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ABSTRACT

Aim To evaluate three phylogeographical models associated with the presence

of mountains (montane vicariance, sky island and parapatry) as drivers of

intraspecific diversification in the sandhill skipper, Polites sabuleti (Lepidoptera:

Hesperiidae), a morphologically variable species found in a variety of habitats

from sea level to the alpine zone.

Location Western North America.

Methods The mitochondrial cytochrome c oxidase subunit II region was

sequenced in 189 P. sabuleti individuals. Mitochondrial sequences were used in

a spatial analysis of molecular variance (SAMOVA) to evaluate geographical

population structure. AFLP markers were also generated for 347 individuals in

order to estimate admixture proportions and examine population differentia-

tion based on the nuclear genome.

Results Twenty-five mitochondrial haplotypes and 42 anonymous AFLP loci

were found across 36 collection localities. Mitochondrial variation suggests a

degree of regional population structure, although at least one of the inferred

population groups extends over nearly the entire geographical range of the spe-

cies. Analyses of nuclear data (AFLPs) identified five genetic clusters, including

one restricted to high elevations in the Sierra Nevada.

Main conclusions The distribution of genetic variation within Polites sabuleti,

a species with a broad elevational range, does not strictly support either moun-

tain-associated vicariance or ‘sky island’ isolation as the dominant process.

Instead, we find complex population structure, including evidence for diver-

gence between high- and low-elevation populations in the Sierra Nevada

mountains.
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INTRODUCTION

At least two major geological events have driven the diversifi-

cation of many animal and plant species in western North

America: mountain uplift and Pleistocene glaciation (Hewitt,

2000, 2004; Avise, 2004; Shafer et al., 2010; Wilson & Pitts,

2010a). A growing consensus suggests that intra- and inter-

specific divergence was promoted throughout the arid por-

tions of this region by Neogene and Pleistocene vicariance

events (Riddle et al., 2000; Jaeger et al., 2005; Wilson & Pitts,

2010b). These geological events would have been particularly

effective in dividing the ranges of species adapted to lower

elevations. In contrast, isolation on mountain-top ‘sky island’

refugia during the Pleistocene appears to have shaped phylo-

geographical patterns in many alpine species (e.g. Knowles,

2000, 2001; DeChaine & Martin, 2005; Floyd et al., 2005).

Thus, an a priori hypothesis for low-elevation taxa is that

divergence occurs on opposite sides of large geological barri-
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ers, whereas one expectation for high-elevation taxa is that

population divergence is associated with isolation on moun-

tain tops. These hypotheses have been addressed with a

number of species, but few studies have examined the phy-

logeography of taxa found across a range of elevations from

the lowest valleys to the tops of the highest mountains.

Mountains are of particular interest with respect to popu-

lation divergence, because organisms that occupy high eleva-

tions often exhibit adaptations to the harsh conditions and

shorter spring and summer seasons associated with alpine

environments (e.g. Fordyce & Nice, 2003; McCracken et al.,

2009; reviewed by Keller et al., 2013). Selective pressures in

the alpine zone can be strong enough to significantly reduce

the up-slope migration of low-elevation individuals, restrict-

ing gene flow and leading to the genetic isolation of higher-

elevation populations (e.g. Wilson et al., 2013b). Organisms

with broad elevational distributions can also form clines

along elevational bands and diverge in parapatry (Endler,

1977). This pattern has been documented in a study of

North American red foxes, which identified differentiation in

a montane lineage isolated from low-elevation populations

(Aubry et al., 2009). In addition to clinal divergence, studies

of organisms with wide elevational distributions have also

revealed patterns of diversification attributed to orogeny-

associated vicariance (e.g. Latch et al., 2009). These studies

illustrate the potentially complex and varying evolutionary

and demographic histories that might be found in organisms

with broad elevational ranges.

The sandhill skipper, Polites sabuleti (Boisduval, 1852), is a

butterfly found throughout western North America. It dis-

plays a diversity of wing coloration and patterning across its

range (Fig. 1). The distribution of geographical and ecologi-

cal discontinuities in morphological variation has led taxono-

mists to separate P. sabuleti into at least 13 subspecies

(Warren et al., 2012) – including nine that occur in the state

of Nevada (Austin, 1987) – making P. sabuleti one of the

most morphologically diverse butterfly species in North

America. Although subspecies designations may not corre-

spond directly to distinct evolutionary lineages, they can be

useful indicators of diversification (Phillimore et al., 2007).

Some subspecies of P. sabuleti also exhibit seasonal polyphe-

nism in wing colour (e.g. P. s. sabuleti; Shapiro, 1975), add-

ing to the breadth of wing pattern variation found within

the species.

Polites sabuleti spans a wide elevational range, from sea

level (Suisun Marsh in the San Francisco Bay area) to at least

3400 m (the White Mountains) in California. Most subspe-

cies occur at low elevations (e.g. P. s. sabuleti), but some

subspecies are alpine specialists (e.g. P. s. tecumseh). The

extensive morphological diversity within P. sabuleti suggests

recent or ongoing diversification and provides fertile ground

for investigating restrictions in gene flow that might be asso-

ciated with climatic gradients and geographical features.

In this study, we investigate patterns of population struc-

ture in P. sabuleti in order to evaluate different modes of

mountain-associated differentiation. We predict that past

geological events have had a strong influence on the diversi-

fication of P. sabuleti, as reflected in neutral genetic diversity

and population structure. Specifically, we predict that low-

elevation populations are genetically differentiated on oppo-

site sides of major mountain ranges (resulting from montane

vicariance), and high-elevation taxa have diverged on isolated

mountain ranges (a ‘sky island’ model of divergence). Mon-

tane vicariance was observed in another species of skipper

Figure 1 Subspecies designations for each sampled population of Polites sabuleti; the geographical range of P. sabuleti in western North
America is shaded in dark grey (range roughly taken from Opler & Wright, 1999). To depict the degree of morphological variation

among subspecies, dorsal (D) and ventral (V) wing surfaces of female and male skippers are displayed for three subspecies: P. s. sabuleti,
P. s. sinemaculata and P. s. tecumseh. All photos are by Kim Davis, Mike Stangeland and Andrew Warren (Warren et al., 2012).
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with a similar distribution and ecology, but with a more lim-

ited elevational range (Forister et al., 2004). Finally, we pre-

dict that the most morphologically and ecologically distinct

populations, particularly those at high elevations, will show

evidence of genetic differentiation with respect to adjacent

populations in different habitats (a parapatric model of

divergence). In this study, we use the terms divergence and

differentiation to refer to an evolutionary process that leads

to the origin of morphologically or genetically distinct popu-

lations or lineages (Mallet, 1995). Finally, we ask whether

genetically distinct clusters of populations corroborate sub-

species designations across the morphologically diverse set of

P. sabuleti populations.

MATERIALS AND METHODS

Population sampling

Thirty-six populations of P. sabuleti were sampled across

western North America, encompassing most of the species’

geographical range (Fig. 2, Table 1, Table S1 in Appendix S1

of the Supporting Information) and elevational distribution.

Attempts were made to collect 20 individuals from each pop-

ulation wherever possible. Eleven subspecies of P. sabuleti

were represented in the sampled populations, including the

nine subspecies Austin (1987) reported in the state of

Nevada. Polites sabuleti ‘verdi’ is an informal designation

reserved for ecologically and morphologically distinct

individuals found at Quincy and Sierra Valley, California

(A.M.S., pers. obs.). Unfortunately, the sole population of P.

s. albamontana (White Mountains, California) failed to yield

usable genetic data, so this subspecies was not included in

our analyses. Specimens of P. s. tecumseh from Lang Cross-

ing, CA, were collected in 1986 before the population was

extirpated following the removal of grazing and subsequent

changes in the vegetation (A.M.S., pers. obs.).

Mitochondrial DNA

DNA was extracted using the Purgene DNA Isolation Kit

(Gentra Systems, Minneapolis, MN, USA). Once dried, the

precipitated DNA was resuspended in 200 lL of H20 and

amplified using the primers EVA and PATRICK (C1-J-3038,

C1-N-3782; Caterino & Sperling, 1999). A 611-bp region of

the mitochondrial cytochrome c oxidase subunit II (COII) was

sequenced from 189 individuals in 23 populations (Table 1).

Electropherograms were visually inspected and sequences were

aligned by hand in Sequencher 4.10.1 (Gene Codes, Ann

Arbor, MI, USA).

To determine relationships among the mitochondrial hapl-

otypes, a parsimony-based haplotype network was con-

structed from the COII sequences using tcs 1.21 (Clement

et al., 2000). Additionally, a Bayesian phylogenetic tree was

constructed in beast 2.1.3 (Bouckaert et al., 2014). For con-

structing the gene tree, a model of evolution was selected by

comparing the Akaike information criterion (AIC) scores for

Figure 2 A histogram displaying the

distribution both of sampling locations and
of subspecies across the elevational range of

Polites sabuleti in western North America.
Two-letter locality codes correspond to

those in Fig. 1 and Table 1.
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models available in beast using jModelTest 2.1.5 (Darriba

et al., 2012). beast was run for one billion Markov chain

Monte Carlo (MCMC) iterations, implementing a GTR+I
model of evolution, a relaxed molecular clock rate (lognor-

mal distribution; substitution rate of 1.15% per lineage per

million years; Brower, 1994), and an initial burn-in of 10%.

Tracer 1.6 was used to confirm chain convergence and

TreeAnnotator 2.0.2 was used to find the maximum-

clade-credibility tree.

Finally, a spatial analysis of molecular variance (SAMOVA)

using the program samova 1.0 (Dupanloup et al., 2002) was

employed to document regional genetic structure between

populations. SAMOVA uses a simulated annealing algorithm

that maximizes the proportion of genetic variance (ΦCT) parti-

tioned among geographically contiguous populations to define

a specified number of population clusters, which can then be

used to infer phylogeographical patterns. SAMOVA was per-

formed for each possible number of population clusters (K)

from 2 to 20, with ΦCT calculated for each value of K.

AFLP markers

Potentially problematic issues arise in molecular studies that

only employ a single mitochondrial marker to infer

Table 1 Sampling data from the 36 populations of Polites sabuleti from western North America included in this study, including

population code, latitude (°), longitude (°) and elevation (m). Sample sizes (n) for each genetic protocol (either AFLP banding or
mitochondrial COII sequencing) are given for each population. Three entities were found at Sierra Valley (P. s. tecumseh, P. s. ‘verdi’ and

an unknown P. s. ssp.). For populations with AFLP sequences, the percentage of polymorphic loci with minor allele frequencies greater
than 0.05 (%P) and expected heterozygosity (HE) were calculated using aflp-surv 1.0 (Vekemans, 2002). All entities at Sierra Valley were

pooled when calculating %P and HE. Unbiased haplotype diversity, h (Nei, 1987), was calculated for populations with COII sequences.

Population Code Latitude, longitude Elev. (m) Subspecies

AFLP COII

n %P HE n h

Barr, CO br 39.943, �104.759 1556 sabuleti 7 76.2 0.255 7 0.476

Bassett, NV bs 39.434, �114.846 1907 nigrescens 8 71.4 0.259 0 n/a

Beckwourth Pass, CA bp 39.793, �120.111 1605 sabuleti 15 88.1 0.278 0 n/a

Benton, WA be 46.222, �119.145 107 alkaliensis 10 88.1 0.281 8 0.429

Carson, NV cr 39.299, �119.914 2610 tecumseh 12 85.7 0.269 14 0.527

Cleveland, NV cl 39.519, �114.514 1733 sabuleti 15 81.0 0.259 0 n/a

Corona, CA co 33.875, �117.566 207 chusca 7 71.4 0.281 9 0.417

Currie, NV cu 40.203, �114.696 1794 nigrescens 14 81.0 0.253 0 n/a

Deadfall, CA df 41.236, �122.961 1841 aestivalis 14 76.2 0.277 0 n/a

Denio, NV de 41.937, �118.696 1293 sinemaculata 16 54.8 0.201 11 0

Deschutes, OR ds 43.703, �121.653 1310 aestivalis 8 73.8 0.281 10 0.2

Donner, CA do 39.315, �120.349 2099 tecumseh 7 73.8 0.317 1 0

Gazelle, CA ga 41.521, �122.519 845 aestivalis 0 n/a n/a 7 0.524

Genoa, NV go 38.997, �119.792 1429 genoa 5 71.4 0.264 0 n/a

Horseshoe, CA ho 36.444, �118.169 3012 tecumseh 12 90.5 0.275 0 n/a

Lander, NV ln 39.501, �117.119 1798 basinensis 8 76.2 0.263 4 0.833

Lang Crossing, CA lc 39.312, �120.660 1470 tecumseh 5 69.0 0.272 4 0

Mendocino Pass, CA me 39.794, �122.935 1527 aestivalis 18 81.0 0.281 11 0.327

Mica, BC mc 49.014, �119.465 302 alkaliensis 5 100 0.282 3 0

Moapa, NV mo 36.581, �114.469 406 chusca 0 n/a n/a 8 0.429

Mount Ashland, OR ma 42.079, �122.719 2194 aestivalis 21 71.0 0.236 0 n/a

Mount Rose, NV mr 39.322, �119.930 2922 tecumseh 15 78.6 0.292 0 n/a

Newark Valley, NV nv 39.597, �115.749 1788 nigrescens 15 66.7 0.241 0 n/a

Owens River, CA or 37.688, �118.771 2078 sabuleti 8 76.2 0.261 0 n/a

Quincy, CA qu 39.935, �120.929 1071 ‘verdi’ 9 78.6 0.295 10 0.583

Ruby Valley, NV rv 40.666, �115.140 1848 sabuleti 13 83.3 0.271 0 n/a

Saddlebag, CA sa 37.965, �119.272 3090 tecumseh 0 n/a n/a 9 0.417

Salt Lake, UT ut 40.761, �111.890 1303 sabuleti 0 n/a n/a 5 0.6

Sierra Valley, CA sv 39.630, �120.361 1502 tecumseh 11 73.8 0.246 9 0.806

‘verdi’ 15 73.8 0.246 11 1.036

unknown ssp. 2 73.8 0.246 4 0.5

Steptoe, NV st 38.851, �114.822 2204 nigrescens 0 n/a n/a 3 0

Suisun Marsh, CA su 38.231, �122.038 2 sabuleti 14 88.1 0.268 9 0.806

Tulare, CA tu 35.850, �118.572 2509 tecumseh 0 n/a n/a 4 0

Wenatchee, WA we 47.424, �120.505 204 alkaliensis 14 88.1 0.292 8 0.536

West Sacramento, CA ws 38.532, �121.569 10 sabuleti 15 78.6 0.259 10 0

White Mountains, CA wm 37.464, �118.193 3422 albamontana 0 n/a n/a 0 n/a

Yakima, WA ya 46.602, �120.505 326 alkaliensis 9 73.8 0.250 10 0.389
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evolutionary histories, particularly in lineages that might be

characterized by periods of isolation and hybridization (Foris-

ter et al., 2008). We obtained AFLP profiles (Vos et al., 1995)

for 347 individuals from 29 populations of P. sabuleti

(Table 1) as a complementary approach. One selective primer

pair combination (MseI-CAGCA and EcoRI-ACA) was used to

generate AFLP markers, and fluorescently labelled amplicons

were separated and visualized on an ABI PRISM 3730 DNA

Analyzer (Applied Biosystems, Foster City, CA, USA) at the

Nevada Genomics Center (Reno, NV). GeneMapper 4.0 was

used to inspect, score and bin the AFLP markers following the

methods of Gompert et al. (2010). To control for variation in

amplification and sizing among the 96-well plates, one set of

the same eight individuals was included as a subset of individu-

als on every plate. Any AFLP markers that appeared to exhibit

inconsistent amplification across replicate runs or across indi-

viduals, or that otherwise could not be reliably scored, were

conservatively excluded from analyses.

AFLP data were used to estimate the proportion of each

individual’s genome being assigned to each of the K popula-

tion clusters using an admixture model in structure 2.3.2

(Pritchard et al., 2000). When selecting parameters for struc-

ture, we followed the recommendations outlined by Gilbert

et al. (2012) to increase the reproducibility of the results. Spe-

cifically, each MCMC algorithm used by the Bayesian model

in structure was run for 1,000,000 iterations with an initial

burn-in of 100,000 iterations, and 20 replicate MCMC trials

were run for each level of K (from 1 to 11). The most probable

number of population clusters was inferred by calculating the

statistic delta-K (ΔK) with structure harvester 0.6.93 (Earl

& vonHoldt, 2012), using the method described by Evanno

et al. (2005). Assignment probabilities for individuals and

populations were averaged across all 20 replicate MCMC trials

for each value of K with clumpp 1.1.2 (Jakobsson & Rosen-

berg, 2007), which was run for 1000 random permutations

using the Greedy algorithm. Average assignment probabilities

were visualized with distruct 1.1 (Rosenberg, 2004). As a

complementary clustering approach to structure, principal

components analysis (PCA) was conducted on the correlation

matrix of AFLP data using the ‘princomp’ function in R 2.14.1

(R Core Team, 2013).

An additional structure analysis was performed using

the methods described above for 79 individuals from high-

elevation Sierra Nevada populations (Carson, Donner,

Horseshoe, Lang Crossing, Mount Rose and Sierra Valley) to

investigate potential ‘sky island’ differentiation within the

Sierra Nevada range. For this analysis, all subspecies found at

Sierra Valley were included to determine whether multiple

genetic clusters were present at this location where two sub-

species co-occur (P. s. tecumseh and P. s. ‘verdi’). Because

there were only six high-elevation populations included in

the second structure analysis, we analysed results from

K = 1 to 7 (which allows values of ΔK to be calculated for

values of K from 2 to 6).

Finally, a multiple regression on distance matrices (MRM;

Lichstein, 2007) was conducted using the ecodist package

(Goslee & Urban, 2007) in R to explicitly test for both isola-

tion by distance and isolation by elevation among popula-

tions with AFLP data. The response variable in the MRM,

pairwise FST between populations, was calculated from AFLP

banding results using aflp-surv 1.0 (Vekemans, 2002). Pair-

wise geographical distance, net elevational difference and

total elevation change between populations were measured in

Google Earth (Google, Mountain View, CA; available at:

http://www.google.com/earth/index.html) and used as predic-

tor variables in the MRM (1000 permutations of the data

were used to assess statistical significance at a = 0.05). Net

difference in elevation was calculated as the absolute value of

the difference in elevation between two sites, whereas total

elevational change was calculated as the sum of all elevation-

al changes (both upwards and downwards) incurred when

travelling in a straight line between two sites.

RESULTS

Twenty-five mitochondrial COII haplotypes were obtained

from 189 individuals across 23 populations (Fig. 3) (GenBank

accessions KJ147149–KJ147173). The haplotype network was

divided into two major groups separated by five nucleotide

substitutions (Fig. 4), with haplotypes P, K and R being the

most common in one group and haplotypes C and B the most

common in the other. Eighteen of the 25 haplotypes were pri-

vate alleles found in only one population each (Fig. 3). The

highest haplotype richness and diversity was found at Sierra

Valley (Table 1), on the eastern side of the Sierra Nevada.

Relationships among haplotypes were consistent between

the haplotype network and the phylogenetic tree. Based on a

mitochondrial molecular clock of 1.15% substitutions per

lineage per million years (Brower, 1994), P. sabuleti diverged

from Polites sonora c. 2.82 Ma (95% credible interval, 1.32–
4.50 Ma) (Fig. 4). The phylogenetic tree recovered strong sup-

port for a basal split from which haplotypes L, U and W

diverged from the other haplotypes 814.5 ka (95% CI, 410.6–
1273.7 ka). An additional clade composed of haplotypes asso-

ciated with individuals mostly from low-elevation populations

(E, G, F, C, D, X, A and B) diverged 656.2 ka (95% CI, 350.2–
1093.3 ka), but received low support. The remaining two

clades mostly consisted of haplotypes from individuals found

in high-elevation Sierra Nevada populations (Q, O, Y, P and

V) and northern California and Oregon (T, S, R, J, H, K and

I), which diverged from each other 424.8 ka (95% CI, 178.0–
709.3 ka). We note that coalescent time estimates for recently

diverged populations with unknown demographic histories

can be unreliable owing to the stochastic nature of mutation

and the coalescent process; our estimates, and the uncertainty

around these estimates, place the divergence of extant popula-

tions well within the Pleistocene.

In the SAMOVA analyses, ΦCT appeared to reach a plateau

in the amount of variation explained at K = 15 population

clusters (ΦCT = 0.780; Fig. S1 in Appendix S2). Large

increases in ΦCT occurred at K = 3, 7 and 11 (see Fig. S2 in

Appendix S2 for the population configurations inferred at
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each of these levels). For simplicity, Fig. 5 shows only the

configuration for K = 7, because higher levels of K become

less informative as additional populations are isolated (i.e. in

clusters with a single population). The most widespread pop-

ulation cluster includes eight low-elevation populations from

California, Colorado, Utah and Washington and encom-

passes the subspecies P. s. alkaliensis, P. s. chusca and P. s.

sabuleti (Fig. 5). A high-elevation cluster in the Sierra

Nevada of California and Nevada was also delineated by the

SAMOVA and encompassed all populations of P. s. tecumseh

and one population of P. s. aestivalis (Mendocino Pass in the

North Coast Range of California, Fig. 5). The remaining two

populations of P. s. aestivalis were grouped in a separate

cluster with the sole population of P. s. sinemaculata. In

addition, two populations from central Nevada were clus-

tered together in the SAMOVA, even though they contained

separate subspecies (P. s. basinensis and P. s. nigrescens). The

Quincy (P. s. ‘verdi’), Moapa (P. s. chusca) and West Sacra-

mento (P. s. sabuleti) populations were each isolated in

single-population clusters. Table 2 contains AMOVA results

associated with the SAMOVA at K = 7. Most of the variation

in molecular variance was explained among the seven regions

(67.75%), whereas 22.63% of the variation was explained

within populations and the remaining 9.63% of the variation

was explained among populations within regions.

For the AFLP profiling, 42 anonymous markers were gen-

erated for 347 individuals from 29 populations. The largest

peak of ΔK in the structure analysis was at K = 5 (Fig. S3

in Appendix S2), suggesting the existence of five genetic clus-

ters in P. sabuleti (Fig. 6). Although many populations

include individuals assigned to different clusters (at both

K = 5 and K = 2, discussed below), we found both geo-

graphical and taxonomic structure among populations. Of

the 29 populations included in the structure analysis, six

populations were clustered together to form a high-elevation

Sierra Nevada cluster (coloured yellow in Fig. 6) that

included all of the populations of P. s. tecumseh. In addition,

five populations from northern California and Oregon were

clustered together (red in Fig. 6), encompassing all popula-

tions of P. s. aestivalis and the sole population of P. s. sine-

maculata. A number of low-elevation populations also were

clustered together (purple in Fig. 6), corresponding to the

widespread low-elevation cluster found in the SAMOVA

results (see grouping in Fig. 5 denoted by a solid line). The

remaining populations were predominantly composed of two

relatively heterogeneous clusters of mostly lower-elevation

subspecies (blue and green in Fig. 6). Individuals with high

assignment probabilities to either the blue or the green

genetic cluster were scattered across many of the other popu-

lations. A smaller ΔK peak was found in the structure

results at K = 2 (Fig. S3). The two genetic clusters implied

by this peak complement the results from the K = 5 analysis,

with one cluster matching the red and yellow clusters, and

the other corresponding to the blue, green and purple clus-

ters (Fig. 6). Results from structure were generally concor-

dant with the PCA analysis (Fig. S4 in Appendix S2), which

Figure 3 The distribution of COII
haplotypes among 23 populations of Polites

sabuleti in western North America. Each
capital letter corresponds to a unique

haplotype sequence and each subsequent
number represents the number of

individuals with that haplotype in the
population. Haplotypes at Sierra Valley (sv)

are grouped by nominal taxonomy because
three entities are found at that population

(P. s. tecumseh, P. s. ‘verdi’, and an
unknown P. s. ssp.). Private alleles

(haplotypes found at only one location) are
bold and italicized.
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separated P. s. tecumseh and P. s. aestivalis individuals from

a large cluster containing individuals from the other subspe-

cies; P. s. ‘verdi’ individuals were intermediate between P. s.

tecumseh and the main cluster.

In the structure analysis of the six high-elevation P. s.

tecumseh populations, ΔK peaked at K = 2 (Fig. S5 in

Appendix S2), and all of the individuals had admixture pro-

portions roughly split between the two genetic clusters (Fig.

S6 in Appendix S2), suggesting an absence of high-elevation

population structure. Finally, for the MRM that tested for

isolation by distance and by elevation, none of the distance

measures (pairwise geographical distance, net elevational dif-

ference and total elevational change) were significant predic-

tors of pairwise FST values calculated from AFLPs (R2 = 0.02;

P = 0.69).

DISCUSSION

Regional population structure

Substantial population structure was found throughout the

range of P. sabuleti across western North America (Figs 4 &

6). The most basal intraspecific split in the phylogenetic tree

(Fig. 4) was dated to more than 800,000 years ago, suggest-

ing that differentiation in P. sabuleti occurred considerably

after the rise of the Sierra Nevada mountains 2–15 Ma (Wil-

son & Pitts, 2010a) and could have been affected by Pleisto-

cene glacial cycles. In the SAMOVA, mitochondrial data

provided evidence for four main genetic clusters: a high-ele-

vation Sierra Nevada cluster, a northern California and Ore-

gon cluster, a widespread low-elevation cluster, and a central

Nevada cluster.

The low-elevation population cluster identified by struc-

ture analysis of AFLP data (blue in the K = 2 plot in Fig. 6)

largely corresponds to the most geographically widespread

cluster and the Nevada cluster identified by SAMOVA for

mitochondrial DNA (Fig. 5). Because many of the low-eleva-

tion populations contained individuals assigned to weakly

delimited low-elevation genetic clusters (blue and green in

the K = 5 plot in Fig. 6), the evolutionary histories of these

populations remain cloudy, perhaps suggesting some history

of geographical separation followed by gene flow. Substantial

gene flow is indicated in particular by populations with indi-

viduals that are wholly or mostly assigned to different clus-

ters. For example, we infer that a location such as Mount

Ashland, Oregon, has received historical or recent gene flow

from other locations (Fig. 6; this is evident at both K = 2

and K = 5). Care must be taken when interpreting results

from structure analyses where K = 2, because genetic

artefacts can lead to the detection of false population

(a)

(b)

Figure 4 (a) A phylogenetic tree displays

the relationships among Polites sabuleti
haplotypes and diversification patterns in

western North America across time. Node
labels correspond to posterior probabilities

and node bars show the 95% credible
interval for the date of divergence. (b) The

genetic relationships among COII haplotype
sequences are shown in a parsimony-based

haplotype network. The distance between
each circle represents one nucleotide

substitution, with small, unlabelled circles
depicting unsampled intermediate

sequences. For scale, the sizes of each
labelled circle are proportional to the

number of individuals with that haplotype;

the smallest labelled circles represent a
sample size of one and the largest circle

(C) represents 48 individuals.
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structure, even when individuals are genetically panmictic

(i.e. when the true answer is K = 1; Pritchard et al., 2010).

Despite this, it is reasonable to infer that the population

structure at K = 2 is biologically meaningful because the

results closely match the patterns and interpretations from

K = 5.

In the analysis of molecular variance (AMOVA) (extracted

from the K = 7 SAMOVA output), most of the molecular

variation in mitochondrial DNA was explained by variation

among regions (Table 2), which is consistent with the exis-

tence of regional differentiation. The high proportion of

regional structure found in P. sabuleti mitochondrial DNA is

similar to results found in Hesperia comma, another western

North American skipper species complex (Forister et al.,

2004). In contrast, far less genetic diversity and regional

structure were found in the Pyrgus communis/albescens skip-

per species complex across a wider geographical range: a

single haplotype in that complex was common from the west

coast of North America to the east (Fordyce et al., 2008).

Sample size should always be considered when interpreting

population genetic results. Given the number of specimens

that can be processed, there are trade-offs between sampling

many populations and sampling intensely within popula-

tions. In this study, we chose to maximize geographical cov-

erage. With more intense within-population sampling, rare

alleles may have been revealed that could have changed our

inferences of population structure. However, rare variants are

typically less informative when analysing population struc-

ture and are better suited for examining more recent evolu-

tionary processes (Gompert et al., 2014). Thus, greater

resolution of population-level differences and similarities

would be unlikely to overturn the inferences that we have

drawn.

Evidence for subspecies delimitations

The subspecies has been defined as a group of morphologi-

cally, geographically and genetically distinct populations that

differ from other such groups within the same species (Mayr,

1942). Subspecies designations do not always correspond to

evolutionary history, however, with some studies finding a

lack of genetic evidence for subspecific hypotheses (e.g. Ball

& Avise, 1992; Zink, 2004; Wilson & Pitts, 2008). Despite

these inconsistencies, subspecies designations can be useful as

hypotheses of divergence in evolutionary biology, and it

should be noted that the role of subspecies in conservation

planning and prioritization of management actions is highly

contentious (Phillimore & Owens, 2006; Braby et al., 2012).

In this study, we find genetic evidence supporting some,

but not all, subspecies of P. sabuleti. For example, popula-

tions of the subspecies P. s. tecumseh may constitute a dis-

tinct genetic cluster, as suggested by nuclear DNA and to a

lesser extent mitochondrial DNA (Figs 4 & 5). In the K = 5

structure plot (Fig. 6), individuals of P. s. tecumseh were

predominately assigned to the yellow genetic cluster,

although some populations did include individuals assigned

to more than one cluster. In the SAMOVA results, the popu-

lations of P. s. tecumseh also cluster together (the Sierra

Nevada cluster in Fig. 5), but that cluster also includes one

P. s. aestivalis population (Mendocino Pass). This result is

interesting in the light of morphological observations that P.

s. aestivalis is phenotypically similar to P. s. tecumseh (Emmel

et al., 1998), and suggests that there might be a correlation

between morphological and molecular differentiation across

some subspecies of P. sabuleti.

2

2

2 3 33

1

1

1

1

1

1

1

1

Figure 5 Detailed results of spatial analysis of molecular

variance (SAMOVA) for seven population clusters of
Polites sabuleti in western North America. Each population

cluster is depicted with a distinct line type. Clusters with only
one population are not circled. For populations that were also

included in the structure analysis (see Fig. 5), pie charts
display the population level assignment values from the K = 2

analysis (yellow corresponds to a high-elevation genetic cluster
and blue corresponds to a low-elevation cluster). Populations

that were not analysed in structure are denoted with a black
dot in a white circle.

Table 2 Analysis of molecular variance (AMOVA) results for mitochondrial COII sequences from 36 populations of Polites sabuleti

from western North America. Regions and populations match those found in Fig. 5.

Source of variation d.f. Sum of squares Variance % variation P Φ-statistics

Among regions 6 321.766 2.136 67.75 < 0.001 ΦCT = 0.678

Among populations within regions 16 49.274 0.304 9.63 < 0.001 ΦSC = 0.298

Within populations 166 118.431 0.713 22.63 < 0.001 ΦST = 0.774
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In contrast, we found no evidence suggesting that P. s.

sinemaculata is a distinct entity despite the unique morphol-

ogy of these individuals (Fig. 1). Polites s. sinemaculata was

recently considered for protection under the Endangered

Species Act and found to be not warranted for listing by the

U.S. Fish and Wildlife Service (2012) owing to a lack of

threats to its persistence (e.g. habitat destruction or overutil-

ization). In the SAMOVA analysis, the sole population of P.

s. sinemaculata, Denio, grouped with two populations of P. s.

aestivalis in a northern California/Oregon cluster (Fig. 5).

Additionally, individuals of P. s. sinemaculata were assigned

to the yellow cluster in the K = 2 structure analysis, (as

were most individuals of P. s. tecumseh and P. s. aestivalis;

Fig. 6), whereas in the K = 5 analysis, P. s. sinemaculata

individuals showed large assignment probabilities to either

the red cluster (to which many P. s. aestivalis individuals

were assigned) or to the green cluster (to which some low-

elevation individuals were assigned).

Subspecific designations for other low-elevation subspecies

were also ambiguous from the perspective of population-

genetic evidence, as populations from multiple subspecies

generally clustered together in SAMOVA and were heteroge-

neous mixtures of genetic clusters in structure. The popu-

lations from central and eastern Nevada (designated as P. s.

basinensis and P. s. nigrescens) might compose at least one

distinct gene pool as suggested by the SAMOVA results

(Fig. 5), but more geographically and genetically intensive

sampling is needed to confirm any taxonomic inferences and

to parse out relationships among the subspecies, in particular

P. s. alkaliensis, P. s. chusca and P. s. sabuleti. In general,

results from P. sabuleti support a perspective that subspecies

can in some cases be useful as indications of genetic diver-

gence and thus can be useful in biogeography, but such

divergence should not be assumed without extensive multilo-

cus investigation.

Phylogeographical patterns

In many low-elevation North American plants and animals,

regional structure is evident on opposite sides of large

mountain ranges, such as the Rocky Mountains, Sierra

Nevada and Transverse Ranges (e.g. Calsbeek et al., 2003;

Forister et al., 2004; Feldman & Spicer, 2006; Chatzimanolis

& Caterino, 2007; Oliver & Shapiro, 2007). Instead of a sim-

ple pattern of genetic divergence on opposite sides of

mountains, we discovered a large proportion of private mito-

chondrial haplotypes throughout the range of P. sabuleti

(Fig. 3), a pattern that was also documented across the range

of the pallid-dotted blue butterfly (Euphilotes pallescens) in

western North America (Wilson et al., 2013a). This result is

consistent with the importance of mountains as barriers, but

more generally suggests that gene flow might be localized in

P. sabuleti, regardless of geological features.

Interestingly, P. sabuleti is considered a strong flier and

can feed on a variety of common grasses (Opler & Wright,

1999; Shapiro & Manolis, 2007), so the possibility of locally

restricted gene flow among populations is somewhat surpris-

ing, although perhaps foreshadowed by the great morpholog-

ical diversity observed throughout the species’ range (Fig. 1).

In addition, it is quite possible that P. sabuleti has a more

specialized diet or habitat preference at the population level

(Fox & Morrow, 1981), which could explain the high levels

of localized gene flow in low-elevation populations. For

instance, the Sierra Valley location at the northern range

limit of P. s. tecumseh had the highest mitochondrial haplo-

type diversity found in the study (10 of the 25 haplotypes

were present at this single location; Table 1; Fig. 3). The

Figure 6 structure plots depicting the results from analyses
including K = 2 and K = 5 population clusters for

Polites sabuleti in western North America. Each bar represents
one individual and each colour represents one of the five

population clusters. The proportion of a colour in each bar is
proportional to the individual’s assignment probability to the

corresponding population cluster. Subspecies symbols are the
same as those used in Figs 1 & 2.
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high haplotype diversity found at Sierra Valley contrasts

strongly with a phylogeographical study of Sierra Nevada

butterflies in the Oeneis chryxus complex that found a latitu-

dinal trend in haplotype diversity (with southern populations

being more diverse than northern populations), which was

perhaps the result of a large Pleistocene refugium found in

the southern Sierra Nevada (Nice & Shapiro, 2001). Sierra

Valley is also noteworthy in having two morphologically dis-

tinguishable entities, P. s. tecumseh and P. s. ‘verdi’, co-

occurring in sympatry at a fine geographical scale. Despite

our expectations based on morphological differences for both

Sierra Valley entities, the mitochondrial haplotypes were not

partitioned by phenotype (Fig. 4) and the results from the

structure analysis on AFLP data yielded qualitatively simi-

lar results (Fig. 6). Although both mitochondrial and nuclear

DNA evidence contradict the genetic distinctness of P. s.

‘verdi’, more powerful molecular techniques may shed addi-

tional light on the apparent coexistence of morphologically

distinct individuals at Sierra Valley.

In contrast to vicariance associated with mountain ranges,

population isolation on mountain tops can induce diver-

gence in alpine organisms, resulting in sky-island patterns of

diversification (e.g. Knowles, 2000, 2001; DeChaine & Mar-

tin, 2005). In P. sabuleti, our results indicate that the high-

elevation Sierra Nevada populations constitute a single

genetic lineage separated to some extent from low-elevation

lineages (Figs 4 & 6). In Fig. 5, for example, the high-eleva-

tion populations identified in the structure analysis (yellow

in the K = 5 plot; Fig. 6) correspond to a mostly Sierra

Nevada cluster identified in the SAMOVA analysis. This is

consistent with the results of Shapiro (1975), who found evi-

dence that the morphological differentiation between low-

elevation P. s. sabuleti and high-elevation P. s. tecumseh was

genetically based and that isolation was maintained by differ-

ences in phenology. Contrary to sky-island models of diver-

gence found in other alpine insect lineages in the Sierra

Nevada (e.g. Schoville & Roderick, 2010; Schoville et al.,

2012), little structure was found among high-elevation popu-

lations of P. s. tecumseh (Fig. S6), suggesting a lack of dis-

persal limitation among alpine locations (or recent

expansion across alpine locations from a single source).

These results are also consistent with a single colonization of

the alpine zone by P. sabuleti. The lack of genetic structure

among P. s. tecumseh populations presents an interesting

dichotomy from the appearance of restricted gene flow

among low-elevation populations and suggests that vicari-

ance among isolated mountain tops has not been a dominant

driver of diversification in this species.

Elevational differentiation in P. sabuleti

Although we did not find support for genetic isolation on

different mountain tops, we did find evidence that some of

the most morphologically and ecologically distinct P. sabuleti

populations at high elevations are isolated from lower-eleva-

tion populations. Specifically, the non-significant effect of

elevation on FST (MRM; see Results) suggests that the rela-

tionship between elevation and genetic divergence is not

continuous across populations of P. sabuleti. Instead, the

effect of elevation appears to be associated only with popula-

tions at the highest elevations, which is qualitatively apparent

(e.g. the clustering of P. s. tecumseh populations in Fig. 6)

even if not detected in MRM results. We cannot yet distin-

guish among biological or biogeographical mechanisms asso-

ciated with the putative isolation of the high-elevation

populations, however (e.g. Lozier et al., 2013). In particular,

it is difficult to address the possibility that adaptation to the

high-elevation environment acts to restrict gene flow. Fur-

thermore, it can be difficult to distinguish isolation by dis-

tance from restricted gene flow associated with ecological

selection against immigrants (Frantz et al., 2009). It is inter-

esting to note that Keller et al. (2013) only found a signifi-

cant relationship between genetic distance and elevation

across taxa when examining adaptively relevant coding loci

and not neutral loci, so the non-significant result of the

MRM in this study may be due to limitations of the genetic

markers used (AFLPs). A future study incorporating addi-

tional genetic markers in a model-based framework (e.g.

Nice et al., 2013) will therefore be needed to confidently

ascertain the role of ongoing gene flow for the differentiation

for P. s. tecumseh.

Isolation between P. s. tecumseh and low-elevation popula-

tions might be reduced in the future, as many Californian

butterflies have experienced upward shifts in their distribu-

tional ranges in response to climate change (Forister et al.,

2010), possibly resulting in an increased likelihood of gene

flow between low- and high-elevation populations. Shifting

regional climate patterns could also affect gene flow between

parapatric or sympatric entities, as has been observed in

hybridizing Colias butterflies (Jahner et al., 2012). In fact,

although many of the highest populations of P. s. tecumseh

were almost entirely composed of the high-elevation gene

pool (e.g. Mount Rose and Donner Pass), lower-elevation

sites already show evidence of gene flow from low-elevation

genetic clusters (e.g. Sierra Valley; Fig. 6).

In sum, the molecular patterns found here in P. sabuleti

suggest a complicated history of differentiation associated

with mountains in western North America. Although we

found little support for vicariant divergence among genetic

clusters on opposite sides of mountain ranges or on the tops

of isolated ranges, we did find support for the differentiation

of high-elevation Sierra Nevada populations from lower-ele-

vation populations. Thus, the phylogeographical patterns in

P. sabuleti both highlight the complexity of biogeographical

histories in the region and support the role of elevational

gradients as drivers of diversification.
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