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Abstract

Monarch butterflies are best known for their spectacular annual migration from eastern

North America to Mexico. Monarchs also occur in the North American states west of the

Rocky Mountains, from where they fly shorter distances to the California Coast. Whether

eastern and western North American monarchs form one genetic population or are

genetically differentiated remains hotly debated, and resolution of this debate is

essential to understand monarch migration patterns and to protect this iconic insect

species. We studied the genetic structure of North American migratory monarch

populations, as well as nonmigratory populations in Hawaii and New Zealand. Our

results show that eastern and western migratory monarchs form one admixed population

and that monarchs from Hawaii and New Zealand have genetically diverged from North

American butterflies. These findings suggest that eastern and western monarch

butterflies maintain their divergent migrations despite genetic mixing. The finding that

eastern and western monarchs form one genetic population also suggests that the

conservation of overwintering sites in Mexico is crucial for the protection of monarchs in

both eastern and western North America.
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Introduction

Each year, a wide variety of animals—including mam-

mals, birds, fish and insects—undergo long-distance

seasonal migrations to escape deteriorating habitats, col-

onize new resources and avoid predation, competition

and parasitism (Dingle 1972, 1996; Alerstam et al. 2003;

Alerstam 2006; McKinnon et al. 2010; Altizer et al. 2011;

Fricke et al. 2011). Some of the most spectacular animal

migrations involve the directed movement of millions

of individuals across distances that span whole conti-

nents or hemispheres (Alerstam et al. 2003). Animal

migration has great relevance to species persistence,

ecosystem functioning and conservation biology (Bow-

lin et al. 2010), yet the mechanisms by which animals
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navigate between their seasonal migration sites are still

unclear (Alerstam 2006).

Many migratory species consist of populations that

utilize varying breeding sites and migratory destina-

tions, and such variation may have important conse-

quences for the genetic structuring of these populations

(Haig et al. 1997). On the one hand, divergent migra-

tory pathways and destinations may result in decreased

opportunities for genetic mixing, and hence result in

genetic divergence, which in some cases may result in

speciation. For example, noctule bats—which migrate

between hibernating and nursing sites—are genetically

differentiated with respect to overwintering sites and

migration direction (Petit & Mayer 2000). Similarly,

beluga whales migrate between wintering sites in arctic

pack ice and summering grounds in arctic and subarctic

offshore waters, and genetic analysis has shown consid-

erable levels of genetic differentiation between belugas

using different summering grounds (O’Corry-Crowe
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Fig. 1 Map showing the location and migratory patterns of

sampled populations. Numbers represent the sample sites as

follows: 1-St. Marks, FL; 2-Pismo Beach, CA; 3-Santa Barbara,

CA; 4-Kauai, Hawaii; 5-Oahu, Hawaii; 6-Maui, Hawaii; 7-

Christchurch, New Zealand. The eastern North America popu-

lation migrates between eastern North America and its Mexi-

can overwintering site. The western North America population

migrates to the California Pacific Coast and is believed to be

geographically separated from the eastern monarchs by the

Rocky Mountains (indicated in the dashed line). The Hawaii

and New Zealand populations are nonmigratory.
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et al. 1997). On the other hand, the use of common

breeding or overwintering grounds may result in a lack

of genetic divergence, even when populations experi-

ence different selection pressures during part of their

life. As one example, red-billed quelea birds in southern

Africa undergo long-distance migrations in response to

seasonal patterns of rain fall and grass seed production.

Although different groups of birds move in north-

westerly or south-easterly direction (Dallimer & Jones

2002), there is no genetic differentiation between these

groups, probably because of genetic mixing that occurs

when these birds recolonize the same areas in the fol-

lowing season (Dallimer et al. 2003).

Monarch butterflies (Danaus plexippus) in different

geographic areas have different migration strategies

and thereby provide a suitable system to test the effects

of divergent migration pathways on population differ-

entiation. Monarchs are best known for their autumnal

migration from eastern North America to Mexico; hun-

dreds of millions of monarchs escape freezing tempera-

tures and dying larval food plants in eastern North

America, overwinter in the Oyamel fir forests of the

Mexican Transverse Neovolcanic Range, and then remi-

grate to eastern North America in the spring (Urquhart

1976; Urquhart & Urquhart 1977, 1978; Brower 1995).

Allozyme analyses have indicated that these migrating

monarchs form a large panmictic population, because of

the genetic mixing of butterflies at the Mexican over-

wintering sites (Eanes & Koehn 1978).

Monarch migration has captured the imagination of

thousands of citizens, many of whom have helped to

track the migratory routes that monarchs use on their

way to their Mexican overwintering sites (Urquhart &

Urquhart 1977, 1978; Brower 1995). The exact mecha-

nisms by which eastern North American monarchs nav-

igate to these sites remains a puzzle, although polarized

light and circadian rhythms appear to be involved (Froy

et al. 2003; Reppert et al. 2004; Zhu et al. 2008a,b; Mer-

lin et al. 2009; Zhan et al. 2011).

Monarch butterflies also occur in western North

America (Urquhart & Urquhart 1977; Tuskes & Brower

1978; Brower 1995; Dingle et al. 2005). These monarchs

overwinter in Eucalyptus and Monterey Pine groves

along the Californian Pacific Coast and are believed to

be geographically separated from the eastern monarch

butterflies by the Rocky Mountains (Fig. 1). Owing to

their different overwintering sites, eastern monarchs

may fly up to 2500 km to reach the Mexican Oyamel fir

forests, while western monarchs generally reach the

California Coast by flying <500 km.

Monarch butterfly migration has been the subject of

decades’ worth of research and has inspired large num-

bers of North American citizens. However, it is still

unknown whether the different migratory pathways and
destinations of eastern and western monarchs depend

on—or have resulted in—genetic divergence of these

butterflies, and disagreement on the occurrence and

amount of gene flow is ongoing (Urquhart & Urquhart

1977; Shephard et al. 2002; Brower & Pyle 2004; Mon-

archWatch 2011). In particular, Monarch Watch, an

acclaimed educational outreach and citizen science

research programme proclaims that ‘Contact between

eastern and western Monarchs is minimal suggesting

that there is little exchange, or what scientists call gene

flow, between these populations’ (MonarchWatch 2011).

This belief is widely held (e.g. Zhan et al. 2011), and fed-

eral regulations prohibit the shipment of monarchs

across the continental divide. In contrast, limited genetic

studies and flight observations of monarch butterflies in

Rocky Mountain passes have led some authors to chal-

lenge the claim that eastern and western monarchs form

distinct genetic populations (Urquhart & Urquhart 1977;

Shephard et al. 2002; Brower & Pyle 2004).

Although monarch butterflies are best known for

their North American migration, they also form numer-

ous nonmigratory populations around the world. It is

believed that monarch butterflies have a Central American

origin and recently colonized locations scattered around
� 2012 Blackwell Publishing Ltd
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the world by cross-Pacific and -Atlantic dispersal fol-

lowing the introduction of larval food plants (Vane-

Wright 1993; Clarke & Zalucki 2004; Zalucki & Clarke

2004). Some locations, including the Hawaiian islands

and New Zealand, were probably colonized as recently

as the last 170 years (Zalucki & Clarke 2004). This rapid

expansion of monarch butterflies to new locations

around the world suggests great dispersal ability, and

also indicates that there may be extensive gene flow

between different populations, including those with

diverging migration destinations.

Here, we set out to determine whether eastern and

western North American butterflies are genetically dif-

ferentiated from each other. This is not only necessary

to elucidate the genetics of monarch migration, but is

also essential for monarch butterfly conservation. Mon-

arch migration has been coined an endangered phe-

nomenon, mostly because of the illegal deforestation of

monarch overwintering sites in Mexico (Brower & Mal-

colm 1991). If eastern and western monarchs indeed

form one genetic population, the protection of Mexican

overwintering sites will not only be crucial for monarch

migration in eastern North America, but also for migra-

tion in western North America (Brower & Pyle 2004).
Materials and methods

Microsatellite development

We developed 17 polymorphic microsatellite markers to

test whether eastern and western North American but-

terflies are genetically differentiated on the basis of

these neutral genetic markers. Polymorphic microsatel-

lite repeats were identified from a monarch expressed

sequence tag database (Zhu et al. 2008a) and Primer 3

(Rozen & Skaletsky 2000) was used to design primers

based on the contigs containing the repeats. Forward

primers were fluorescently labelled on the 5¢ end with

6-FAM or HEX (see Table 1 for primer sequences and

amplification details).

For PCR, genomic DNA was extracted from a 0.5 mm

section of butterfly thorax (female butterflies) or abdo-

men (male butterflies) using the DNeasy Blood and Tis-

sue Kit from Qiagen (Valencia, CA, USA) and

quantified using a Nanodrop 2000. We extracted DNA

from females from the thorax rather than the abdomen

to avoid the possibility of extracting male DNA in

sperm transferred to the female abdomen. PCR was car-

ried out in 15 lL multiplex reactions using the Type-It

Microsatellite PCR kit (Qiagen). Each reaction contained

0.2 lM of each primer and 20–50 ng DNA template.

Thermal cycling reactions for multiplex amplifications

consisted of an initial 5 min at 95 �C, followed by 28

cycles of 30 s at 95 �C, 90 s at the primer-specific
� 2012 Blackwell Publishing Ltd
annealing temperature (see Table 1), and 30 s at 72 �C.

A final step of 30 min at 60 �C was included to com-

plete any partial polymerizations. Amplified DNA was

genotyped on an ABI 3100 genetic analyzer (Perkin

Elmer, Applied Biosystems, Foster City, CA, USA) at

the Cancer Genomics Shared Resource (CGSR; Atlanta,

GA, USA) and alleles were scored using Genemarker

v.4.0 (SoftGenetics LLC., State College, PA, USA).
Monarch butterfly collections

Our main interest was to estimate genetic differentia-

tion between eastern and western North American

monarch butterflies. However, to ensure that our

microsatellite markers are able to detect population

genetic differentiation we included nonmigratory mon-

arch butterflies from Hawaii and New Zealand in our

analysis. Monarch populations in Hawaii and New

Zealand were established within the last 170 years, and

are thought to originate from North America through

trans-Pacific dispersal (Vane-Wright 1993; Zalucki &

Clarke 2004). Therefore, the inclusion of Hawaiian and

New Zealand populations ensures that our markers are

able to detect subtle and newly formed population

structure. We obtained 100 monarch butterflies from

St. Marks, FL (76 in October 2009; 24 in October 2010),

a migration stopover of monarchs on their way to

Mexico (Urquhart & Urquhart 1978). We also collected

100 monarch butterflies from the two biggest Califor-

nian overwintering sites in Pismo Beach (50 in Febru-

ary 2009; 34 February 2010) and Santa Barbara (12 in

November 2009; four in November 2010). Finally, we

obtained 46 butterflies from nonmigratory populations

in Hawaii (15, 15 and 16 from Oahu, Kauai and Maui

respectively in November 2009) and 16 nonmigratory

butterflies from New Zealand (Christchurch, January

2011).
Microsatellite analyses

We determined the genotype of each of the 262 butter-

flies at each of the 17 microsatellite loci. We then used

the software Arlequin 3.5.1.2 (Excoffier & Lischer 2010)

to calculate observed and expected heterozygosity at

each microsatellite locus in each of four monarch popu-

lations: eastern North America, western North America,

Hawaii and New Zealand (thus grouping sites in

western North America and Hawaii). We also used Ar-

lequin to calculate deviations from Hardy–Weinberg

equilibrium for each locus in each population (a total of

68 statistical tests), and used a sequential Bonferroni

correction (Rice 1989) to determine whether observed

and expected heterozygosity levels were significantly

different (a = 0.05). As shown in the results and



Table 1 Microsatellite loci developed in this study, showing locus name, multiplex reaction, fluorescent label, primer sequences,

repeat motif and primer annealing temperature (TA)

Locus

Multiplex

reaction Label Primer sequence

Repeat

motif

TA

( �C)

No.

alleles

Allele size

range

168 1 FAM F: AGTTCAGGGTTTACGTGAGCA

R: CATTATGTGAAGTGTTGCATGG

tcata 57 6 143–168

153 1 FAM F: TGCGAAAAATGGTTTGAGGT

R: TTATCGCCAAGTAAGTAATTTCG

ta 57 10 228–258

320 2 HEX F: AATTTCTTGAGCGCTTTATCC

R: CTGATCCTCGTCATCTCTCG

at 57 18 153–187

197 2 FAM F: TGTCATTTCGATGTCGGCTA

R: CAGAGAGAGCCTCGGGTAAA

att 57 4 174–183

208 3 FAM F: TTTAGGACCCCAATCGGATTTTCG

R: CGCGGACATTTTCACTTTCACGAT

at 60 19 178–242

203 3 HEX F: TGACATACTTTATGTTCGTGGAAGG

R: CCGCTCGCCTATATACAGGACACA

at 60 14 196–222

141 4 FAM F: TCAAACCCGCATCCCTAGTGGTA

R: TGGCAACGTACAGGGACGTGA

tc 60 13 150–178

1679 4 FAM F: ATAGCCCTTCGACTTGTCGTTTCTC

R:TCGACTGATGTTTTCGGGACTACGA

tat 60 4 215–224

137 5 HEX F: AAGGTGGCGGTAAAAAGGCACAGA

R: TCGCTTTCTTCCTCTTCCTCCTCA

aag 60 3 239–248

122 5 FAM F: TTATAAGACCTCAACACCCACGAA

R: CGCCGCTTCTAAATGAGTGGGATT

tta 60 6 228–252

494 6 HEX F: CCGCGCTAGTCATTGTGTGAATGT

R: CCTCGACTGATAGCCTTCGAAACG

att 60 7 160–181

983 6 FAM F:AGACGCTTTGTTCAGCTTCGACCAC

R: TTTACGATCACTCATACGAAACGGTA

ac 60 15 223–257

223 7 HEX F: TCAAAGAATCCCGGAAACAG

R: CGCTACAGTAGGAGGCAGGA

tg 52 21 182–248

854 8 HEX F:AACGTCATCTGCACACGCCATACTA

R:TCCAATTAAACGTGACGCCATTTTG

at 67 8 230–254

165 8 FAM F:CCTCCGGAACCTGTCAAGAAAAAGA

R:CACTCATCAGAACTGAAAAGTTCGAGACC

tat 67 8 189–213

819 8 FAM F:GACTCGGAGACATGAGATCGACGAC

R:TCGTCAGACAATTGCTCAAAATGGA

cacga 67 11 213–263

519 9 FAM F:GTGGCGGGGCTTTGTGTAAATAAGA

R:CAGGGTTCCATACAAACGTGTGATACAATA

att 63 15 221–263

Number of alleles and allele size range were determined by analysing a total of 262 monarch butterflies, obtained from eastern

North America (n = 100), western North America (n = 100), Hawaii (n = 46) and New Zealand (n = 16).
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Table 2, we discarded six of the 17 loci because of

departure from Hardy–Weinberg equilibrium.
Population genetic analyses

We used a series of analyses to test for genetic differen-

tiation between monarchs from different populations.
First, we used the Bayesian clustering analysis as imple-

mented in the software STRUCTURE version 2.3.2.1 (Prit-

chard et al. 2000) to investigate population structure.

We used an admixture model with uncorrelated allele

frequencies to avoid the risk of overestimating the num-

ber of populations, K, and used the LOCPRIOR model

to provide the software with location information
� 2012 Blackwell Publishing Ltd



Table 2 Observed (Ho) and expected (He) heterozygosity at

each locus within each of four populations, as determined by

analyses in Arlequin 3.5.1.2 (Excoffier & Lischer 2010)

Locus

Eastern

North

America

Western

North

America Hawaii

New

Zealand

Ho He Ho He Ho He Ho He

168 0.74 0.64 0.64 0.60 0.72 0.59 0.19 0.18

153 0.56 0.67 0.57 0.68 0.52 0.66* 0.44 0.42

320 0.58 0.88* 0.63 0.88* 0.78 0.75 0.13 0.13

197 0.28 0.36 0.33 0.37 0.46 0.42 0.50 0.39

208 0.55 0.76* 0.36 0.76* 0.26 0.65* 0.44 0.46

203 0.67 0.78 0.78 0.82 0.48 0.65 0.63 0.53

141 0.50 0.63 0.53 0.70 0.65 0.63 0.31 0.37

1679 0.51 0.61 0.41 0.63* 0.43 0.56 0.31 0.51

137 — — 0.05 0.05 — — — —

122 0.02 0.04 0.01 0.03 0.30 0.27 — —

494 0.29 0.28 0.32 0.32 — — — —

983 0.49 0.77* 0.34 0.79* 0.33 0.50 0.31 0.61

223 0.27 0.88* 0.37 0.81* 0.14 0.66* 0.07 0.54*

854 0.30 0.59* 0.35 0.59* 0.37 0.66* 0.31 0.28

165 0.36 0.56* 0.18 0.48* 0.17 0.51* 0.38 0.51

819 0.79 0.85 0.77 0.83 0.63 0.66 0.69 0.66

519 0.83 0.80 0.84 0.80 0.65 0.67 0.81 0.68

Loci for which observed and expected hererozygosities are

significantly different are indicated with asterisks; significance

was determined using an a of 0.05 and a sequential Bonferroni

correction (Rice 1989). Loci for which at least three populations

were in Hardy–Weinberg equilibrium were used for

subsequent analyses and are indicated in grey shading. Dashes

indicate monomorphic loci.
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(eastern North America, western North America,

Hawaii and New Zealand) for each butterfly. We did

the latter to ensure that STRUCTURE would be able to

detect subtle population structure. We started simula-

tions with K = 7, to reflect the seven sample locations

(Fig. 1), and then ran simulations for K values of 6, 5,

4, 3, 2 and 1. For each K, we ran multiple simulations

to check for consistency between runs, using 100 000

burn-ins and 200 000 MCMC runs after burn-in. We

then used log likelihood (Pritchard et al. 2000) and

delta K (Evanno et al. 2005) to determine the most

likely number of genetic populations present.

We also used FST and RST statistics (Holsinger & Weir

2009) to measure genetic differentiation between

monarch populations. These statistics are frequently

used to measure genetic differentiation, with levels of 0

indicating that individuals belong to the same panmic-

tic population, and values higher than 0 indicating

genetic differentiation. RST was developed as a more

suitable statistic for microsatellite markers, based on its

dependence on a stepwise mutation model (Slatkin

1995) instead of the infinite alleles model that underlies
� 2012 Blackwell Publishing Ltd
FST statistics (Balloux & Lugon-Moulin 2002). However,

because neither of these mutation models perfectly

reflect natural mutation rates of microsatellites, studies

on microsatellites often report both measures (Balloux

& Lugon-Moulin 2002), and we followed this practice.

We calculated pairwise FST and RST values between the

four populations using the software Genepop version

4.1.0 (Rousset 2008), using the 11 microsatellite markers

that were in Hardy–Weinberg in at least three out of

four populations (see results and Table 2). To ensure

that our estimates were not affected by the potential

occurrence of null alleles, we recalculated FST and RST

values using corrected allele frequencies as determined

by the software MICROCHECKER, version 2.2.3 (Van Oo-

sterhout et al. 2004). Overall, statistics based on cor-

rected and uncorrected allele frequencies were almost

identical (see results), and resulted in identical conclu-

sions.

Permutation tests (using 10 000 permutations), as

implemented in the ‘Population comparisons’ calcula-

tions in Arlequin 3.5.1.2 (Excoffier & Lischer 2010) were

used to determine significance of pairwise FST and RST

values (uncorrected values were used). We also used

FST and RST values to determine whether populations

that are separated by greater geographic distances are

genetically more differentiated (isolation by distance).

We analysed the correlation between geographic dis-

tance and measures of genetic differentiation using

Mantel tests implemented in the vegan library (version

2.0-2) in the statistical package R (version 2.13.0). We

ran Mantel tests on both corrected and uncorrected FST

and RST measures, using 10 000 permutations.

To compare relative levels of genetic diversity

between populations, we calculated genetic diversity

(using the value 1-Qinter) and allelic richness in each

population using Genepop version 4.1.0 (Rousset 2008).

Furthermore, to understand the relative magnitude of

within- and between-population genetic diversity, we

carried out a locus by locus analysis of molecular vari-

ance (Excoffier et al. 1992) using Arlequin 3.5.1.2 (Excof-

fier & Lischer 2010). In this analysis, we combined

eastern and western North American populations to

compare genetic variation among geographic groups

(North America vs. Hawaii vs. New Zealand), and com-

pared this to the variation among populations within

groups (i.e. variation among eastern and western North

America) as well as genetic variation within popula-

tions (i.e. variation within eastern North America,

western North America, Hawaii and New Zealand). We

again used 10 000 permutations.

Finally, we used the computer software POWSIM 4.1

(Ryman & Palm 2006) to determine the statistical power

with which significant genetic differentiation could be

determined using our microsatellite markers and



Table 3 Pairwise FST and RST values

between the four studied monarch but-

terfly populations, as calculated in

Genepop version 4.1.0 (Rousset 2008)

Western North

America

Hawaii New Zealand

Eastern North

America

FST: 0.0012 (0.0009)

RST: )0.003 ()0.0006)

FST: 0.0401 (0.0388)*

RST: 0.0662 (0.0607)*

FST: 0.1858 (0.1856)*

RST: 0.1810 (0.1789)*

Western North

America

FST: 0.0456 (0.0435)*

RST: 0.0557 (0.0511)*

FST: 0.1753 (0.1745)*

RST: 0.1787 (0.1790)*

Hawaii FST: 0.1750 (0.1714)*

RST: 0.0873 (0.0861)*

Values in parentheses are based on corrected allele and genotypes frequencies as

determined by the software MICRO-CHECKER, version 2.2.3 (Van Oosterhout et al. 2004).

Asterisks denote values that are significantly different from 0. The values of pairwise

differentiation between eastern and western North America are not significantly different

from 0 (P = 0.20 for FST; P = 0.43 for RST).
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observed allele frequencies. We restricted these analyses

to eastern and western North America only (as these

were the only populations between which we did not

detect genetic differentiation; see results), and simulated

the sampling of 100 individuals into two populations

based on a random drawing of alleles that occurred at

the observed overall frequency in eastern and western

North America (as determined by MICROCHECKER-cor-

rected allele frequencies). Simulations were carried out

using a series of dictated FST values, and 60–200 runs

for each value. Statistical power was then determined

as the proportion of simulations for which Fisher’s

exact and Chi-square tests showed a significant

deviation from 0 (i.e. significant genetic differentiation).

Note that this software is set up for power calculations

on the basis of FST values only, so we were not able to

calculate power on the basis of RST values. However,

because FST and RST values were very similar in our

study (see Table 3), and because FST calculations pro-

vided slightly higher estimates of eastern–western

genetic differentiation than did RST calculations (see

Table 3), the power calculations on the basis of FST val-

ues provide a conservative estimate of power to detect
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sample sizes.
Results

A total of six out of 17 loci were out of Hardy–

Weinberg equilibrium in at least two of the four popu-

lations, and we excluded these loci from subsequent

analyses (see Table 2 for details). Of the remaining 11

loci, nine were in Hardy–Weinberg equilibrium in all

populations, and two were in Hardy–Weinberg equilib-

rium in three out of four populations.

Clustering analyses in STRUCTURE suggested that

our monarch butterflies most likely form three geneti-

cally distinct populations: eastern + western North

America, Hawaii, and New Zealand (Figs 2 and S1,

Supporting information). Thus, we found no significant

genetic differentiation between eastern and western

North American butterflies. Additionally, neither the

Hawaiian Islands nor the two Californian overwintering

sites are genetically distinguishable. This lack of genetic

structure is unlikely to be an artefact of our microsatel-

lite markers because these markers clearly pick up the
tern North America Hawaii NZ

f three genetic populations. Analyses were started with seven

analysis suggests that there are three genetic populations: east-

New Zealand (NZ; yellow). Individual monarchs are indicated
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genetic differentiation of Hawaiian and New Zealand

monarchs from each other and from North American

monarchs (Fig. 2). Our results are unaltered when

excluding the populations for which two of the 11 loci

are out of Hardy–Weinberg equilibrium (Fig. S2, Sup-

porting information).

We confirmed our results by calculating genetic dif-

ferentiation using FST and RST statistics. We first calcu-

lated pairwise genetic differentiation using the same 11

loci that we used for genetic structure analysis using

Genepop version 4.1.0 (Rousset 2008). We then calcu-

lated pairwise FST and RST values based on corrected

genotype and allele frequencies as obtained by the soft-

ware MICROCHECKER (Van Oosterhout et al. 2004). For

both uncorrected and corrected allele frequencies, both

FST and RST values were much lower for the compari-

son between eastern and western North America than

for any of the other comparisons (Table 3). Indeed,

population comparison calculations in Arlequin (Excof-

fier & Lischer 2010) suggest that the low FST and RST val-

ues calculated for the eastern–western North American
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comparison are not significantly different from 0, sug-

gesting a lack of genetic differentiation between these

populations (Table 3). In contrast, our analyses suggest

that all other pairwise FST and RST values are signifi-

cantly different from 0, suggesting significant genetic

differentiation between monarchs in North America,

Hawaii and New Zealand (Table 3). Moreover, butter-

flies were more differentiated from each other when

they were farther apart geographically (Fig. 3), suggest-

ing that greater geographic distances reduce levels of

gene flow.

To study genetic diversity within and between popu-

lations, we first used the 11 microsatellite loci to calcu-

late genetic diversity (using the value 1-Qinter) and

allelic richness in each population using Genepop ver-

sion 4.1.0 (Rousset 2008). Levels of genetic diversity

were similar in eastern (0.515) and western (0.535)

North America and were slightly lower in Hawaii

(0.464) and New Zealand (0.339; Fig. 4A); however,

although genetic diversity appeared to be lower in New

Zealand than in the other populations, this was margin-
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Table 4 Results of analysis of molecular variance (AMOVA) comparing samples from four populations (eastern North America, wes-

tern North America, Hawaii and New Zealand)

Source of variation d.f. Sum of squares

Variance

components

Percentage

variation P-value

Among groups 2 57.95 (5386) 0.257 (24.41) 8.52 (9.33) 0.00000 (0.00000)*

Among populations within groups 1 3.835 (257) 0.0054 (0.09767) 0.18 (0.037) 0.21017 (0.44379)

Among individuals within populations 520 1434.9 (123360) 2.759 (237.23) 91.31 (90.64) 0.00000 (0.00098)*

Total 523 1496.7 (129002) 3.022 (261.74) 100 (100)

In this analysis, eastern and western North America were grouped into the same group (North America) while Hawaii and New

Zealand formed their own groups. The analysis was carried out based on FST and RST values; results for the latter are shown in

parentheses. Significant P-values, as based on permutation tests in Arlequin 3.5.1.2 (Excoffier & Lischer 2010), are indicated with

asterisks.
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ally nonsignificant (F1,42 = 3.10, P = 0.085). Allelic rich-

ness showed a similar and significant pattern, being

highest—and similar—in eastern and western North

America, and significantly lower in New Zealand

(Fig. 4B; F3,40 = 3.19, P = 0.034). Our results thus

showed similar levels of genetic diversity in eastern

and western North America, and a clear trend of

decreasing genetic diversity and allelic richness with

increasing distance from North America (Fig. 4A, B).

This is consistent with the hypothesis that monarch but-

terflies colonized the Pacific Ocean in a stepwise fashion

from an origin in North America (Vane-Wright 1993).

Analysis of molecular variance (AMOVA) further con-

firmed a lack of genetic differentiation between eastern

and western North America (Table 4). In particular,

although a significant amount of genetic variation

(8.52% and 9.33% for FST- and RST-based calculations,

respectively) was explained by different groups

(i.e. genetic variation between North America, Hawaii

and New Zealand), a mere and nonsignificant amount

of variation (0.18% and 0.037% for FST- and RST-based

calculations, respectively) was explained by the North

American east–west division (Table 4). This result was
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confirmed when carrying out an analysis of molecular

variance on the North American populations only,

which again showed that only a minimal amount of

variation was explained by the North American east–

west division (0.17% and 0.023% for FST- and RST-based

calculations, respectively).

Finally, power calculations using the software POWSIM

(Ryman & Palm 2006) suggest that our microsatellite

markers and sample sizes (100 butterflies from both

eastern and western North America) have sufficient sta-

tistical power to detect significant population differenti-

ation on the basis of FST values as low as 0.0025

(Fig. 5). Thus, the lack of genetic differentiation

between eastern and western North American butter-

flies is unlikely to be the result of inadequate molecular

markers or sample sizes, and is more likely to reflect

genetic mixing between these butterflies.
Discussion

Our analyses suggest that eastern and western North

American monarch butterflies form one panmictic pop-

ulation. These results are surprising, because these
FST
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monarchs inhabit different areas of North America,

migrate varying distances, and overwinter at different

sites in Mexico and along the Pacific Coast, respectively.

Our results suggest that North American monarchs

form an admixed population, and that eastern and

western migratory pathways are maintained despite

genetic panmixia. These results suggest that migratory

differences do not require—or result in—substantial

genome-wide genetic differentiation as picked up by

neutral genetic markers and may instead be driven by

two alternative mechanisms.

First, despite a lack of genetic differentiation of neu-

tral genetic markers, eastern and western monarchs

may show genetic divergence of particular genes that

are involved in migration and that are under strong

selection. Such a scenario was suggested for European

willow warblers, which occur as populations that either

migrate from northern Scandinavia to eastern and

southern Africa or from southern Scandinavia to

western Africa: despite morphological divergence, these

birds did not display divergence of mitochondrial and

microsatellite DNA (Bensch et al. 1999). Second, diver-

gent migration may not be subject to genetic differentia-

tion, but may instead be based on differential gene

expression based on varying and seasonally changing

environmental conditions (Liedvogel et al. 2011). Such a

scenario has been suggested for North American popu-

lations of Mexican free-tailed bats, which are not geneti-

cally differentiated despite their varying migration

routes and overwintering sites in Mexico (Russell et al.

2005). The recently sequenced genome of the monarch

butterfly (Zhan et al. 2011) will be a valuable source for

testing these alternative hypotheses. In particular, rese-

quencing the genomes of migratory and nonmigratory

butterflies will allow for the identification of genomic

regions that are associated with migratory behaviours

and for the detection of differences in these regions

between eastern and western North American butter-

flies. In addition, next-generation sequencing of the

transcriptome of eastern and western migratory butter-

flies may reveal differential expression of genes result-

ing in divergent migrations; such an approach has

already revealed differential expression of genes in

breeding and migratory monarchs in eastern North

American monarchs (Zhu et al. 2008a,b, 2009).

Although our results did not show genetic differentia-

tion between eastern and western North American but-

terflies, we found that Hawaiian and New Zealand

monarch butterflies are differentiated from North

American butterflies. Our data suggest a decrease in

genetic diversity and allelic richness with increasing

distance from North America, which is consistent with

the hypothesis that monarch butterflies colonized the

Pacific Ocean from an origin in North America (Vane-
� 2012 Blackwell Publishing Ltd
Wright 1993; Shephard et al. 2002; Zalucki & Clarke

2004). Our results on genetic differentiation and isola-

tion-by-distance then suggest that long-distance dis-

persal of monarch butterflies is followed by a loss of

connectivity from the source population.

Until now, the question of genetic mixing of eastern

and western North American butterflies had been unre-

solved, partly because of low levels of polymorphism of

genetic markers in previous studies (Brower & Boyce

1991; Brower & Jeansonne 2004). However, the lack of

genetic differentiation between eastern and western

monarchs are consistent with a study on allozymes

(Shephard et al. 2002) as well as a series of observa-

tional studies (Brower & Pyle 2004). In particular,

western monarchs have been observed to fly in south-

easterly directions and to follow migratory pathways

that are—when extrapolated—consistent with overwin-

tering sites in Mexico (Dingle et al. 2005). Moreover,

population sizes of overwintering western and eastern

monarchs are generally correlated (Vandenbosch 2007).

Finally, an overabundance of remigrating western mon-

archs and a lack of eastern spring remigrants in 1996

coincided with a westward shift of spring wind pat-

terns and a corresponding shift of the northward spring

migration of song birds (Brower & Pyle 2004), suggest-

ing that eastern and western monarchs do at least occa-

sionally intermix.

Genetic mixing of eastern and western monarch pop-

ulations does not invalidate the claim that eastern and

western monarchs are subject to different selection pres-

sures (Brower et al. 1995; Altizer & Davis 2010; Altizer

et al. 2011). Although our results suggest that eastern

and western butterflies form one panmictic population,

genetic exchange is probably subject to strong seasonali-

ty, occurring during the overwintering and spring remi-

gration of these butterflies. This exchange is followed

by a long breeding season during which there may be

ample opportunity for natural selection to favour those

genotypes that best suit eastern and western habitats

(Dingle 1972; Altizer & Davis 2010). For example, east-

ern and western North American butterflies have diver-

gent wing morphology, which is likely the result of

differential selection (Altizer & Davis 2010). Moreover,

strong selection may favour different genotypes at

important genetic loci that go undetected with

approaches based on neutral markers such as microsat-

ellites (Bensch et al. 1999; Liedvogel et al. 2011). Until

such differential selection is better understood, our

results do not warrant a relaxation of the current regu-

lations to restrict the human-facilitated movements of

eastern and western monarchs (Brower et al. 1995). In

addition, previous work has shown that western butter-

flies are subject to more virulent protozoan parasites

than eastern butterflies (De Roode et al. 2008; De Roode
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& Altizer 2010). Thus, even if eastern and western mon-

arch butterflies are genetically similar across their full

genome, cross-continental shipments of monarchs may

result in the unwanted transfer of virulent parasites

(Brower et al. 1995).

Our findings have strong relevance to the conserva-

tion of the spectacular migration of monarch butterflies.

Monarch butterfly migration is at risk (Brower & Mal-

colm 1991), partly because of the illegal deforestation of

Mexican monarch butterfly overwintering sites. It is

well known that there are many more butterflies in

eastern than western North America, and it has been

suggested that the western subpopulation requires

influxes from eastern North America for its survival

(Brower & Pyle 2004). Our results support this hypothe-

sis, by suggesting that eastern and western monarchs

form one genetic population. As such, the conservation

of Mexican overwintering sites may be essential not

only to protect eastern monarch migration, but also to

conserve monarchs and their migration in western

North America.
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Fig. S1 Inferred genetic proportion of individual butterflies to

each of seven (K = 7), 4 (K = 4) or 3 (K = 3) assumed popula-

tions. Analyses were started with seven populations to reflect
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the seven sample locations (see Fig. 1). Bayesian analysis sug-

gest that there are three genetic populations: eastern + western

North America, Hawaii, and New Zealand (NZ). Individual

monarchs are indicated by vertical bars.

Fig. S2 Inferred genetic proportion of individual butterflies to

each of three (K = 3) assumed populations. The analysis was

based on the nine loci for which each population was in

Hardy–Weinberg equilibrium and the two loci for which three

populations were in Hardy–Weinberg equilibrium; for the lat-

ter loci, we excluded the data for the single populations that

were not in Hardy–Weinberg equlibrium (Western North
America for locus 1679; Hawaii for locus 153). Individual mon-

archs are indicated by vertical bars.
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