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Abstract

Studies of hybridization have increased our understanding of the nature of species

boundaries, the process of speciation, and the effects of hybridization on the evolution of

populations and species. In the present study we use genetic and morphological data to

determine the outcome and consequences of secondary contact and hybridization

between the butterfly species Lycaeides idas and L. melissa in the Rocky Mountains.

Admixture proportions estimated from structure and geographical cline analysis indicate

L. idas and L. melissa have hybridized extensively in the Rocky Mountains and that

reproductive isolation was insufficient to prevent introgression for much of the genome.

Geographical patterns of admixture suggest that hybridization between L. idas and

L. melissa has led to the formation of a hybrid zone. The hybrid zone is relatively wide,

given estimates of dispersal for Lycaeides butterflies, and does not show strong evidence

of cline concordance among characters. We believe the structure of the Lycaeides hybrid

zone might be best explained by the patchy distribution of Lycaeides, local extinction

and colonization of habitat patches, environmental variation and weak overall selection

against hybrids. We found no evidence that hybridization in the Rocky Mountains has

resulted in the formation of independent hybrid species, in contrast to the outcome of

hybridization between L. idas and L. melissa in the Sierra Nevada. Finally, our results

suggest that differences in male morphology between L. idas and L. melissa might

contribute to isolation, or perhaps even that selection has favoured the spread of

L. melissa male genitalia alleles.
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Introduction

The study of natural hybridization provides insights

into the nature of species boundaries and the process of

speciation (Barton & Hewitt 1985; Hewitt 1988; Harri-

son 1990; Jiggins & Mallet 2000; Mallet et al. 2007; Buer-

kle & Lexer 2008; Gompert & Buerkle 2009). Although

hybrids are uncommon at an individual level, many
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nominal species hybridize with at least one other spe-

cies (e.g. 5.8–25% of vascular plants, Ellstrand et al.

1996; Rieseberg 1997; Mallet 2005; 9.2% of birds, Grant

& Grant 1992; 35% of Heliconius butterflies, Mallet et al.

2007; 6% of European mammals, Mallet 2005). These

studies suggest that many of the important phenotypic

and genetic discontinuities that delineate lineages we

recognize as species persist despite hybridization. More-

over, studies of natural hybrid zones have demon-

strated substantial heterogeneity in the extent of

introgression among different genetic regions and
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phenotypic traits (e.g. Parsons et al. 1993; Rieseberg

et al. 1999; Stinchcombe & Hoekstra 2007; Carling &

Brumfield 2008; Fitzpatrick et al. 2008; Nolte et al. 2009;

Teeter et al. 2010). These findings are consistent with

the view that reproductive isolation and adaptive

differentiation are due to differences at individual

genetic regions as suggested by Wu (2001), not the

genome as a whole. This heterogeneity arises because

recombination in hybrid or admixed individuals breaks

up parental genotypes creating independence among

genetic regions (Barton & Hewitt, 1985; Buerkle & Lexer

2008). Thus, patterns of introgression for individual

genetic regions are affected by the fitness effects of

allelic variants at these regions. Consequently, genetic

regions associated with reproductive isolation or adap-

tive differentiation often experience little introgression,

while the remainder of the genome experiences

substantial introgression and is homogenized (Barton

1979, 1983; Rieseberg et al. 1999; Mallet 2005; Turner

et al. 2005; Nolte et al. 2009; Teeter et al. 2010).

Hybridization and hybrid zone formation can affect

evolutionary processes, including speciation. Incomplete

reproductive isolation between species with overlapping

geographical distributions can result in the formation of

a hybrid zone, which can be defined as a region where

genetically distinct lineages meet and produce hybrid

offspring. Hybrid zones can persist for relatively long

stretches of time (Barton & Hewitt 1985; Moore &

Buchanan 1985) and numerous models have been devel-

oped to explain the structure and maintenance of hybrid

zones. These include dispersal-independent models

where hybrids are more fit than non-hybrid individuals

in narrow ecotones (Moore 1977) and dispersal-

dependent models where hybrid zones are maintained

by a balance of dispersal into the zone and intrinsic (i.e.

tension zones; Barton & Hewitt 1981, 1985) or environ-

ment-dependent (Endler 1977) selection against hybrids.

The above models are generally concerned with hybrid

zones in continuous habitats, although models of mosaic

hybrid zones, where discrete patches of habitat pre-

ferred by or more suitable for each of two lineages are

interdigitated forming a mosaic, have also been devel-

oped (Harrison & Rand 1989). Natural hybrid zones that

have structures generally consistent with each of these

models have been identified and studied (e.g. Grant

1971; Endler 1977; Moore 1977; Harrison 1986; Howard

1986; Szymura & Barton 1986, 1991; Harrison & Rand

1989; Vines et al. 2003; Yanchukov et al. 2006).

Hybrid zones can function as conduits for the spread

of adaptive genetic variation among differentiated lin-

eages, while limiting gene flow for other regions of the

genome, particularly those regions associated with

reproductive isolation (Ellstrand 2003; Grant et al. 2004;

Martin et al. 2006; Whitney et al. 2006; Nolte et al.
2009). Hybrid zones can also be much more ephemeral.

For example, when reproductive isolation is weak or

species abundances differ markedly, hybrid zones may

expand and cause the fusion of differentiated lineages

into a single lineage (Levin et al. 1996; Avise et al. 1997;

Fitzpatrick & Shaffer 2007; Morgan-Richards et al.

2009). Alternatively, if hybrids generally have reduced

fitness relative to non-hybrid individuals, selection

against hybrid formation can reinforce pre-zygotic isola-

tion driving the speciation process towards completion

(Lukhtanov et al. 2005; Nosil & Yukilevich 2008; Ortiz-

Barrientos et al. 2009). However, reinforcement depends

on limited gene flow from allopatric populations or spe-

cific genetic architectures of pre-zygotic isolation and

might be uncommon in nature (Felsenstein 1981; Butlin

1987; Sætre et al., 1997; Servedio & Noor 2003; Coyne &

Orr 2004; Ortiz-Barrientos et al. 2009). Finally, hybrid-

ization can facilitate the origin of new evolutionary lin-

eages via homoploid or polyploid hybrid speciation

(Arnold 1997; Rieseberg 1997; Buerkle et al. 2000; Otto

& Whitton 2000; Gompert et al. 2006a; Mavárez et al.

2006; Mallet 2007; Duenez-Guzman et al. 2009). Theoret-

ical and empirical studies suggest that hybridization is

more likely to result in hybrid speciation when

admixed individuals are able to occupy a niche not

used by their parental species (Buerkle et al. 2000;

Rieseberg et al. 2003; Gompert et al. 2006a; Rieseberg

2006). Clearly, the outcomes and evolutionary conse-

quences of hybridization are variable and depend on

numerous factors including: the fitness of hybrid off-

spring, the strength and nature of selection, patterns of

dispersal and the ecological context in which hybridiza-

tion occurs (Barton 1979, 2001; Barton & Hewitt 1985;

Buerkle et al. 2000; Jiggins & Mallet 2000; Duenez-Guz-

man et al. 2009; Lepais et al. 2009).

In the current study we investigate hybridization

dynamics between populations of two nominal butterfly

species that occur in the Rocky Mountains, Lycaeides idas

and L. melissa. The goals of this study are to determine

the extent, outcome and consequences of hybridization

between these lineages and to explore potential pheno-

typic traits contributing to their isolation. Lycaeides is a

holartic genus of small blue butterflies in the family Ly-

caenidae. Between two and five Lycaeides species are

recognized in North America, including L. idas, which

is found in Eurasia, Alaska, much of Canada and

mountainous regions of the western United States, and

L. melissa, which occupies the western and north-east-

ern United States as well as portions of southern Can-

ada (Fig. 1; Scott 1986; Guppy & Shepard 2001; Brock &

Kaufman 2003; Gompert et al. 2006a). Lycaeides idas

populations generally occur in more mesic environ-

ments, whereas L. melissa populations occupy drier

grassland or agricultural areas (Scott 1986; Nice &
� 2010 Blackwell Publishing Ltd



Fig. 1 Map depicting sampling localities for Lycaeides butter-

flies in the north-western United States. The approximate range

of L. idas is shown in grey (Scott 1986; Brock & Kaufman

2003). Lycaeides melissa occupies most of the area depicted in

the map. Designations of L. idas, L. melissa and admixed popu-

lations are based on morphological, ecological, genetic and dis-

tribution data.
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Shapiro 1999). Lycaeides butterflies tend to have low

dispersal distances (generally 500 m or less) and patchy

distributions governed by the availability of suitable

habitat and host plants (Scott 1986; Knutson et al. 1999;

U.S. Fish and Wildlife Service 2003). Some Lycaeides

populations display metapopulation dynamics with

local extinction and recolonization of at least a subset of

habitat patches occurring at an appreciable rate (U.S.

Fish and Wildlife Service 2003).

Numerous regions of hybridization have been docu-

mented in North American Lycaeides butterflies with var-

ious outcomes (Gompert et al. 2006a, b, 2008b, 2010;

Lucas et al. 2008). These cases of hybridization provide

an interesting contrast to our present study. Our previ-

ous work suggests that hybridization between L. idas

(recently designated L. anna by Guppy & Shepard 2001)

L. melissa populations in the vicinity of the Sierra Nevada

gave rise to an alpine-associated homoploid hybrid spe-

cies (Gompert et al. 2006a; Lucas et al. 2008). In fact, this

hybrid lineage might be one of four or more indepen-

dent hybrid lineages occupying the mountainous regions

of the western United States (additional putative hybrid

lineages occur in the Siskyou Mountains, Warner Moun-

tains and White Mountains of California, Oregon and

Nevada; Gompert Z, et al. 2008b, 2010; Nice C, et al.,

unpublished). Conversely, hybridization between popu-

lations of L. melissa and the Karner blue butterfly

resulted in the replacement of Karner blue mitochondrial

haplotypes with a common L. melissa haplotype in Kar-

ner blue populations west of Lake Michigan (Nice et al.

2005; Gompert et al. 2006b, 2008a, b). This mitochondrial

introgression was associated with, and likely facilitated

by, the spread of the endoparasitic bacterium Wolbachia

from L. melissa to Karner blue butterfly populations
� 2010 Blackwell Publishing Ltd
(Gompert et al. 2008b; Nice et al. 2009). Despite this

extensive mitochondrial introgression, little evidence for

nuclear introgression has been detected between

L. melissa and the Karner blue butterfly. Mitochondrial

introgression has also been detected between L. melissa

and putative high-elevation hybrid lineages in the White

Mountains and Siskyou Mountains in western North

America (Gompert et al. 2008a, b).

Lycaeides idas and L. melissa are broadly sympatric in

the central and northern Rocky Mountains (i.e. the

mountains of north-western Wyoming, Idaho and Mon-

tana), which is the focus of our current manuscript.

Specifically, nominal L. idas and L. melissa populations

can be found in close proximity to each other in the

vicinity of the Jackson Hole valley and the Grand Teton

mountain range of north-western Wyoming. This distri-

bution likely constitutes relatively recent secondary con-

tact following post-Pleistocene range shifts, as much of

the Jackson Hole valley and surrounding area was gla-

ciated until approximately 14 000 years BP (Wisconsin

glaciation; Harris et al. 1997). Nabokov (1949, 1952)

identified individual Lycaeides from several populations

in this region with male genitalia intermediate between

L. idas and L. melissa, which he believed was the result

of hybridization between these species. Lycaeides idas

and L. melissa populations in this region have identical

mitochondrial haplotypes (Gompert et al. 2008a), which

provides additional evidence of hybridization.

Near this region of secondary contact L. idas and

L. melissa populations differ ecologically and morpho-

logically. For example, L. idas populations use several

native species of Astragalus (e.g. A. miser and A. alpinus)

as larval host plants, whereas most L. melissa popula-

tions feed on cultivated or feral alfalfa (Medicago sativa;

personal observation, Gompert Z). Lycaeides idas popula-

tions have a single brood per year with adults active

from early July into early August (personal observation,

Gompert Z). Alternatively, L. melissa populations have

two or more broods with the adults flying from June to

the middle of July and again in August. Compared with

L. melissa, L. idas individuals have smaller scleritized

male genitalic structures and somewhat reduced wing

pattern elements (i.e. black spots and orange iridescent

aurorae; Nabokov 1949; Scott 1986; Lucas et al. 2008).

These morphological differences are the basis for

much of the current taxonomic classification of Lycaeides

butterflies (Nabokov 1949; Scott 1986), and might con-

tribute to reproductive isolation. Variation in female

wing pattern coupled with variation in male mate pref-

erence is known to cause pre-zygotic isolation between

butterfly species (Jiggins et al. 2001; Kronforst et al.

2006; Chamberlain et al. 2009), including some Lycaeides

populations (Fordyce et al. 2002). Differences in insect

genitalia have often been used to delineate insect



3174 Z. GO MPERT ET AL.
species, because of a proposed link to mechanical isola-

tion (Nabokov 1949; Shapiro & Porter 1989). Although

little support exists for the once popular lock-and-key

hypothesis that selection for pre-insemination avoidance

between different species causes insect genitalia to

diverge (e.g. Eberhard 1985; Shapiro & Porter 1989;

Arnqvist et al. 1997; Ohno et al. 2003; but see, Polak &

Rashed 2010), these differences might nevertheless be

driven by selection and contribute to reproductive isola-

tion (Eberhard 1985, 1993; Eberhard et al. 1998; Takami

2003; Nagata et al. 2007). We do not know whether

differences in male genitalia cause mechanical isolation

between L. idas and L. melissa.

Herein we characterize patterns of hybridization and

admixture among Rocky Mountain Lycaeides popula-

tions. The motivation for this study was to determine

whether Rocky Mountain L. idas and L. melissa hybrid-

ize and explore the dynamics and consequences of

hybridization in this region. We addressed the following

specific questions: (i) Has admixture occurred between

Rocky Mountain L. idas and L. melissa? (ii) Has hybrid-

ization led to the formation of a hybrid zone or the

establishment of an isolated hybrid lineage? (iii) What is

the geographical distribution, genetic and morphological

composition, and ecological context of admixture in

Rocky Mountain Lycaeides? and (iv) Do morphological

differences in wing pattern or male genitalic morphol-

ogy contribute to reproductive isolation between L. idas

and L. melissa populations in the Rocky Mountains? We

contrast the patterns and outcomes of this potential case

of hybridization with other cases of hybridization in

Lycaeides butterflies and other hybrid zones.
Methods

Sampling and molecular markers

We collected adult Lycaeides from 45 localities in wes-

tern North America (Table 1; Fig. 1). Samples were col-

lected from as far south as Colorado to northern

Canada as the geographical extent of hybridization was

initially unknown. Collections within U.S. National

Parks (NP) were made in accordance with National

Park Service permits: Yellowstone NP (YELL-2008-SCI-

5682), Grand Teton NP (GRTE-2008-SCI-0024) and Gla-

cier NP (GLAC-2009-SCI-0140). Collected butterflies

were stored at )20 �C prior to processing for molecular

and morphological data. We isolated and purified DNA

from approximately 10 mg of thoracic tissue using Qia-

gen’s DNeasy 96 Blood and Tissue Kit (Cat. No. 69581;

Qiagen Inc., Valencia, CA, USA) in accordance with the

manufacturer’s recommended protocol.

We genotyped each of 360 DNA samples for two

single nucleotide polymorphism (SNP) markers, four
microsatellites, and fragment presence/absence poly-

morphism with five AFLP selective primer pair

combinations. We identified SNPs in two single copy

nuclear genes: glyceraldehyde 3 phosphate (gapdh; for-

ward primer: 5¢-CACAACCATTGACAAAGCWTC-3¢,
reverse primer: 5¢-TTGGTCTTCRGTGTATCCAAG-3¢)
and invected (inv; forward primer: 5¢-TCGTTTTACA-

AGGCCCAAAG-3¢, reverse primer: 5¢-CGTCAGGTA-

CCGGTTCTCC-3¢), by sequencing four L. idas and four

L. melissa. The SNPs identified were variable within and

between Lycaeides species. Subsequently, we scored these

SNPs by visualizing PCR products on 2% agarose gels

following digestion with Taqa1 and HindIII for gapdh

and inv respectively. The four microsatellite markers we

amplified were Msat4, Msat6, MsatZ12 and Msat201,

which were designed from a L. melissa genomic DNA

library (Anthony et al. 2001) and were known to be poly-

morphic within and among L. melissa and L. idas popu-

lations (Anthony et al. 2001; Gompert et al. 2006a).

Fluorescently labelled microsatellite products were sepa-

rated and visualized on an ABI 3100 DNA analyser

(Applied Biosystems Inc., Carlsbad, CA, USA) and

scored using GeneMapper v4.0. We generated AFLP pro-

files for each of 360 butterflies using the following five

selective primer pair combinations: EcoRI-CACT and

MSEI-CTA, EcoRI-CACT and MseI-CAT, EcoRI-CAAT

and MseI-CAT, EcoRI-CACT and MseI-CTT, and EcoRI-

CACT and MseI-CAA. Fluorescently labelled amplicons

were separated and visualized on an ABI 3730 DNA ana-

lyser (Applied Biosystems Inc.) at the University of

Nevada Genomics Center. We used the software GeneM-

apper v4.0 to evaluate, bin and call AFLP markers. A set

of eight individuals was re-run on every 96-well plate to

verify repeatability of the AFLP markers and assess inter-

plate variability in amplification and sizing. Aberrant

AFLP markers (i.e. markers that did not consistently

amplify in replicate runs or markers that could not be

reliably scored) were removed from the data set. We

retained 360 polymorphic AFLP markers for analysis. We

used principal components analysis (PCA) as an initial

means to explore variation in the AFLP data for the sam-

pled populations. PCA was performed using singular

value decomposition on scaled and centred data with the

PRCOMP function in R (R Development Core Team 2009).
Morphological characters

We measured three components of the scleritized por-

tion of the male genitalic anatomy: falx length, humeru-

lus length and uncus length (Fig. 2A). These scleritized

structures interact with female reproductive morphol-

ogy during mating. This structure has been used exten-

sively in Lycaeides systematics and is believed to be

important for copulation (Nabokov 1949; Nice &
� 2010 Blackwell Publishing Ltd



Table 1 Lycaeides sample localities

Designation Locality Taxon Latitude (�) Longitude (�) Elevation (m)

GVL Gardnerville, NV L. melissa 38.9608 119.7788 1435

BSD Brandon, SD L. melissa 43.5946 96.5723 412

BHC Buckhorn Canyon, CO L. melissa 40.5763 105.3777 2077

GRR Greyrock, CO L. melissa 40.6963 105.2917 1747

GOS Goshen, WY L. melissa 41.7346 104.2645 1364

CGW Chugwater, WY L. melissa 41.7993 104.7940 1577

IBT IndianBathtubs, WY L. melissa 41.2040 106.7714 2214

GLR Glenrock, WY L. melissa 42.8662 105.8285 1518

BMT Bear Mountain, WY L. melissa 42.2378 107.0492 1982

LAN Lander, WY L. melissa 42.6533 108.3551 1787

VIC Victor, ID L. melissa 43.6590 111.1114 1850

DBS Dubois, WY L. melissa 43.5622 109.6991 2153

TSS† Teton Science School, WY L. melissa 43.4233 110.7757 1918

PSP† Periodic Spring, WY L. melissa 42.7468 110.8493 2113

SWC† Swift Creek, WY L. melissa 42.7251 110.9066 1949

BCR† Bull Creek, WY L. idas 43.3007 110.5530 2195

SDL† Soda Lake, WY L. idas 43.5283 110.2573 2359

ETL† East Table, WY L. idas 43.2249 110.8117 1865

USL† Upper Slide Lake, WY L. idas 43.5829 110.3328 2246

BTB† Blacktail Butte, WY L. idas 43.6382 110.6820 2220

SHA† Shadow Mountain, WY L. idas 43.6974 110.6102 2180

MRF† Mt. Randolf, WY L. idas 43.8547 110.3918 2221

LZH† Lozier Hill, WY L. idas 43.8729 110.5497 2122

AVP Avalanche Peak, WY L. idas 44.4860 110.1307 2998

RDL Riddle Lake, WY L. idas 44.3617 110.5465 2395

NBR Natural Bridge, WY L. idas 44.5278 110.4479 2373

TRL Trout Lake, WY L. idas 44.9019 110.1291 2124

HNV Hayden Valley, WY L. idas 44.6823 110.4945 2344

MWB Mt. Washburn, WY L. idas 44.7832 110.4494 2740

CDL Cascade Lake, WY L. idas 44.7550 110.4927 2424

ICR Indian Creek, WY L. idas 44.8787 110.7387 2211

BNP Bunsen Peak, WY L. idas 44.9337 110.7212 2260

JAR Jardine, MT L. idas 45.0747 110.6335 1985

WTC Watkins Creek, MT L. idas 44.7849 111.3088 2150

GNP Garnet Peak, MT L. idas 45.4323 111.2245 1910

KHL King’s Hill, MT L. idas 46.8407 110.6990 2239

SDC Soldier Creek, MT L. idas 47.2062 114.6118 1148

SYC Siyeh Creek, MT L. idas 48.7026 113.6681 1764

GNG Grinell Glacier, MT L. idas 48.7673 113.7192 1856

BRC Brown Creek, ID L. idas 47.7044 116.0437 857

HSB Hailstone Butte, AB L. idas 50.2010 114.4460 2033

PCT Prospect Creek, AB L. idas 52.9670 117.3840 1767

EBR Brülé, AB L. idas 53.2831 117.8683 1002

MMR Montana Mountain, YT L. idas 60.2269 134.6804 914

BEL Bennet Lake, YT L. idas 60.1760 134.7240 664

WHR Whitehorse, YT L. idas 60.7227 135.1752 819

†Core hybrid zone populations.
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Shapiro 1999; Lucas et al. 2008). Soft tissue surrounding

the scleritized portion of the male genitalia was dis-

solved by submersing the posterior-most abdominal

segments of each Lycaeides butterfly in 100 �C 5 M KOH.

We then dissected and measured the genitalia under a

dissecting scope using an optical micrometer. We mea-

sured the genitalia of 360 male Lycaeides butterflies.
� 2010 Blackwell Publishing Ltd
We measured 23 wing pattern characters from 243

male and 104 female Lycaeides (Fig. 2B). First, we

removed the wings from each butterfly and photo-

graphed them using a digital SLR Canon Rebel cam-

era (Cannon Inc. USA, Lake Success, NY, USA). We

designated 147 wing points at wing veins and around

the edges of wing pattern elements (Fig. 2B). We then



Falx Uncus

Humerulus

Male genitalia measurements(A)

Wing pattern measurements(B)

Fig. 2 Photographs depicting male genitalia (A) and wing pat-

tern (B) characters measured in this study. Wing pattern vein

margins used to calculate wing area or perimeter are denoted

by ‘X’. Wing aurorae include the orange, black and iridescent

blue pattern elements near the wing margins (i.e. elements a2,

a5 and a6). The orange portion of each aurorae is referred to as

the b2 aurorae region.
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obtained coordinates for these points using the IMAGEJ

software. We then used these points to calculate the

area of the following 18 wing pattern elements (black

wing pattern spots and aurorae): a2, b2 (the orange

portion) of a2, a5, b2 of a5, a6, b2 of a6, Cu2(3), M,

Sc(3), Sc, Rs, M1, M2, M3, Cu1, Cu2 + 1A, 2A and c, as

well as straight line distances between the centroids

of c and M, c and M2, Rs and 2A, c and a6, and

Sc(3) and m (Fig. 2B). All measurements were stan-

dardized by wing size by dividing them by wing area

(for area characters) or wing perimeter (for linear dis-

tance characters; calculated from wing edge landmarks

at veins Rs, M3 and 2A). Area and distance measure-

ments were calculated from point coordinates using

the R statistical computing environment (R Develop-

ment Core Team 2009) with custom scripts and func-

tions from the splancs R package (Rowlingson &

Diggle 1993). We used PCA to explore variation in

the morphological data. We conducted separate PCAs

for the genitalic measurements and wing pattern char-

acters as described above for the AFLP data.
Analysis of molecular data

Our first objective was to determine whether admixture

occurred between Rocky Mountain L. idas and

L. melissa populations and what evolutionary conse-

quences hybridization has had. Thus, we used the

Bayesian model-based analysis implemented in struc-

ture 2.2 (Pritchard et al. 2000; Falush et al. 2007) to

determine whether our sample of Lycaeides included

individuals with admixed ancestry, and whether

admixed individuals represented a cohesive genetically

distinct lineage. Although we were primarily interested

in a model with two clusters for assessing evidence of

admixture, we were also interested in whether models

with more than two clusters were supported by the

data and whether admixed individuals formed their

own clusters. Support for the latter would constitute

evidence that admixed populations have achieved a

degree of evolutionary independence from parental

populations, as would be expected if they constituted a

stable hybrid species. Therefore, we conducted analyses

with the number of clusters (k) ranging from one to ten

to determine whether a model with two clusters

explained the genetic data well and whether models

with additional clusters were supported. These analy-

ses were based on a total of 366 molecular markers

(360 AFLP amplicons, four microsatellites and two

SNPs). We used the admixture model with correlated

allele frequencies, as this model is most appropriate for

individuals with admixed ancestry (Pritchard et al.

2000). Parameter estimation was based on 150 000 Mar-

kov chain Monte Carlo iterations following a 50 000

iteration burnin. Ten replicate analyses for each num-

ber of clusters were conducted. We then determined

support for specific numbers of clusters by plotting the

marginal likelihood of each model as a function of k

and using the ad hoc Dk statistic proposed by Evanno

et al. (2005).

We used Hartigan’s dip test of unimodality (Harti-

gan 1985; Hartigan & Hartigan 1985) to characterize

the distribution of admixture proportions for samples

from the core of the hybrid zone (localities: TSS, PSP,

SWC, BCR, SDL, ETL, USL, BTB, SHA, MRF, LZH; see

Results). This test determines whether an empirical dis-

tribution departs from a unimodal distribution, and

thus can be used to estimate the extent of reproductive

isolation between hybridizing lineages. Bimodal distri-

butions of admixture proportions and cluster member-

ship would be expected if substantial pre-zygotic

isolation exists between L. idas and L. melissa (Jiggins

& Mallet 2000). To obtain a null distribution of dip test

statistics for significance testing, we generated 100 000

samples of n ¼ 82 from a uniform distribution

bounded by zero and one, where n was equal to our
� 2010 Blackwell Publishing Ltd
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sample size for admixture proportions from the core

hybrid zone populations, and calculated a dip test sta-

tistic for each sampled replicate. This analysis was con-

ducted in the R statistical computing environment (R

Development Core Team 2009) using the diptest pack-

age (Maechler & Ringach 2009) and additional code

written by Z.G.
Analysis of morphological data

Prior to testing for morphological evidence of admix-

ture, we conducted several tests to determine if geneti-

cally differentiated allopatric L. idas and L. melissa

populations (based on Bayesian clustering; see Results)

were morphologically distinct. These analyses of allo-

patric populations provide a context for the morpho-

logical characterization of individuals from admixed

populations. The allopatric populations used for this

analysis were BNP, BRC, CDL, GNG, GNP, ICR, JAR,

KHL, MWB, RDL, SDC, SYC, TRL and WTC for L. idas

and BMT, BSD, GOS, GRR, GVL, IBT and VIC for

L. melissa (Table 1). Designated allopatric L. melissa

populations were outside the known range of L. idas,

whereas designated allopatric L. idas populations were

at least 30 km from known L. melissa populations. We

contrasted the first principal component for male geni-

talia (male genitalia size, see Results) between these

L. idas and L. melissa populations using a single factor

analysis of variance (ANOVA). Similarly we contrasted

the first five principal components for wing pattern

between L. idas and L. melissa using multivariate ANOVA

(MANOVA; see Results). For the latter, sex was also

included as a factor. In addition, we used linear discri-

minant function analysis to determine whether male

genitalia or wing pattern could be used to distinguish

between Rocky Mountain L. idas and L. melissa popula-

tions. Linear discriminant function analysis was per-

formed separately for male genitalia, male wing

pattern, and female wing pattern. ANOVA, MANOVA and

linear discriminant function analysis were performed

in R.

We tested for the presence of morphological clusters

and morphologically admixed individuals based on

male genitalic morphology and wing pattern characters.

Specifically, we used a fuzzy c-means clustering algo-

rithm to identify clusters and estimate cluster member-

ship based on these morphological characters. Unlike

classic k-means clustering, fuzzy c-means clustering

assumes that each observation has a degree of belong-

ing to each cluster (Bezdek 1981), and thus is appropri-

ate for instances of expected admixture. We used the

objective function from Kaufamn & Rosseeuw (1990) for

fuzzy c-means clustering, where the aim of the cluster-

ing analysis is to minimize
� 2010 Blackwell Publishing Ltd
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Ri;juði; vÞruðj; vÞrdði; jÞ
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:

In this function, k is the number of clusters, v is a spe-

cific cluster, u(i,v) and u(j,v) denote the membership of

observation i and j in cluster v respectively, d(i,j) is the

dissimilarity between i and j, and r 2 [1,¥] is the mem-

bership exponent (Kaufamn & Rosseeuw 1990). We mea-

sured dissimilarity d(i,j) as sum-of-squares Euclidean

distances. The membership exponent (r) determines the

degrees of ‘fuzziness’ for fuzzy c-means clustering. As r

approaches 1 each observation is assigned wholly to a

cluster and fuzzy c-means clustering is equivalent to

classic k-means clustering, whereas as r approaches ¥
clustering becomes more fuzzy until each observation is

distributed equally among the k clusters (Bezdek 1981;

Pal & Bezdek 1995). The choice of r is expected to affect

the proportion of individuals classified as morphological

hybrids at any specific threshold. Unfortunately, the

choice of r is somewhat subjective and dependent on the

data and nature of the clustering problem (Bezdek 1981;

Pal & Bezdek 1995; Okeke & Karnieli 2006), although

values between 1.5 and 2.5 have generally been sug-

gested. Preliminary analyses suggested that values of

r > 2 tended towards complete fuzziness. Therefore we

used three values of r: 1.5, 1.75 and 2.0. We also used

r ¼ 1.25 for wing pattern data, because of difficulties

clustering with higher values of r. We conducted fuzzy

clustering with k ¼ 2, as the genetic data were most con-

sistent with two clusters (see Results). Separate fuzzy

c-means clustering analyses were performed for male gen-

italic morphology, male wing pattern and female wing

pattern. These analyses were performed using the FANNY

function from the R package cluster (Struyf et al. 1997).

We used Hartigan’s dip test to determine whether

fuzzy cluster membership for male genitalia and male

wing pattern for samples from the core of the hybrid

zone followed unimodal or multimodal distributions

(Hartigan 1985; Hartigan & Hartigan 1985). Female

wing pattern was excluded from this analysis, as clus-

ters were difficult to identify (see Results). Bimodal

cluster membership could result from nearly complete

isolation or if the specific morphological characters

measured have experienced divergent selection or were

associated with reproductive isolation. Null distribu-

tions of dip test statistics were obtained as described

for admixture proportions but with n ¼ 102 (male geni-

talia) and 57 (male wing pattern).
Cline analysis and geographical patterns of admixture

Geographical patterns of admixture (i.e. geographical

clines) provide insight into the processes affecting
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hybridization dynamics (Endler 1977; Barton & Hewitt

1981; Harrison & Rand 1989; Barton 1993; Gay et al.

2008). We investigated geographical patterns of genetic

and morphological admixture between L. idas and

L. melissa to determine whether these patterns were

consistent with the presence of a hybrid zone and to

increase our understanding of the phenotypic basis and

strength of reproductive isolation. First, we fit unimo-

dal, bimodal and trimodal character cline models sepa-

rately for genomic composition (AFLP PC1), male

genitalia size (male genitalia PC1), wing pattern aurorae

and spot size (wing pattern PC1) and relative wing pat-

tern spot size (wing pattern PC2; see Results for a

description of these principal components) using Cfit7,

which implements the cline models developed by Gay

et al. (2008). Our analyses treat genomic composition,

which is a continuous variable with positive and nega-

tive values, as a quantitative character. For wing pattern

models we constrained males and females to share a

cline centre and slope, but allowed them to have differ-

ent trait value ranges and variances. We used Akaike

Information Criterion (AIC) to contrast unimodal, bimo-

dal and trimodal models for each character. We then

tested for coincidence (common centre) and concor-

dance (common width) of geographical clines in geno-

mic composition and each morphological character. We

tested for cline concordance and coincidence by con-

straining each morphological character to have the same

slope or centre as the cline in genomic composition. We

used the unimodal character distribution model for

these geographical cline comparisons (see Results). We

then used AIC to compare the constrained and uncon-

strained models. For each model, we ran the simulated

annealing algorithm implemented in Cfit7 from multiple

independent starting positions to determine whether

the algorithm was exploring parameter space ade-

quately.

Prior to fitting the cline models above, we converted

the latitude and longitude coordinates of our sampling

localities into locations along a single axis. First, we cal-

culated pair-wise geographical distances among the

sampling localities i and j as the great circle distance.

We then used classical multidimensional scaling to

ordinate these pair-wise distances onto a single dimen-

sion that retained the overall pair-wise distance struc-

ture. This ordinated dimension was equated with

geographical location along a linear transect in kilome-

tres, with km 0 at the approximate centre of the sam-

pled sites. Initial analyses suggested that two L. melissa

localities (GVL and VIC) were west of the main axis of

sampling. Therefore, we excluded these localities from

geographical analyses.

We also used a non-spatial analysis to compare pat-

terns of genetic and morphological variation in Rocky
Mountain Lycaeides populations and gain insights into

the potential role of male genitalia and wing pattern

variation in reproductive isolation. If patterns of varia-

tion for genomic composition and each morphological

character are similar, a simple linear model should

describe the relationship between these characters.

However, if cline widths for these characters differ, a

cubic regression model should describe their relation-

ship better (Szymura & Barton 1991; Bridle & Butlin

2002; Brennan et al. 2009). Moreover, the strength of the

relationship between genomic composition and each

morphological character serves as a general measure of

the extent that these characters display similar patterns

of variation. We tested for a relationship between geno-

mic composition and three morphological characters:

male genitalia size, wing aurorae and spot size, and rel-

ative wing spot size. We fit linear and cubic models for

each of these characters using the LM function in

R. Wing pattern models included sex as a covariate. We

determined whether a cubic model better fit the data

for each character using a likelihood ratio test.
Ecological context and hybrid zone structure

Frequent dispersal is an important component of many

hybrid zone models (e.g. Endler 1977; Barton & Hewitt

1985). Dispersal from parental populations and ongoing

hybridization resulting in F2 and back-cross individuals

is expected to increase within-population linkage dis-

equilibrium (LD) and variance in morphological charac-

ters (Barton & Hewitt 1985; Szymura & Barton 1986;

Lynch & Walsh 1998; Gay et al. 2007). Therefore, we

tested for increased linkage disequilibrium and

increased variability in male genitalia size, wing auro-

rae and spot size, relative wing spot size, and genomic

composition in the centre of the hybrid zone relative to

populations farther from the hybrid zone. For each pair

of variable codominant loci, we calculated the correla-

tion-based composite linkage disequilibrium coefficient,

R2, described by Zaykin et al. (2008) using the program

RxC. As a measure of character variability, we calcu-

lated the absolute deviation of each individual’s charac-

ter value from the locality median (this is equivalent to

the response variable used for the Brown–Forsythe test

for equality of variances; Brown & Forsythe 1974). Link-

age disequilibrium and character deviations were

calculated for sampling localities with five or more indi-

viduals. Only males were used for estimating character

deviations. Females were excluded because of sexual

dimorphism coupled with differences in the relative

number of females and males sampled from each

locality. We fit quadratic regressions of mean linkage

disequilibrium or character deviations as a function

of sampling location using the LM function in R.
� 2010 Blackwell Publishing Ltd
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A significant overall model fit coupled with a quadratic

term significantly different from zero and yielding a

higher expected value in the centre of the hybrid zone

was taken as evidence for increased linkage disequilib-

rium or character variability associated with the hybrid

zone centre.

Environmental variation might affect the structure of

the Rocky Mountain L. idas · L. melissa hybrid zone, as

suggested by mosaic and environment-dependent

hybrid zone models (e.g. Endler 1977; Moore 1977; Har-

rison & Rand 1989). To explore this possibility we first

asked whether admixed populations occupying similar

environments had similar admixture proportions after

controlling for geographical proximity. Populations

with mean admixture proportions between 0.1 and 0.9

were included in this analysis (13 populations). Envi-

ronmental data were obtained from WestMap, which

uses the Parameter-elevation Relationships on Indepen-

dent Slopes Model (PRISM) to interpolate climate data

for �800 square metre grids (http://www.cefa.dri.edu/

Westmap/Westmap_home.php; Daly et al. 2008). For

each location we obtained interpolated data for four cli-

matic variables: mean July precipitation, mean daily

mean temperature for July, mean daily maximum tem-

perature for July and mean daily minimum temperature

for January. These variables were chosen to provide a

concise summary of aspects of climate that likely affect

Lycaeides butterflies. We then used a partial Mantel test

to determine whether there was a correlation between

pair-wise differences in mean admixture proportions

and pair-wise climatic Euclidean distances while con-

trolling for pair-wise geographical distances among

populations. This analysis was conducted in R using the

PARTIAL.MANTEL function. We performed 10 000 permuta-

tions to determine whether the observed correlation

was significantly greater than zero.

We then asked whether populations more genetically

similar to L. idas or L. melissa occupied an environment

more similar to the environment occupied by L. idas or

L. melissa respectively. We addressed this question by

first testing for a correlation between the mean admix-

ture proportion for each of the admixed populations

and each climate variable and then asking whether this

correlation was in the same direction as the environ-

mental differences between locations occupied by

L. idas and L. melissa.
Results

Molecular data

The first principal component for the AFLP data

accounted for 4.2% of the variation in the AFLP data

and included many markers with positive and negative
� 2010 Blackwell Publishing Ltd
loadings. Lycaeides idas and L. melissa differed signifi-

cantly for AFLP PC1 (F1,154 ¼ 738.82, P < 0.0001), sug-

gesting that PC1 corresponds to the axis of species

differentiation. Hereafter, we refer to this principal com-

ponent as ‘genomic composition’. AFLP PC2 accounted

for 2.4% of the AFLP variation, but AFLP PC2 scores

did not differ between L. idas and L. melissa (F1,154 ¼
0.126, P ¼ 0.7236). Additional AFLP principal compo-

nents accounted for little variation and were not exam-

ined in detail.

Initial analysis of all 45 sampled populations using

structure suggested that five L. idas populations sampled

from Canada (PCT, HSB, EBR, MMR, WHR) were genet-

ically distinct from L. idas populations farther south in

Montana and Wyoming, including putatively admixed

populations (results not shown). structure results includ-

ing the Canadian populations and assuming three gene

pools were similar to results excluding these popula-

tions with two gene pools (i.e. the Canadian populations

simply made up the third gene pool; results not shown).

As results excluding the Canadian populations were

easier to interpret in the context of two hybridizing lin-

eages, these five Canadian L. idas populations were

excluded from all further analyses. A plot of the mar-

ginal likelihood of each structure model vs. the number

of clusters assumed indicated that the likelihood

increased substantially with an increase in k from one to

two and then increased to a lesser extent or decreased

with additional increases in k (Fig. S1A, Supporting

Information). Similarly, Dk was roughly six times greater

for k ¼ 2 than all other values of k assessed (Fig. S1B,

Supporting Information). Taken together, these results

suggest that the sampled Lycaeides individuals come

from two distinct gene pools, but do not completely

exclude the possibility that three gene pools exist.

Bayesian admixture proportions estimated from struc-

ture for k ¼ 2 indicated that most individuals were

derived from a single gene pool (cluster) (Fig. 3A). Spe-

cifically 25.88% of the sampled individuals were classi-

fied as L. melissa (cluster 1) and 55.27% of individuals

were classified as L. idas (cluster 2) assuming the fol-

lowing admixture proportion bins: 0.0–0.1 (L. idas), 0.1–

0.9 (admixed) and 0.9–1.0 (L. melissa). These thresholds

were shown to be efficient for identifying admixed indi-

viduals in a simulation study by Vaha & Primmer

(2006) and have been used in other hybrid zone analy-

ses (e.g. Beaumont et al. 2001; Lancaster et al. 2006).

Although many non-admixed individuals were identi-

fied, 18.85% of the sampled Lycaeides individuals could

not be assigned to the L. idas or L. melissa gene pools,

but instead appeared to have admixed ancestry. The

majority of admixed individuals were sampled from a

relatively small geographical region near the Jackson

Hole valley (localities: TSS, PSP, SWC, BCR, SDL, ETL,
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USL, BTB, SHA, MRF, LZH), which appears to repre-

sent the core of the hybrid zone (45.12% of individuals

from these localities had mixed ancestry). However,

admixed individuals were also sampled outside this

core hybrid zone suggesting that introgression is not

limited to this core region. For example, several

admixed individuals were sampled from NBR and

HNV on the Yellowstone plateau (Fig. 3A). Bayesian

admixture proportions when three gene pools were

assumed were similar to those for two gene pools, but

divided the L. idas gene pool into a more southern

(cluster 2) and more northern (cluster 3) gene pool

(although the boundary between these was not distinct,

Fig. 3B). Assuming three gene pools had little effect on

the number of individuals that were classified as

L. melissa (24.28% of individuals were assigned to

L. melissa, cluster 1), and only a moderate effect on the

number of individuals classified as admixed between

L. melissa and either L. idas cluster (12.46% of individu-

als). Visual inspection of admixture proportions sug-

gested that individuals identified as admixed given two

gene pools were also generally identified as admixed
given three gene pools and did not constitute a third

unique gene pool. The slight reduction in the propor-

tion of admixed individuals with three gene pools

might reflect a greater similarity between the southern

L. idas and L. melissa gene pools with k ¼ 3 relative to

the complete L. idas and L. melissa gene pools with k ¼
2. Based on Hartigan’s dip test of unimodality, we

failed to reject the null hypothesis that the distribution

of admixture proportions for individuals sampled from

the core hybrid zone was unimodal (dip ¼ 0.02913,

P ¼ 0.9261; Fig. S3A, Supporting Information). The dis-

tribution of admixture proportions was right skewed

with a median of 0.0915 (first quantile ¼ 0.0383, third

quantile ¼ 0.320), but included a wide range of admix-

ture proportions.
Morphological data

Most variation in male genitalia (85.7%) was explained

by the first principal component. All three measure-

ments of male genitalia had positive loadings on PC1

suggesting that PC1 corresponded to genitalia size, thus
� 2010 Blackwell Publishing Ltd



Table 2 Proportion of Lycaeides individuals classified as

L. idas, L. melissa and admixed based on c-means fuzzy

clustering with k ¼ 2

Character Cluster r ¼ 1.25 r ¼ 1.5 r ¼ 1.75 r ¼ 2.0

Male genitalia L. idas NA 0.479 0.449 0.365

L. melissa NA 0.323 0.245 0.142

Admixed NA 0.198 0.306 0.493

Male wing

pattern

L. idas 0.401 0.179 0.000 0.000

L. melissa 0.297 0.052 0.000 0.000

Admixed 0.302 0.769 1.000 1.000

Female wing

pattern

Non-admixed 0.650 0.217 0.000 0.000

Admixed 0.351 0.784 1.000 1.000
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we refer to this principal component as ‘male genitalia

size’ (previous morphometric analysis of other Lycaeides

populations found very similar results; Nice & Shapiro

1999; Lucas et al. 2008). Lycaeides idas and L. melissa dif-

fered significantly in male genitalia size, with the latter

having larger genitalia than the former (F1,220 ¼ 817.79,

P < 0.0001). The first principal component for wing pat-

tern accounted for 38.3% of the variation in wing pat-

tern and had moderate positive loadings for all area

measurements but not for distance measurements. We

refer to this principal component as ‘wing pattern auro-

rae and spot size’. Wing pattern PC2 had positive load-

ings for wing aurorae, but negative loadings for most

black spots and accounted for 12.5% of wing pattern

variation. We refer to this principal component as ‘rela-

tive wing pattern spot size’. Wing pattern PC1–PC5

each accounted for more than 5% of the total variation

in wing pattern (69.1% total). Based on the first five

principal components, we detected significant differ-

ences in wing pattern between L. idas and L. melissa

(Pillali1,184 ¼ 0.4149, P < 0.0001) and between males and

females (Pillali1,184 ¼ 0.3948, P < 0.0001), as well as a

significant interaction between these two factors

(Pillali1,184 ¼ 0.0628, P < 0.0381). Inspection of treatment

means for wing pattern principal components indicated

that this interaction occurred because the difference

between L. idas and L. melissa wing patterns was

greater in males than in females (Fig. S2, Supporting

Information).

Linear discriminant function analysis based on male

genitalic morphology correctly classified all but a single

individual from allopatric populations as L. idas or

L. melissa (99.5% classified correctly; Table S1, Support-

ing Information). Many individuals were also correctly

classified as L. idas or L. melissa based on wing pattern

(males: 88.5% correctly classified; females: 73.7% cor-

rectly classified). Coefficients of linear discriminants

indicate that falx length was most important for classi-

fying individuals based on male genitalia (standardized

coefficients: falx ¼ 2.116, uncus ¼ 0.350, humerulus ¼
)0.002). A number of characters were important for

classifying individuals based on wing pattern and inter-

estingly these characters differed between males and

females. Specifically, the area of Rs and b2 of a2 were

most important for distinguishing between L. idas and

L. melissa males, whereas the area of M, M1 and

Cu1 + 1A were most important for distinguishing

between L. idas and L. melissa females (Table S2, Sup-

porting Information).

Based on analyses of male genitalia measurements

using fuzzy c-means clustering, many individuals had

membership primarily in one of two morphological

clusters corresponding to L. idas and L. melissa (i.e.

memberships >0.9; Table 2). However, regardless of the
� 2010 Blackwell Publishing Ltd
value used for r, many morphologically intermediate

individuals were identified as well (19.7–49.3% of indi-

viduals). Results were qualitatively similar for fuzzy c-

means clustering based on male wing pattern, although

more individuals with membership spread among both

clusters were identified, and with r ‡ 1.75 no individu-

als had a membership of >0.9 in a single cluster

(Table 2). Even fewer individuals had membership pri-

marily in one cluster based on female wing patterns.

Contrary to results based on male genitalic morphology

and male wing pattern, the clusters defined based on

female wing patterns did not clearly correspond to

L. idas and L. melissa (Table 2).

As with our analysis of admixture proportions, we

failed to reject the null hypothesis of a unimodal distri-

bution for fuzzy cluster membership of core hybrid zone

Lycaeides based on male genitalic morphology (r ¼ 1.5:

dip ¼ 0.03406, P ¼ 0.5607; r ¼ 1.75: dip ¼ 0.03303, P ¼
0.6134; r ¼ 2: dip ¼ 0.03323, P ¼ 0.6044). Unlike the

admixture proportion data, male genitalia in the core

hybrid zone were more L. melissa-like with a median

membership in the L. melissa cluster of 0.7443–0.8978

(depending on r; Fig. S3B, Supporting Information).

Finally, we found no evidence that fuzzy cluster mem-

bership based on male wing patterns followed a multi-

modal distribution (r ¼ 1.25: dip ¼ 0.04300, P ¼ 0.6260;

r ¼ 1.5: dip ¼ 0.04091, P ¼ 0.7132; r ¼ 1.75: dip ¼
0.03655, P ¼ 0.8715; r ¼ 2: dip ¼ 0.02800, P ¼ 0.9960).

The median membership in the L. melissa fuzzy cluster

varied substantially as a function of r (0.0285–0.3738), but

generally suggested that the core hybrid zone was

dominated by L. idas-like male wing patterns (Fig. S3C,

Supporting Information).
Cline analysis and geographical patterns of admixture

The geographical clines in genomic composition and

male genitalia size were best described by unimodal

character distribution models (Table 3). Given the

unimodal character distribution model, unconstrained



Table 3 Geographical cline model comparison for each quantitative character

Character Model Parameters ln likelihood AICC DAIC AIC weights

Genomic composition Bimodal 6 )253.7738 519.9050 65.9176 �0

Trimodal 10 )234.9276 490.8076 36.8201 �0

Unimodal 7 )219.7544 453.9874 0 �1

Male genitalia size Bimodal 6 )454.3228 920.8979 169.1827 �0

Trimodal 10 )399.9137 820.4961 68.780 �0

Unimodal 7 )368.6889 751.7151 0 �1

Aurorae and spot size Bimodal 10 )674.0406 1368.8990 0 0.7697

Trimodal 18 )667.5497 1373.7201 4.8210 0.0691

Unimodal 12 )673.4283 1372.0252 3.1260 0.1612

Relative spot size Bimodal 10 )537.6326 1096.0830 1.5339 0.3169

Trimodal 18 )534.6530 1107.9266 13.3775 0.0008

Unimodal 12 )534.6903 1094.5490 0 0.6823

AIC, Akaike Information Criterion.
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maximum likelihood estimates for the centre (defined

as the inverse of the slope) and width of the cline in

genomic composition were km 9.77 and 256.13 km

respectively (Fig. 4A). Maximum likelihood estimates
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black) and females (grey). Solid circles depict individual charac-
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modal and bimodal character distribution models (i.e.

DAIC�3 or less and moderate AIC weights; Table 3). In

both cases the likelihood of the unimodal model was

greater than the likelihood of the bimodal model,

although AIC suggested that the latter should be pre-

ferred slightly for aurorae and spot size. The likelihood

surfaces for the slope and centre of the cline in aurorae

and spot size under the bimodal model were relatively

flat, although the likelihood increased slightly as the

slope approached ¥ (i.e. as the cline width approached

0 km). As the data were described well by the unimo-

dal model and because of difficulties obtaining reason-

able parameter estimates under alternative models, we

report the results from the unimodal model. The uni-

modal model was also used for the constrained analy-

sis. Given the unimodal model, maximum likelihood

estimates of cline centre and width were km )13.81 and

1392.57 km for aurorae and spot size and km )62.25

and 106.73 km for relative spot size (Fig. 4C,D).

Morphological clines were not generally coincident or

concordant with the cline in genomic composition. Geo-

graphical clines in genomic composition and male geni-

talia size were better fit with models allowing for

different cline centres or different slopes and cline cen-

tres than for models forcing these clines to have the

same centre (Table 4). We obtained similar results in

our comparison of clines in genomic composition and

relative wing pattern spot size (Table 4). A model forc-

ing genomic composition and wing aurorae and spot

size to have the same centre and slope was less likely

than alternative models allowing for different slopes or

centres. However, we could not discriminate among

these alternative models (Table 4).

The relationship between genomic composition and

male genitalia size was better described by a cubic func-

tion than a linear function (D ¼ 7.4880, d.f. ¼ 2, P ¼
0.0237). However, wing aurorae and spot size (D ¼
Table 4 Model comparison for coincidence and concordance of cline

Character Model Parameters

Male genitalia size Slopes and centres equal 12

Centres equal 13

Slopes equal 13

Unconstrained 14

Aurorae and spot size Slopes and centres equal 17

Centres equal 18

Slopes equal 18

Unconstrained 19

Relative spot size Slopes and centres equal 17

Centres equal 18

Slopes equal 18

Unconstrained 19

AIC, Akaike Information Criterion.
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2.6674, d.f. ¼ 2, P ¼ 0.2635) and relative spot size (D ¼
3.2376, d.f. ¼ 2, P ¼ 0.1981) were better fit by linear

functions. Genomic composition and the cube of geno-

mic composition were significant predictors of male

genitalia size (t ¼ 10.934, P < 0.0001 and t ¼ )2.731,

P ¼ 0.0070 respectively). Moreover, genomic composi-

tion explained 65% of the observed variation in male

genitalia size (Fig. 5A). Sex and genomic composition

were significant predictors of wing aurorae and spot

size (t ¼ )3.587, P ¼ 0.0004 and t ¼ 4.896, P < 0.0001

respectively). However, this model explained only 18%

of the variation in aurorae and spot size (Fig. 5B). A

similar pattern was detected for relative wing spot size

(sex: t ¼ )3.443, P ¼ 0.0007; genomic composition: t ¼
3.200, P ¼ 0.0016; r2 ¼ 0.12; Fig. 5C).
Ecological context and hybrid zone structure

Based on the permutation test implemented in RxC, we

detected significant LD for a single locus pair in each of

seven populations. However, none of these estimates of

LD remained significant following false discovery rate

correction (Benjamini & Hochberg 1995). The mean LD

for a sampling locality was not dependent on its geo-

graphical location (overall model: F2,23 ¼ 0.9355, P ¼
0.4068; quadratic term: t ¼ 1.237, P ¼ 0.2280; Fig. S4,

Supporting Information). The absolute deviation of an

individual’s genomic composition from the sampling

locality median had a marginally significant relationship

with geographical location (F2,234 ¼ 2.686, P ¼ 0.0703,

r2 ¼ 0.0224; Fig. 6A) and the quadratic term for this

model was significantly different from zero (t ¼ )2.213,

P ¼ 0.0279). The absolute deviation of male genitalia

size from each sampling locality median was also depen-

dent on geographical location (F2,325 ¼ 2.868, P ¼ 0.0583,

r2 ¼ 0.0173; Fig. 6B), but not on the quadratic term in the

model (t ¼ )1.206, P ¼ 0.2287). The absolute deviations
s

ln likelihood AICC DAIC AIC weights

)592.8902 1210.3287 6.3770 0.0276

)592.5683 1211.7774 7.8258 0.0134

)588.6554 1203.9520 0 0.6694

)588.4434 1204.8867 1.6758 0.2896

)899.2350 1833.5552 6.0312 0.0214

)895.8909 1828.9967 1.4727 0.2088

)895.4219 1828.0587 0.5347 0.3338

)894.0858 1827.5240 0 0.4361

)760.6814 1556.5770 8.1737 0.0088

)757.5909 1552.5416 4.1382 0.0659

)755.7772 1548.9142 0.5109 0.4039

)754.4447 1546.8890 0 0.5215
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of wing aurorae and spot size and relative wing spot

size from sampling localities were not dependent on

geographical location (aurorae and spot size: F2,181 ¼
0.2219, P ¼ 0.8012; relative spot size: F2,181 ¼ 0.6277,

P ¼ 0.5350; Fig. 6C,D). Similar results were obtained

when LD and character deviations were modelled as a

function of admixture proportions (results not shown).

We detected a significant positive correlation between

pair-wise differences in mean population admixture pro-

portion and Euclidean distance in climate while control-

ling for pair-wise geographical distance (r ¼ 0.461, P ¼
0.0024). However, this pattern was driven primarily by

the presence of two groups of populations: (i) three pop-

ulations at the south-eastern edge of the hybrid zone

(DBS, TSS and SWC) with L. melissa-like climate and

genomic compositions and (ii) 10 populations covering

the remainder of the hybrid zone with L. idas-like cli-

mate and genomic compositions. When we analysed only

the second group of populations, we no longer detected

a correlation between admixture proportions and climate

(r ¼ 0.229 , P ¼ 0.1268). We did not detect differences in

precipitation among localities occupied by L. idas,

L. melissa, and admixed populations (F2,35 ¼ 3.141, P ¼
0.0556). However, we found that L. melissa populations

occurred in sites with significantly warmer mean daily

maximum and mean daily mean July temperatures than

L. idas or admixed populations (maximum July tempera-

ture: F2,35 ¼ 30.936, P < 0.0001; mean July temperature:

F2,35 ¼ 48.39, P < 0.0001). Localities occupied by L. idas

and admixed populations did not differ for either of

these characters based on Tukey’s HSD. Mean daily min-

imum January temperature differed among L. idas,

L. melissa, and admixed population sites, with L. idas

sites having the coolest temperatures and L. melissa sites

having the warmest temperatures (F2,35 ¼ 12.719,

P < 0.0001). Consistent with these differences, for

admixed populations we found a positive correlation

between mean population admixture proportions and

each of the temperature variables, indicating that warmer

sites within the hybrid zone had more L. melissa-like

individuals (maximum July temperature: r ¼ 0.579, P ¼
0.0383; mean July temperature: r ¼ 0.604, P ¼ 0.0287;

minimum January temperature: r ¼ 0.705, P ¼ 00071).
Discussion

Our results indicate L. idas and L. melissa have hybrid-

ized in the Rocky Mountains and that reproductive iso-

lation is insufficient to prevent introgression for much

of the genome. Admixture has been particularly preva-

lent in the vicinity of the Jackson Hole valley and Yel-

lowstone plateau. Hybridization between L. idas and

L. melissa has led to the formation of a hybrid zone. The

hybrid zone is relatively wide given the dispersal abili-

ties of Lycaeides butterflies and does not show strong

evidence of cline concordance. We believe the structure

of the Lycaeides hybrid zone might be best explained by

the patchy distribution of Lycaeides, local extinction and

recolonization of habitat patches, environmental varia-

tion and weak overall selection against hybrids. Unlike

hybridization between L. idas and L. melissa in the

Sierra Nevada, Siskyou Mountains, Warner Mountains

and White Mountains (Gompert et al. 2006a, 2008b,

2010, Nice et al. unpublished), hybridization between

Rocky Mountain L. idas and L. melissa has not resulted
� 2010 Blackwell Publishing Ltd
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Fig. 6 Scatterplot depicting the relationship between geographical location and individual deviations from median genomic compo-

sition (A), male genitalia size (B), wing aurorae and spot size (C) and relative spot size (D). Solid lines denote the expected values

from quadratic models.
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in the establishment of an isolated hybrid lineage or

species. Finally, we found little evidence that wing pat-

tern variation contributes to reproductive isolation.

However, our results are consistent with the hypothesis

that differences in male genitalia size have contributed

to isolation or that L. melissa-like genitalia tend to

increase fitness relative to L. idas-like genitalia, but

other valid explanations for these patterns exist as well.

In the following paragraphs we provide a detailed dis-

cussion of our results and their implications.
Outcome and consequences of hybridization

Bayesian admixture proportions estimated from our

molecular data suggest that admixed individuals are

relatively common, particularly in and around the Jack-

son Hole valley and to a lesser extent on the Yellow-

stone plateau (Fig. 3A). These findings are supported

by the presence of many morphologically intermediate

individuals (inferred from fuzzy c-means clustering) in

the same region (Fig. S3, Supporting Information;

Table 2). The admixed individuals range from L. idas-
� 2010 Blackwell Publishing Ltd
like to L. melissa-like, with many individuals containing

roughly equal genetic contributions from both. The dis-

tribution of admixture proportions and morphological

cluster memberships within the L. idas · L. melissa

hybrid zone was not different from a unimodal distri-

bution. This result was generally supported by model

comparison of geographical clines, although bimodal

models could not be rejected in some instances

(Table 3). Unimodal admixture and character distribu-

tions are expected when reproductive isolation, particu-

larly pre-zygotic isolation, between hybridizing

populations is weak (Jiggins & Mallet 2000; Gay et al.

2008). Therefore, our results suggest relatively weak

reproductive isolation between L. idas and L. melissa.

This conclusion is further supported by weak evidence

for concordance among geographical clines, which

would not be expected if there was a strong barrier to

gene flow (Barton 1983). It is still possible that specific

hybrid genotypes or phenotypes have experienced

relatively strong selection in this hybrid zone (e.g.

all admixed populations we have examined appear to

be univoltine like L. idas, not bivoltine like L. melissa;
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personal observation). Our results simply suggest that

most of the genome is not prevented from introgressing

by strong selection. Despite the weak isolation inferred

between Rocky Mountain L. idas and L. melissa popula-

tions, many of these populations remain genetically and

morphologically distinct. The hypothesis that diver-

gence and differentiation are possible despite substan-

tial gene flow has received considerable recent support

in the literature (e.g. Emelianov et al. 2004; Fitzpatrick

et al., 2008; Niemiller et al. 2008; Nadachowska & Babik

2009). Although our results are consistent with this

hypothesis (i.e. most L. idas and L. melissa populations

remain distinct despite considerable gene flow), addi-

tional time and dispersal of admixed individuals might

further erode the geographical region where L. idas and

L. melissa remain differentiated.

Our data indicate that secondary contact between

L. idas and L. melissa in the Rocky Mountains has

resulted in the formation of a hybrid zone. Specifically,

genomic composition and morphological characters

vary from L. melissa-like to L. idas-like along a geo-

graphical transect and the transition for genomic com-

position and male genitalia size has a clear sigmoidal

form that is often associated with hybrid zones (Fig. 4;

e.g. Endler 1977; Barton & Hewitt 1985; Mallet et al.

1990; Ruegg 2008; Brennan et al. 2009; Teeter et al.

2010). The structure of this Lycaeides hybrid zone differs

in subtle ways from expectations from classic models

for the structure and maintenance of hybrid zones.

Unlike hybrid zones studied in many taxonomic groups

(e.g. Bombina, Szymura & Barton 1986; Mus, Macholan

et al. 2007; Larus, Gay et al. 2008; Senecio, Brennan et al.

2009; Microcebus, Gligor et al. 2009), we found little evi-

dence of elevated LD or character variability in the cen-

tre of the hybrid zone, which is contrary to expectations

from dispersal-dependent hybrid zone models (Endler

1977; Barton & Hewitt 1985, Fig. 6; Fig. S4, Supporting

Information). Interestingly, the hybrid zone centre does

not correspond to an area of low population density (in

fact, admixed populations have some of the highest

densities of individuals we have observed; personal

observation, Gompert Z), contrary to predictions from

tension zone models and empirical patterns from other

well-studied hybrid zones (Bazykin 1969; Barton 1979;

Barton & Hewitt 1985; Nichols & Hewitt 1986; Hewitt

1989; Ruegg 2008). Our results suggest that admixed

individuals generally occupy sites with similar habitat

to L. idas populations and feed on L. idas larval host

plants (e.g. Astragalus sp.). This distribution is inconsis-

tent with the dispersal-independent model of bounded

hybrid superiority within narrow ecotones proposed by

Moore (1977) and suggested for the Great Plains hybrid

zone between Red- and Yellow-shafted flickers (Moore

& Buchanan 1985; Moore & Koenig 1986). Our results
indicate that the Rocky Mountain hybrid zone should

not be regarded as a mosaic hybrid zone despite the pat-

chy distribution of Lycaeides and a correlation between

local climate and the genetic makeup of individual pop-

ulations. This is because the hybrid zone is not com-

posed of interdigitated patches of more L. idas-like and

more L. melissa-like habitat with corresponding admixed

populations having more L. idas and more L. melissa

ancestry, but instead has a south-eastern region with

more L. melissa-like habitat and ancestry with the

remainder of the zone behind composed of more L. idas-

like individuals occupying more L. idas-like habitat.

The patchy distribution of Lycaeides populations cou-

pled with local extinction and colonization of habitat

patches (i.e. metapopulation dynamics) might explain

the structure of the Rocky Mountain Lycaeides hybrid

zone. Geographical clines in genomic composition, male

genitalia size, aurorae and spot size, and relative spot

size are relatively wide. Following Endler’s equation for

the width of a neutral character cline, which assumes a

continuously distributed population (Endler 1977), even

with a very generous mean dispersal distance of 500 m

per generation, 20 882 generations of admixture would

be required for the 256.13 km cline in genomic composi-

tion. Assuming one generation per year (the generation

time of L. idas and admixed populations), this estimate

amounts to approximately 6000 years more than the

maximum age for the hybrid zone based on patterns of

glaciation (Harris et al. 1997). Moreover, genomic com-

position is unlikely to be completely neutral and sec-

ondary contact may have occurred much more recently

than 14 000 years BP. The historical range of L. melissa

might have been substantially smaller than the present

range. Range expansion of L. melissa may have been

facilitated by the colonization of, or host switch to,

alfalfa, M. sativa, which was introduced to North Amer-

ica approximately 200 years ago and has since become

widespread (Michaud et al. 1988). Utilization of alfalfa

might have been the mechanism generating secondary

contact between L. idas and L. melissa in the Rocky

Mountains relatively recently. Although it is possible

that mean dispersal for Lycaeides is much greater than

500 m, this seems unlikely based on the extensive field

work conducted on the U.S. endangered Karner blue

butterfly (U.S. Fish and Wildlife Service 2003). How-

ever, as pointed out by Hewitt (1989), local extinction

and recolonization of habitat patches of a patchily dis-

tributed species in a hybrid zone could result in much

wider clines than would be predicted for a continuously

distributed species. This is because colonizing individu-

als have a much greater effect on local allele frequencies

than individuals dispersing across habitat with higher

population densities. A patchy distribution coupled

with local extinction and recolonization likely account
� 2010 Blackwell Publishing Ltd
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for the wide hybrid zone between the flightless grass-

hoppers Chorthippus erythropus and C. paralellus in the

Pyrenees range (Hewitt 1989). This might explain the

wide geographical clines in the Lycaeides hybrid zone

and might also account for our lack of evidence for

increased LD and character variability in the centre of

the Lycaeides hybrid zone. Rare colonization events cou-

pled with overall low dispersal among populations

would provide sufficient time for recombination to

erode LD and genetic drift to reduce admixture-induced

character variability. Thus, we propose the hypothesis

that the structure of the Rocky Mountain Lycaeides

hybrid zone represents the outcome of local extinction-

recolonization dynamics (i.e. dispersal in a metapopula-

tion context) coupled with weak selection against some

hybrid genotypes. Selection is likely both environment-

dependent and environment-independent.

The Rocky Mountain Lycaeides hybrid zone has likely

persisted for some time (given the width of the zone),

and has not yet resulted in the formation of an indepen-

dent hybrid lineage. Our molecular data were better

explained by two gene pools or populations than three,

and even when the existence of three gene pools was

assumed the third gene pool did not correspond to pop-

ulations with admixed individuals (Fig. 3B; Fig. S1,

Supporting Information). This conclusion is further sup-

ported by the results from geographical cline analyses,

which indicated our molecular and morphological data

were better described by unimodal than trimodal distri-

butions (Table 3). Thus, the results of this study differ

substantially from outcomes of hybridization between

Lycaeides populations elsewhere in North America.

Hybridization between L. i. anna (also known as

L. anna) and L. melissa in the Sierra Nevada Mountains

resulted in the evolution of an isolated ecologically dis-

tinct hybrid lineage associated with alpine-habitat

(Gompert et al. 2006a). A similar, perhaps independent

hybrid lineage exists above tree-line in the White Moun-

tains and two other, likely independent ecologically

unique hybrid lineages exists in the Warner Mountains

and Siskyou Mountains (Gompert et al. 2008b, 2010;

Nice C, Gompert Z, Fordyce J and Forister M, unpub-

lished data). Why have these hybridization events

resulted in the establishment of differentiated hybrid

lineages, whereas hybridization between L. idas and

L. melissa in the Rocky Mountains has resulted in a ser-

ies of admixed populations along a patchy hybrid zone?

This difference might be due to the fact that the western

hybrid lineages generally occupy habitat or use host

plants not utilized by other nearby Lycaeides populations

(Gompert et al. 2006a). For example, many of the hybrid

lineages in the western United States occupy higher

elevations than other L. idas and L. melissa populations,

which is not necessarily the case for the hybrid popula-
� 2010 Blackwell Publishing Ltd
tions in the Rocky Mountains (Table 1). In some cases

these western hybrid lineages posses unique traits that

are adaptive in these novel habitats (e.g. a lack of egg

adhesion in the Sierra Nevada and White Mountains,

Fordyce & Nice 2003; Gompert et al. 2006a). Conversely,

the admixed Rocky Mountain populations occupy simi-

lar habitats and use the same host plants as nearby

L. idas populations. The use of similar habitats and the

same host plants by admixed and L. idas populations

might have contributed to gene flow and prevented

divergence among these populations. Differences in

population connectivity in the Sierra Nevada and Rocky

Mountains might have contributed to these different

outcomes as well. For example, the likelihood of hybrid

speciation might have been higher in the Sierra Nevada

relative to the Rocky Mountains if habitat patches of the

former experienced less connectivity (Buerkle et al.

2000). However, these are just a few of many synergistic

explanations for these different consequences of hybrid-

ization. Some alternatives include differences in: (i) the

genetic architecture of isolation among different Lycae-

ides populations, (ii) the time since initial admixture

and (iii) various stochastic and historical factors (i.e.

deterministic forces might not be responsible for these

different outcomes). The outcome of hybridization in

the Rocky Mountains also differs from the pattern of

recent mitochondrial introgression in the absence of

substantial nuclear introgression observed between

L. melissa and the Karner blue in the eastern United

States and between L. melissa and several hybrid

lineages in the western United States (e.g. the White and

Warner Mountains populations; Gompert et al. 2006b,

2008b). This difference might indicate that more of the

genome is involved in isolation in cases where intro-

gression is limited to mitochondrial DNA than in the

Rocky Mountains where nuclear introgression is also

prevalent. This possibility is supported by the relatively

low level of genetic differentiation between Rocky

Mountain L. idas and L. melissa (Gompert et al., 2010).

However, it is not clear whether the relatively low

genetic differentiation between these Rocky Mountain

Lycaeides is the cause or effect of nuclear introgression.
Phenotypic basis of isolation and adaptive
introgression

Geographical cline analyses suggest that the geographi-

cal region where the transition occurs from L. idas to

L. melissa male genitalia size is shifted approximately

28 km to the north-west relative to the transition in

genomic composition (Fig. 4; Table 4). These analyses

also provide some support the possibility that this

geographical transition in male genitalia size occurs over

a more narrow region than the transition in genomic
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composition (227.39 km as opposed to 256.13 km). This

lack of concordance is further supported by the better

fit of a cubic model than a simple linear model to the

relationship between genomic composition and male

genitalia size (i.e. male genitalia size remains relatively

constant over a range of high and low genomic composi-

tion scores). The north-western shift in this geographical

transition might indicate that selection has favoured the

geographical spread of L. melissa-like male genitalia.

However, this possibility is inconsistent with general

expectations that male insect genitalia are under balanc-

ing selection (e.g. Eberhard et al. 1998; but see Bertin &

Fairbairn 2007). An alternative explanation for this

shift is that some or all L. melissa alleles affecting male

genitalia size are dominant to L. idas alleles such that

heterozygotes display L. melissa-like male genitalia. This

possibility cannot be evaluated at present, as the genetic

basis of male genitalia size in Lycaeides is unknown.

Geographical cline theory suggests that, in the absence

of a strong barrier to gene flow, clines for characters

involved in reproductive isolation should be narrower

than clines for neutral characters (Barton 1983; Barton &

Hewitt 1985). Thus, the more rapid geographical transi-

tion in male genitalia size than genomic composition

might indicate that differences in male genitalia size

contribute to isolation between L. idas and L. melissa.

Alternatively, this difference might reflect the genetic

architecture of male genitalia size or phenotypic plastic-

ity. Although the current data and results do not allow

for definitive conclusions regarding male genitalia and

selection in Lycaeides, these results suggest that this

character warrants further study.

The geographical cline in wing aurorae and spot size

was very wide (1392.57 km) and the relationship

between genomic composition and wing aurorae and

spot size was linear (Figs 4 and 5). Taken together, these

results do not suggest that differences in wing aurorae

and spot size contribute to isolation between Rocky

Mountain populations of L. idas and L. melissa. The cline

centre for aurorae and spot size was shifted about 24 km

to the south-east relative to the cline for genomic compo-

sition (Table 4). Although this shift might reflect adap-

tive introgression of L. idas-like smaller aurorae and

spots, it could also be explained by plasticity or domi-

nance of L. idas alleles and seems somewhat trivial rela-

tive to the great geographical distance required for this

transition. Finally, unlike male genitalia size, aurorae and

spot size varies much more within species and less

between species, which would not be expected if these

characters were involved in reproductive isolation

(Fig. 4). The cline in relative wing spot size was shifted

72 km to the southeast of the cline in genomic composi-

tion. However, the overall difference in relative wing pat-

tern size between L. idas and L. melissa was minimal,
particularly for females. Thus, we do not believe that this

apparent geographical shift should be interpreted as evi-

dence that selection has favoured L. idas-like relative

spot size. Finally, although geographical cline analysis

indicated that the cline in relative spot size might be sig-

nificantly more narrow than the cline in genomic compo-

sition, this was not supported by the relationship

between genomic composition and relative spot size,

which was linear (Figs 4 and 5; Table 4). These results,

in conjunction with the limited difference in relative spot

size between L. idas and L. melissa, suggest that relative

spot size has little or no contribution to reproductive iso-

lation. However, these results do not necessarily mean

that wing pattern differences do not contribute to isola-

tion between these species. Wing pattern elements might

simply be highly plastic, and thus wing pattern clines

could reflect low heritability of wing pattern elements

(relative to male genitalia size). Specific wing pattern ele-

ments, such as the areas of spots M and M1, are highly

differentiated between female L. idas and L. melissa and

might be important for mate recognition and isolation

even if the composite characters we analysed (i.e. wing

aurorae and spot size and relative spot size) are not

involved in isolation. We have observed subtle differ-

ences in the colour of wing pattern elements between

L. idas and L. melissa that might contribute to isolation as

well (personal observation, Gompert Z). Finally, preli-

minary experimental data involving paper wing models

suggest that males from some admixed and L. idas popu-

lations in the Rocky Mountains approach L. idas-like

female wing patterns more frequently than L. melissa-like

wing patterns (unpublished). Thus, wing pattern varia-

tion might contribute to isolation despite the results of

this study.
Conclusions

This study provides another dimension to the varied

outcomes of hybridization previously observed in North

American Lycaeides butterflies. Whereas hybridization in

other geographical regions led to the establishment of

novel evolutionary lineages (Gompert et al. 2006a, 2010;

unpublished) or resulted in mitochondrial introgression

with little to no nuclear gene flow (Gompert et al.

2006b, 2008a, b), hybridization between L. idas and

L. melissa in the Rocky Mountains has led to substantial

admixture and nuclear introgression over a relatively

large geographical area without the establishment of

isolated hybrid lineages. The structure of the hybrid

zone formed between L. idas and L. melissa in the

Rocky Mountains is interesting and likely reflects the

patchy distribution of Lycaeides butterflies. The extent of

admixture observed in the Rocky Mountains suggests

much of the Lycaeides genome is not prevented from
� 2010 Blackwell Publishing Ltd
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introgressing between L. idas and L. melissa populations

by reproductive isolation. This does not mean that these

lineages are not isolated to some degree, but simply

that the overall strength of isolation is weak or involves

few characters and genetic regions. Finally, we found

tentative evidence that male genitalia size might be one

of potentially many characters contributing to reproduc-

tive isolation between L. idas and L. melissa.
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Table S1 Classification from linear discriminant function analy-

sis. Rows correspond to taxonomic designation based on genetic

data and locality, whereas columns correspond to predicted

classification from the linear discriminant function analysis

Table S2 Coefficients of linear discriminants and standardized

coefficients of linear discriminants for wing pattern

Fig. S1 Plots show the marginal likelihood of the model (A)

and DK (B) for different assumed numbers of clusters. Mean

values plus and minus one standard error are depicted for the

former. Calculations of DK follow Evanno et al. (2005).

Fig. S2 Boxplots depicting variation in wing pattern PC1 and

PC2 scores for Lycaeides by species and sex. Wing pattern dif-

ferences between species are greater for males than females.

Fig. S3 Distribution of admixture proportions (A), fuzzy clus-

ter membership based on male genitalia (B), and fuzzy cluster

membership based on male wing pattern (C) for individuals

from the core of the Rocky Mountain hybrid zone. Admixture

proportions were estimated using structure with k ¼ 2. The dis-

tributions of admixture proportion and fuzzy cluster member-

ships were not different from unimodal. See the main text for

more details.

Fig. S4 Scatterplot of geographical location by LD. Points show

LD estimates for individual pairs of markers.

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
� 2010 Blackwell Publishing Ltd


