039 0 0.55 0.13 NS

(b) MIROC
PC1  0.010 1.51 2.68 1.83 NS
PC2  0.000 1.63 2.75 1.01 Conserved
PC3  0.000 0 0.42 0.58 Diverged
PC4 0.081 N/A N/A N/A N/A
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  Figure 5.     (a) Pairwise comparisons of the fi rst three principal components representing the climatic niche of the  Phrynosoma platyrhinos  
species complex. Th e red circles and red confi dence ellipse represent the current niche, while the blue and green crosses and ellipses repre-
sent the LGM niche using CCSM and MIROC simulations, respectively. Th e black dashed circles in the fi rst plot indicate confi dence 
ellipses around localities belonging to the southern deserts, western Great Basin, and eastern Great Basin, respectively. Th e larger endpoints 
of the main loading variables of each principal component are listed along the axis of each principal component. (b) Current and LGM 
climatic niches of the  P. platyrhinos  complex with respect to the background points drawn from the respective climates. Th e niches are 
represented by ellipses while the background points are represented by symbols.  

3 and 11 are present in the western and eastern Great Basin, 
respectively. Within these clades, the majority of individuals 
belong to one of four abundant and widespread haplotypes 
(Fig. 2) or their low frequency satellites (Fig. 2a). Th e close 
genetic relatedness among haplotypes within western and 
eastern Great Basin, respectively, results in low genetic dif-
ferentiation within each region, but high genetic diff eren-
tiation between the two regions (Fig. 4). Th ese patterns are 
consistent with recent range expansion of  P. platyrhinos  along 

two low elevation colonization routes, western and eastern, 
into the Great Basin. 

 From a population perspective, range expansion can be 
viewed as a series of founder events in which a subset of 
individuals from the colonization front disperses into new 
habitats. Th is leads to a process called thinning of genotypes 
(or, in case of mtDNA, thinning of haplotypes) in the direc-
tion of the expansion (Hewitt 1996, 2000, Hampe and Petit 
2005, Excoffi  er et   al. 2009). Th e northward expansion of 
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  Figure 6.     Values for (a) the mean temperature of the warmest quarter (Bio10) and (b) the precipitation of the wettest quarter (Bio16) for 
the current climate and two models of the LGM climate (CCSM and MIROC, respectively). Th e black dashed line outlines the current 
suitable climatic niche of  P. platyrhinos . Th e insets on the right represent a response curve for each variable reconstructed from the current 
occurrence records of  P. platyrhinos  using the methodology of ecological niche modeling (Supplementary material Appendix 3).  

 P. platyrhinos  clearly exhibits this pattern with only haplo-
types from clades 3 and 11 evident in samples from north 
of 38 °  latitude and only single ancestral haplotypes, Hw1 
and He1, found north of 39 °  latitude along each of the 
two expansion routes (Fig. 2). Following establishment, 
populations grow exponentially and new private mutations 
(mutations restricted to a single population) typically appear 
in the newly invaded areas. Such newly evolved satellite 
haplotypes are indeed evident around each of the four 
ancestral haplotypes associated with the range expansions of 
 P. platyrhinos  (Fig. 2a). 

 Our coalescent assessment (Fig. 3) allowed us to assess 
whether the timing of the overall expansion was roughly 
consistent with a post-LGM process. Th e exact mutation 
rate for the  P. platyrhinos  ND4 gene region is unknown; 
however, assuming a general mutation rate estimate for 
mtDNA sequences in other reptile taxa (Macey et   al. 1999), 
the expansion dates to the latest glacial period. Th e use of a 
slightly faster mutation rate of roughly 2%/lineage/million 
yr would be consistent with post-LGM expansion. 

 Mitochondrial DNA has been shown to be particularly 
sensitive for detection of historical range expansion due to 
small eff ective population size, maternal inheritance, and 

fast mutation rate (Hewitt 1996, Jezkova et   al. 2015a). 
Still, our approach has two main limitations. First, we were 
not able to address fi ne-scale elevational shifts within the 
southern deserts. Th ese would require more detailed sam-
pling to allow for population-level genetic assessments. We 
believe that this limitation did not aff ect the main conclu-
sions of this study, but prevented us from a more detailed 
comparison between the LGM niche in the southern deserts 
and current niche in the Great Basin. Second, our genetic 
assessments did not allow evaluation of potential population 
extinctions in response to the climate change which could 
lead to an underestimation of the LGM niche. In particu-
lar, the sea level was lower during the LGM than it is today 
(Braconnot et   al. 2007) which exposed large areas in the Gulf 
of California that are currently under water (Fig. 6). Th ese 
areas were likely occupied by  P. platyrhinos  with subsequent 
extinction of populations when sea level rose in response to 
warming climate after the LGM. However, the CCSM and 
MIROC models suggest that during the LGM, even these 
areas did not reach the climatic extremes that the species 
experiences today (Fig. 6), and therefore we believe that our 
major conclusions remained unaff ected by these population 
extinctions.   
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between the two time periods, we found little support for 
niche divergence between LGM and current time despite the 
post-LGM niche shift along multiple climatic axes (Table 1; 
Fig. 5b). Th ese results seem contradictive, but the two analy-
ses aimed to assess diff erent aspects of niche shifts. While the 
PCA analysis quantifi es climatic diff erences, the background 
environmental divergence assesses whether the species occu-
pies qualitatively the same niche between two time peri-
ods. Indeed,  P. platyrhinos  always inhabits the warmest and 
driest climate from the climate choices available to it. We can 
therefore conclude that the observed niche shift was caused 
largely by the existence of non-analog climates between 
the two time periods. Th ese results are not surprising given 
that our assessment involved a short time period relative 
to the existence of the species and that niche conservatism 
relative to background environmental divergence seems to be 
common when comparing closely related species (Kozak and 
Wiens 2010, McCormack et   al. 2010, Wiens et   al. 2013). 
Our approach allowed us to assess niche changes across indi-
vidual climatic axes, but there are approaches to quantify-
ing overall niche shifts (Warren et   al. 2008, Broennimann 
et   al. 2012, Blonder et   al. 2014). Such approaches may 
be more robust at assessing the degree of overlap between 
niches, allowing exact tests of niche similarity and equiva-
lency. Given our rather rudimentary estimate of LGM range, 
however, we leave such assessments for future research. 

 Our niche shift assessments are critically dependent on 
accurate climatic reconstructions of the LGM. Th e two LGM 
simulation models (CCSM and MIROC) both indicate 
colder and wetter climate during the LGM (Fig. 5, 6). Th e 
CCSM model, however, predicts lower values across tem-
perature variables whereas MIROC model predicts higher 
values across precipitation variables. Th ese diff erences result 
in diff erent levels of niche overlap and therefore niche shifts 
between each model and current time (Fig. 5, 6). Despite 
these discrepancies, our general results are consistent regard-
less of the model used, which indicates robustness in our 
interpretations of fi ndings. 

 Additional uncertainty related to proposed niche shifts 
stems from diff erent methodologies used to generate the 
current and LGM climate maps. Th e current climate maps 
(derived from the WorldClim datasets) were generated 
by interpolations of average monthly climate data from 
world-wide weather stations (Hijmans et   al. 2005). Th e 
LGM climate maps were generated through climate simu-
lations of the Earth ’ s atmosphere known as global circula-
tion models (GCMs). GCMs are known to have regional 
biases (errors) that vary across individual models and that 
are generally larger for precipitation variables than for 
temperature variables (Hostetler et   al. 2011). We believe 
that our use of two contrasting LGM models alleviated the 
impact of some of these biases on our interpretations.   

 Mechanism of niche shifts in P. platyrhinos 

 An important question to ask is whether the climatic niche 
shifts experienced by populations of  P. platyrhinos  after the 
LGM are biologically meaningful. Th e answer may lie in the 
latitudinal shifts in natural history traits observed in current 
populations. Th e populations of  P. platyrhinos  in the colder 

 Niche shift between LGM and current time 
in P. platyrhinos 

 Th e climatic niche comparisons revealed that the niche of 
 P. platyrhinos  has shifted between LGM and current time 
(Fig. 5a). One dimension of this shift is an expansion of 
the species niche into overall warmer and drier cli-
mates after the LGM (Fig. 5a, lowest values along PC1). 
Th is niche expansion resulted from the persistence of  
P. platyrhinos  populations in the low elevational areas of the 
Mojave and Sonoran deserts despite the warming and dry-
ing of climate. Th ese areas now represent the hottest and 
driest parts of North America which had no analog during 
the LGM (Spaulding 1990, Braconnot et   al. 2007). 

 In order to better understand this niche shift, we 
contrasted the diff erence between the current climate and 
the two models of the LGM climate for two bioclimatic 
variables (Hijmans et   al. 2005): Bio 10 (mean temperature 
of warmest quarter) and Bio 16 (precipitation of wettest 
quarter) within the current range of  P. platyrhinos  and adja-
cent areas (Fig. 6a, b). Bio 10 and Bio16 were chosen because 
they were the most important temperature and precipitation 
variable, respectively, for the current ecological niche model 
(Supplementary material Appendix 3, Table A2). 

 Th e map in Fig. 6a demonstrates that throughout large 
portions of the Mojave and Sonoran deserts,  P. platyrhinos  
currently experiences mean temperatures during the warmest 
quarter of over 30 ° C. Accordingly, the response curve based 
on the current niche (see Supplementary material Appendix 
3, for the ecological niche modeling methodology) indicates 
that occurrence probability increases with increasing values 
of mean temperature of the warmest quarter (Fig. 6a, inset). 
Th e high temperatures currently experienced, however, rep-
resent a novel niche that was nonexistent during the LGM 
when temperatures were below 27.5 ° C or 30 ° C (for the 
CCSM and MIROC models, respectively). Th e conditions 
below 30 ° C are considered suboptimal based on the current 
response curve of the species (Fig. 6a, inset), but represented 
the prime habitat for the species during the LGM and are 
similar to conditions that the species currently experiences 
in the Great Basin (Fig. 6a). Similarly, Fig. 6b demonstrates 
that the southern deserts may have also shifted towards 
lower precipitation values after the LGM which would 
have exposed  P. platyrhinos  to values not experienced during 
the LGM. Precipitation of the wettest quarter is currently 
below 50 mm throughout most of the southern deserts 
while areas with such low precipitation were limited (CCSM 
model) or even non-existent (MIROC model) during the 
LGM (Fig. 6b). 

 Another dimension of the change in the niche of  
P. platyrhinos  appears to be its post-LGM shift towards 
climate with higher fl uctuations in temperature and precipita-
tion (Fig. 5a, shift along PC2). Th is shift seems to be most 
prominent for the Great Basin populations and suggests that 
the expanding populations did not track a niche identical to 
what they had in the south during the LGM. Populations 
in the eastern Great Basin, especially, seem to experience the 
most extreme conditions with the lowest temperatures, largest 
annual temperature range, and highest precipitation (Fig. 5). 

 When we compared the LGM and current niche with 
respect to the background environmental divergence 
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been exposed to cycles of climatic oscillations throughout 
the Pleistocene which may have allowed them to evolve 
plasticity for niche shifts (Jezkova et   al. 2011). 

 In any case, the pattern and scale of range and niche shift 
by  P. platyrhinos  are interesting when compared to other 
organisms within the region. Some species from the Great 
Basin are known to have shifted their ranges towards higher 
elevations and latitudes after the LGM (Smith et   al. 2009), 
indicating that they were not capable of adjusting to the 
warming and drying climate after the LGM. Additionally, 
several lizards currently sympatric with  P. platyrhinos  within 
the Mojave Desert have not expanded into the Great Basin 
after the LGM (e.g.  Dipsosaurus dorsalis ,  Sauromalus obesus ,  
Heloderma suspectum;  Stebbins 2003), possibly indicat-
ing that not all species were capable of the range shift 
documented in  P. platyrhinos . 
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